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Developed by expert Victorian teachers
for VCE students

Tried, tested and trusted. The NEW Jacaranda VCE Physics series continues to
deliver curriculum-aligned material that caters to students of all abilities.

Our expert author team of practising teachers and assessors ensures 100% coverage of the new
VCE Physics Study Design (2023-2027).

Everything you need for your students to succeed, including:

. Access targeted questions sets including exam-style questions and all relevant past VCAA exam
questions since 2013. Ensure assessment preparedness with practice SACs.

. Enhanced practical investigation support including practical investigation videos, and eL.ogbook
with fully customisable practical investigations — including teacher advice and risk assessments.

° Teacher-led videos to unpack challenging concepts, VCAA exam questions, exam-style questions,
investigations and sample problems to fill learning gaps after COVID-19 disruptions.
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Engaging, rich multimedia

All the teacher support resources you need
Deep insights into progress

Immediate feedback for students

Create custom assignments in just a few clicks.

in one simple view

Iearnm Jacaranda Physics 2 VCE Units 3 & 4 4

Practical teaching advice and ideas for
each lesson provided in teachON

Each lesson linked to the Key
Knowledge (and Key Science Skills)

from the VCE Physics Study Design KEY CONCEPTS

a. Whs
» Explain the results of Young’s double-slit experiment with reference
to:
« evidence for the wavelike nature of light B
« constructive and destructive interference of coherent waves in
T.

1
terms of path differences: nA and (n - 5) A respectively

« effect of wavelength, distance of screen and slit separation on

AL
interference patterns: Az = T

10.6.1 Young's double-slit experiment

Thomas Young (1773-1829) was keenly interested in many things. He has
been called ‘the last man who knew everything'. He was a practising surgeon
as well as a very active scientist. He analysed the dynamics of blood flow,

» explained the accommodation mechanism for the human eye and proposed
the three-receptor model for colour vision. He also made significant
contributions to the study of elasticity and surface tension. His other
interests included deciphering ancient Egyptian hieroglyphics, comparing the
grammar and vocabulary of over 400 languages, and developing tunings for
the twelve notes of the musical octave, Despite these many interests, the
wave explanation of the nature of light was of continuing interest to him.

b. Whe

Reading content and rich media patters

including embedded videos
and interactivities

Young had already built a ripple tank to show that the water waves from two
point sources with synchronised vibrations show evidence of interference.

10.5 DIFFRACTION OF LIGHT
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UNIT

How do fields explain
motion and electricity?

AREA OF STUDY 1

How do physicists explain motion in two dimensions?

OUTCOME 1

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

1 Newton’s laws of motion

2 Relationships between force, energy and mass

AREA OF STUDY 2

How do things move without contact?

OUTCOME 2

Analyse gravitational, electric and magnetic fields, and apply these to explain the operation of
motors and particle accelerators, and the orbits of satellites.

3 Gravitational fields and their applications
4 Electric fields and their applications

5 Magnetic fields and their applications

AREA OF STUDY 3

How are fields used in electricity generation?

OUTCOME 3
Analyse and evaluate an electricity generation and distribution system.

6 Generation of electricity

7 Transmission of electricity

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.







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

1 Newton’s laws of motion

KEY KNOWLEDGE

In this topic, you will:

investigate and apply theoretically and practically Newton’s three laws of motion in situations

where two or more coplanar forces act along a straight line and in two dimensions

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

¢ investigate and analyse theoretically and practically the uniform circular motion of an object

mv?
moving in a horizontal plane: <Fnet = —), including:
r

o a vehicle moving around a circular road

» a vehicle moving around a banked track

e an object on the end of a string
* model natural and artificial satellite motion as uniform circular motion L
* investigate and apply theoretically Newton’s second law to circular motion in a vertical plane

(forces at the highest and lowest positions only).

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access past VCAA questions and exam-style questions and their video solutions in every
lesson, to ensure you are ready.

TN




1.1 Overview

Hey students! Bring these pages to life online

Watch Engage with Answer questions
videos interactivities and check results

Find all this and MORE in jacPLUS C)

1.1.1 Introduction

Backwards and forwards. Faster and slower. Why do
objects in motion behave the way they do, and how
can such behaviour be consistently described?

FIGURE 1.1 Whether you are driving a car, riding
a bike or riding a roller-coaster, your motion is
controlled by the forces acting on the vehicle.
Before Sir [saac Newton published Principia
Mathematica in 1687, there was no plausible theory
that could clearly describe objects, also called bodies,
the forces acting upon them, and their movements in
response to those forces. Newton’s laws of motion
changed humanity’s understanding of the entire
universe by providing a mathematical description

of the universe. They describe everything from a ball
rolling down a hill to the positions of the planets.

To this day, more than 300 years later, Newton’s
laws of motion and gravity remain the foundations
on which mechanics and engineering are based.
They gave humanity the knowledge needed to send
astronauts to the Moon and put satellites into orbit. Everyday motion, from driving a car and riding a bike, to
enjoying a ride on a roller-coaster, are all governed by forces that can be described by Newton’s laws.

LEARNING SEQUENCE

TuT OVEIVIBW ..ottt ettt ettt
1.2 BACKGROUND KNOWLEDGE Motion review
1.3 Newton’s laws of motion and their application
1.4 PrOJECTHIE MOTION ...
1.5 UNifOrm CIFCUIAI MIOTION ..ottt ettt sttt
1.6 NON-UNIFOrM CIFCUIAr MOTION ........ooiiiieeeeeeee ettt
TLT RBVIBW ..ottt ettt et

Resources

Solutions Solutions — Topic 1 (sol-0815)

Practical investigation eLogbook Practical investigation eLogbook — Topic 1 (elog-1632)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 1 (doc-37165)
Key ideas summary — Topic 1 (doc-37166)

Exam question booklet Exam question booklet — Topic 1 (eqb-0098)
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1.2 BACKGROUND KNOWLEDGE Motion review

BACKGROUND KNOWLEDGE

¢ identify parameters of motion as vectors or scalars
® analyse graphically, numerically and algebraically, straight-line motion under constant acceleration:

1 1 1
v=u+at v’=u?+2as s=5(u+v)t s=ut+§at2 s=vz‘—Eat2

® graphically analyse non-uniform motion in a straight line
® apply concepts of momentum to linear motion: p = mv

1.2.1 Describing motion

To explain the motion of objects, it is important to be able to measure and describe the motion clearly. The
language used to describe motion must therefore be precise and unambiguous.

The language of motion

The physical quantities used to describe and explain motion fall into two distinct groups: scalar quantities and
vector quantities.

Scalar quantities are fully described by magnitude (size) only. Mass, energy, time, power and temperature
are all examples of scalar quantities.

Vector quantities are fully described by specifying both a direction and a magnitude. Force, displacement,
velocity and acceleration are all examples of vector quantities.

Note: Vector quantities are bolded in this resource but other notations are common, such as an arrow above
or below the variable.

Distance is a measure of the length of the path taken during the change in position of an object. Distance is a
scalar quantity. It does not specify a direction.

Displacement is a measure of the length of the change in position of an object. To fully describe a displacement,
a direction must be specified as well as a magnitude. Displacement is therefore a vector quantity.

Speed is a measure of the rate at which an object moves over a distance. Because distance is a scalar quantity,
speed is also a scalar quantity. The average speed of an object can be calculated by dividing the distance
travelled by the time taken:

scalar quantity quantity with only
distance travelled B EEMIELS (573
average speed = ——— vector quantity quantity requiring
time interval both a direction and a magnitude
distance measure of the full
length of the path taken when
an object changes position, a

Velocity is a measure of the rate of displacement of an object. Because

displacement (change in position) is a vector quantity, velocity is also a vector scalar quantity
quantity. The velocity has the same direction as the displacement. The symbol v displacement measure of the
is used to denote velocity. (The symbol v is often used to represent speed as well.) change in position of an object, a
vector quantity
The average velocity of an object, v,,, during a time interval can be expressed as: speed the rate at which distance
is covered per unit time; a scalar
As quantity
Voy=— velocity the rate of change of
At position of an object; a vector

X quantity
where: s represents the displacement

At represents the time interval

TOPIC 1 Newton’s laws of motion 5



Neither the average speed nor the average velocity provide information about movement at any particular
instant of time. The speed at any particular instant of time is called the instantaneous speed. The velocity at
any particular instant of time is called the instantaneous velocity. It is only if an object moves with a constant
velocity during a time interval that its instantaneous velocity throughout the interval is the same as its average
velocity.

The rate at which an object changes its velocity is called its acceleration. Because velocity is a vector quantity,
it follows that acceleration is also a vector quantity. The average acceleration of an object, a,,, can be
expressed as:

_&_v—u
At t—t

aav

where: Ay represents the change in velocity (v —u),v is the final velocity and u the initial velocity
At represents the time interval, where 7 is the initial time and 7 is the final time, where

At=tf—tl

The direction of the average acceleration is the same as the direction of the change in velocity. The instantaneous
acceleration of an object is its acceleration at a particular instant of time.

A non-zero acceleration is not always caused by a change in speed. The vector nature of acceleration means that
the object can be accelerating if it has a constant speed but is changing direction. Hence, acceleration is the rate
of change of velocity.

Reviewing vectors

A vector quantity is one that has both direction and magnitude. These are represented diagrammatically using
arrows, in which the length of the arrow reflects the magnitude of the quantity and the arrowhead allows the
direction to be shown. Vectors are used constantly in physics, particularly in the study of motion, in which many
variables are vector quantities.

Adding vectors

When vector quantities are added together, both direction and magnitude need to be

. . . . instant d d at
taken into account. The example of forces in figure 1.2 illustrates this. The labelled nelanansols Specc speedata

particular instant of time

arrows that represent vectors can be used to perform the addition by placing them instantaneous velocity velocity at a
‘head to tail’. When adding pairs of vectors, the labelled arrows are redrawn so particular instant of time
that the ‘tail’ of the second arrow abuts the ‘head’ of the first arrow. The sum of the acceleration rate of change of

vectors is represented by the arrow drawn between the tail of the first vector and the velocity; a vector quantity

head of the second. Figure 1.2 illustrates how this method has been used to determine
the net force in the three examples shown. The sum of the vectors (F,,) is represented in each case.

FIGURE 1.2 When adding vectors, both magnitude and direction need to be considered.

a b.
40N 30N 40N
Fret Fret 30N
C. N
Fnet
30N w E
S
40N
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Determining the magnitude of a vector sum (resultant vector)

The vectors in figure 1.2 have been drawn to scale. This means that the length of the arrow representing the
vector sum (resultant vector) can be measured. The magnitude of the vector sum can then be calculated. The
direction of the vector sum is given by the direction in which the third arrow points. If the vectors have been
drawn to scale, the direction can be determined by measuring the appropriate angle with a protractor.

The vector addition shown in figure 1.3 results in a right-angled triangle. The magnitude of the vector sum can
be determined by using Pythagoras’s theorem. The hypothenuse arrow of the triangle is the vector sum and its

length represents the magnitude.

¢t =a*+b?

= (40)* + (30)*

= 2500 (calculating the sum of the squares of both sides)
= ¢ = 50 N (taking the positive square root of the sum of the squares)

The direction of the net force can be found using trigonometric ratios. In

. (@)
this case, we can use tanB = N

tan B = &
40
=0.75
B = tan='(0.75)
=37°

The vector sum, and net force, is 50 N at an angle of N53°E (53°
clockwise from north as A + B = 90°).

Knowing the various trigonometric ratios is important when finding
unknown angles (when at least 2 side lengths are known) or unknown

FIGURE 1.3 The magnitude
and direction of vector addition
can be determined using
Pythagoras’s theorem. F; is
the resultant vector, or vector
sum.

(30N)

sides (when at least one angle and one side length is known) for right-
angled triangles. Alternatively, the sine or cosine rule could be used.

Subtracting vectors

One vector can be subtracted from another simply by adding its negative. It
works because subtracting a vector is the same as adding the negative vector
(just as subtracting a positive number is the same as adding the negative of that
number). Another way to subtract vectors is to place them tail to tail, as shown
in figure 1.4. The difference between the vectors a and b (b — a) is given by the
vector that begins at the head of vector @ and ends at the head of vector b.

Finding vector components

The magnitude of vector components can be determined using trigonometric
ratios. The vector P in figure 1.5 can be resolved into vertical and horizontal
components.

a (40N)

FIGURE 1.4 Subtracting
vectors can be done either
by placing them tail to

tail, or through adding the
negative vector.

TOPIC 1 Newton’s laws of motion 7



The magnitude of the horizontal component, labelled Py, is given by: FIGURE 1.5 A vector can

be split into vertical and

Py
_ o . o__~H
Py = P cos 40 <smce cos 40° = P > horizontal components.

= Py = 500units X cos40°

= Py = 500 units x 0.7660 P
= 383 units. .
&
The magnitude of the vertical component, labelled as Py, is given by: o

3
%

P
Py =P sin 40° <since sin 40° = —V>
P 40°

= Py = 500 units X sin 40°

= Py = 500 units X 0.6428
= 321 units.

Py

SAMPLE PROBLEM 1 Determining the average acceleration

tlvd-8940
Determine the average acceleration of each of the following objects.
a. A car starting from rest reaches a velocity of 60 km h™! due north in 5.0 s.
b. A car travelling due west at a speed of 15 m s™! turns due north at a speed of 20 m s™!. The change
occurs in a time interval of 2.5 s.
c. A cyclist riding due north at 8.0 m s~! turns right to ride due east without changing speed in a time
interval of 4.0 s.

THINK WRITE

a. 1. The change in velocity of the car is 60 km a. 60kmh™' = % ms~!=16.7ms™!

h™! north. To determine the acceleration in
SI units, the velocity should be expressed in
m s~! (divide by 3.6 to convert from km h™!
tom s™h).

_Av_ 167

At 5.0
= 3.3ms ™2 north

Ay
2. Use the formula a,, = — to calculate the a,,

average acceleration.

b. 1. The change in velocity must first be found b.
by subtracting vectors because Ay =v —u.
The final velocity (v) is 20 m s north and
the initial velocity (&) is 15 m s~! west.

That is —u = 15ms~! east.

Use Pythagoras’s theorem or trigonometry
to determine the magnitude of the change of
velocity. Subtracting u is the same as adding
the negative vector for u (as shown in the
diagram — in this case 15ms~! east,

not west).
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2. The direction of a vector is usually given tan @ = 5

as an angle of rotation of the vector about

its fail. Then look at where the head of the 5 i 2'705
vector sum (resultant vector) is pointing. - N 7. . o
. . The direction of the change in velocity is
The direction can be found by calculating .
therefore N37°E.
the value of the angle 6.
A A
3. Use the formula a,, = i to calculate the a, = Zv
t t
average acceleration, where Ay = 25 m ! 25
N37°Eand 1 =2.5s. " 25
=10ms™>N37°E
c. 1. The change in velocity must first be found c.

by subtracting vectors because Av =v — u.
The final velocity (v) is 8.0 m s™! east and
the initial velocity () is 8.0 m s™' north.
That is —u = 8.0 ms~! south.

Use Pythagoras’s theorem or trigonometry
to determine the magnitude of the change of
velocity. Subtracting u is the same as adding
the negative vector for # (as shown in the
diagram as going 8.0ms~! south, not north).

Av = V8.0° +8.0°

=113 ms™!
2. The direction can be found by calculating The triangle formed by the vector diagram
the value of the angle 6. shown is a right-angled isosceles triangle. The

angle 6 is therefore 45° and the direction of the
change in velocity is south-east.

A
3. Use the formula a,, = Ay to calculate the a,, = e
At At
average acceleration, where Ay = 11.3 m s™! _ 113
S45°E and Ar=4.0s. T 4.0

= 2.8 ms~2south-east (orS45 °E)

PRACTICE PROBLEM 1

Determine the average acceleration (in m s2) of:
a. arocket launched from rest that reaches a velocity of 15 m s~! during the first 5.0 s after lift-off
b. a roller-coaster cart travelling due north at 20 m s~! that turns 90 degrees to the left during
an interval of 4.0 s without changing speed
c. arally car travelling west at 100 km h~! that turns 90 degrees to the left and slows to a speed of
80 km h~! south. The turn takes 5.0 s to complete.

TOPIC 1 Newton’s laws of motion 9



1.2.2 Graphical analysis of motion

A description of motion in terms of displacement, average velocity and average acceleration is not complete.
These quantities provide a ‘summary’ of motion but do not provide detailed information. By describing the
motion of an object in graphical form, it is possible to estimate its displacement, velocity or acceleration at any
instant during a chosen time interval.

Position—-time graphs

A graph of position versus time provides information about the displacement and velocity at any instant of time
during the interval described by the graph. If the graph is a straight line or smooth curve, it is also possible to
estimate the displacement and velocity outside the time interval described by the data displayed in the graph
using extrapolation.

FIGURE 1.6 The instantaneous velocity v of an object is equal to the gradient of the position-time graph. If the
graph is a smooth curve, the gradient of the tangent must be determined.

= As
At to,V— IN;

_ rise
run

Position (m)

Y

to Time (s)

The velocity of an object at an instant of time can be obtained from a position—time graph by determining the
gradient of the line or curve at the point representing that instant. This method is a direct consequence of the
fact that velocity is a measure of the rate of change in position. If the graph is a smooth curve, the gradient at an
instant of time is the same as the gradient of the tangent to the curve at that instant.

Similarly, the speed of an object at an instant of time can be obtained by determining the gradient of a graph of
the object’s distance from a reference point versus time.

Velocity-time graphs
A graph of velocity versus time provides information about the velocity and acceleration at any instant of time

during the interval described by the graph. It also provides information about the displacement between any two
instants.

The instantaneous acceleration of an object can be obtained from a velocity—time graph by determining the
gradient of the line or tangent to a curve at the point representing that instant in time. This method is a direct
consequence of the fact that acceleration is defined as the rate of change of velocity.

The displacement of an object during a time interval can be obtained by determining the area under the velocity—
time graph representing that time interval. The actual position of an object at any instant during the time interval
can be found only if the starting position is known.

Similarly, the distance travelled by an object during a time interval can be obtained by determining the
corresponding area under the speed versus time graph for the object.

10 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Acceleration-time graphs

A graph of acceleration versus time provides information about the acceleration at any instant of time during the
time interval described by the graph. It also provides information about the change in velocity between any two

instants.

The change in velocity of an object during a time interval can be obtained by determining the area under the
acceleration—time graph representing that time interval. The actual velocity of the object can be found at any
instant during the time interval only if the initial velocity is known.

The relationship between position, velocity and acceleration-time graphs

Position—time, velocity—time and acceleration—time graphs are all related. As velocity is the change of position
over time, it is equivalent to the gradient of the position—time graph. Acceleration is the change of velocity over
time, and is the gradient of the velocity—time graph, as seen in figure 1.7.

FIGURE 1.7 The position-time, velocity—time and acceleration-time graphs for an object thrown vertically into
the air (assume negligible air resistance). As long as one graph is given, the other two can be deduced. Some
extra information may be needed.

A

Position

Velocity

Gradient

Time

TABLE 1.1 Summary of motion graphs

o

Time

Area gives change in
position. Position can

be found if initial position
is known.

Position versus

time graphs

Gradient

Acceleration
o

Velocity versus
time graphs

Y

Time

Area gives change in
velocity. Velocity can

be found if initial velocity
is known.

Acceleration
versus time graphs

Quantities that can be

calculated from the
graph

Horizontal axis Time Time Time
read directly from the
graph Vertical axis Position Velocity Acceleration
N Gradient of tangent Instantaneous Instantaneous
Quantltles that can be Ve|ocity acce|eration

Area under the
graph

Change in position
(displacement)

Change in velocity

SAMPLE PROBLEM 2 Using a velocity-time graph
tlvd-8941

The following velocity—time graph describes the motion of a car travelling south through an
intersection. The car was stationary for 6.0 s while the traffic lights were red.
a. What was the displacement of the car during the interval in which it was slowing down?

b. What was the acceleration of the car during the first 4.0 s after the lights turned green?

c. Determine the average velocity of the car during the interval described by the graph. N

TOPIC 1 Newton’s laws of motion 11
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3 10
(7]
T
(/]
E
=
Q
>
0 T T 1 T T
4 8 12 16 20
Time (s)
THINK WRITE
. . . 1
a. The displacement of the car slowing down is a. area = — xX2.0s X 10ms~' south
the area under the graph between the times 4.0 s 2
= 10 m south
and 6.0 s.

To fully describe displacement, units and
direction need to be considered.

b. The acceleration is given by the gradient of the b. a = e
graph for the first 4.0 s after the lights turned rluzn
green; the time interval is between 12 and 16 s. = 10

During this time, the velocity increases from
0 m s™! south to 12 m s™L. Therefore the ‘rise’ is
12 m s™! south and the ‘run’ is 4.0 s.

= 3.0ms~2 south

c. 1. The displacement during the whole time c. area = (4.0x 10)
interval described by the graph is given by n 1 %2.0% 10
the total area under the graph. In this case, the
area is split into four shapes (two rectangles 1
and two triangles). +| 5 x40x12

+ (4.0% 12)
=40+ 10424 +48
= 122 m south

o . As
2. The average velocity is determined by the Voy = Z
As t

formula: v,, = A where As = 122 m south 122

t e —

and At =20s 20

= 6.1 ms~! south
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PRACTICE PROBLEM 2

Use the velocity—time graph in sample problem 2 to answer the following questions.

a. Determine the acceleration of the car while it had a positive southerly acceleration.

b. Determine the acceleration of the car during the 2.0 s before it came to a stop at the traffic lights.

c. Determine the average velocity of the car during the 6.0 s before it stopped at the traffic lights.

Resources

Video eLesson Motion with constant acceleration (eles-0030)

1.2.3 Algebraic analysis of motion

The motion of an object moving in a straight line with a constant acceleration can be described by a number
of formulas. The formulas can be used to determine unknown quantities of straight-line motion with constant

acceleration.

where: u is the initial velocity
v is the final velocity
s is the displacement
a is the acceleration

t is the time interval

1 1 1
v=u+at s:E(u+v)t s:ut+5at2 v2=u’+2as s=vt—5at2

Because the formulas describe motion along a straight line, vector notation is not necessary. The displacement,

velocity and acceleration can be expressed as positive or negative quantities.

It is possible to rearrange each of the equations to make different variables the subject. Table 1.2 summarises all
possible versions of the equations and may be useful when solving problems. Note that each formula uses 4 out
of the 5 possible variables (s u v a t).

TABLE 1.2 Equations for solving problems

Variables that are involved in the problem

Variable
that is to
be
calculated

2s at
u=v-at u? =v2 —2as u=——v u=3_2
t t 2
2s at
v=u+at V2 =u? + 2as v=——u - —
t 2
v—u V2 —u? 2(s—utb) 2(vt—s)
a= a= —_ a=——-: E——
t 2s I 2
v—u 2s . .
t= — t= Determine v Determine u then
a u+v) then solve solve
2_ 2 1 1 1
— s=Y Y s=—(W+wt s=ut+ —at® s=vt— —at?
2a 2 2

TOPIC 1 Newton’s laws of motion 13



tlvd-8942

SAMPLE PROBLEM 3 Algebraic analysis of straight line motion with constant

acceleration

Amy rides a toboggan down a steep snow-covered slope. Starting from rest, she reaches a speed of
12 m s7! as she passes her brother, who is standing 19 m further down the slope from her starting
position. Assume that Amy’s acceleration is constant.

a. Determine Amy’s acceleration.
b. How long did she take to reach her brother?

c. How far had Amy travelled when she reached an instantaneous velocity equal to her average

velocity?

d. At what instant was Amy travelling at an instantaneous velocity equal to her average velocity?

THINK

a. 1. List the given information. Let’s consider

down the slope as the positive direction.

2. The appropriate formula is: v> =u? + 2as,

because it includes the three known quantities

and the unknown quantity a.

. List the information. (Note that it is better to
use the data given rather than data calculated
in the previous part of the question. That way,
rounding or errors in an earlier part of the
question will not affect the answer.)

2. The appropriate formula is:

s==—(u+v)r.
2( )

. The magnitude of the average velocity during

a period of constant acceleration is given by:

_u+v
Vay =

2. The distance travelled when Amy reaches an
instantaneous velocity of this magnitude can
now be calculated. List the information.

14 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition

WRITE

au=0v=12ms !, s=19m,a=2?

v2 = u? + 2as

=>122=0+2ax19
144 =38 Xa

= a = 3.8 ms~? down the slope

b. u=0,v=12ms !, s=19m,7="?

1
s=—(u+v)
2( )

1
=>19=_(0+12)

19=6.0Xt
19
>r=—
6.0

=32s

u-+v

C. Vyy =

0412
2
=6.0ms™!

u=0,v=60ms ', a=38ms 2, s="2



3. The appropriate formula is v> =u? + 2as. v2 =u’ + 2as

= (6.0 =0+2x3.8Xs
36 =7.6Xs
36
>§=—
7.6
=4.7m
d. 1. List the information. d u=0,v=60ms ', a=38ms?2,r=?
2. The appropriate formula is v =u + at. v=u-+at
=>60=0+3.8x%xt
6.0=3.8xt
6.0
S>t=-—
3.8
=1.6s

This is the midpoint of the entire time interval.
In fact, during any motion in which the
acceleration is constant, the instantaneous
velocity halfway (in time) through the interval
is equal to the average velocity during the
interval.

PRACTICE PROBLEM 3

A car initially travelling at a speed of 20 m s~!

over a distance of 400 m.
a. Calculate the final speed of the car.
b. Determine the car’s acceleration without using your answer to part (a).
c. What is the average speed of the car?
d. What is the instantaneous speed of the car after:
i.2.0s
ii. 8.0 s?

on a straight road accelerates at a constant rate for 16 s

1.2.4 Momentum

When explaining changes in motion, it is necessary to consider another property
£ the obiect: i C ider h h difficult it i Kk momentum the product of the
of t e o ject: its mass. onsider how much more difficu t it is to stop a truc mass ofian objectiand fts velodity:
moving at 20 m s~! than it is to stop a tennis ball moving at the same speed. The a vector quantity
physical quantity momentum is useful in explaining changes in motion, because
it takes into account the mass as well as the velocity of a moving object.

Newton described momentum as ‘quantity of motion” and understood the special nature of mass in motion.

The momentum p of an object is defined as the product of its mass m and its velocity v.

TOPIC 1 Newton’s laws of motion 15



p=my

where: p is the momentum, in kg m s™!, or N s
m is the mass, in kg

v is the velocity, in m s™!

Momentum is a vector quantity that has the same direction as that of the velocity. The SI unit of momentum is
kg m s~'. Momentum is also sometimes expressed in N s.

1.2 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C)

1.2 Quick quiz 1.2 Exercise

1.2 Exercise

1. Two Physics students are trying to determine the instantaneous speed of a bicycle 5.0 m from the start of a
1000-m sprint. They use a stopwatch to measure the time taken for the bicycle to cover the first 10 m. If the
acceleration was constant, and the measured time was 4.0 s, what was the instantaneous speed of the
bicycle at the 5.0 m mark?

2. A car travelling north at a speed of 40 km h™' turns right to head east at a speed of 30 km h~". This change in
direction and speed takes 2.0 s. Calculate the average acceleration of the car in:
a.kmh' s’

b. ms™.

3. An aeroplane approaches Melbourne Airport and touches down on the runway while travelling at 70 m s™'.
This speed is maintained for 8.0 s. Following this, the brakes are engaged, and the aeroplane comes to a stop
with a uniform deceleration of 4.0 m s2.

a. Calculate how long it takes the aeroplane to stop after landing.
b. Draw a velocity-time graph to describe the motion of the aeroplane from landing to the moment it comes to
a stop. Ensure your graph is fully labelled.
c. Use your graph to determine the length of runway used in the landing process.
4. A 65.0-kg student runs at a velocity of 35.0 km h™!. Determine the student’s momentum.
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1.3 Newton’s laws of motion and their application

KEY KNOWLEDGE

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

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

1.3.1 Newton’s three laws of motion

Sir Isaac Newton’s three laws of motion, first published in 1687, explain changes in the motion of objects in
terms of the forces acting on them. However, Einstein and others have since shown that Newton’s laws have
limitations. Newton’s laws fail, for example, to explain successfully the motion of objects travelling at speeds
close to the speed of light. They do not explain the bending of light by the gravitational forces exerted by stars,
planets and other large bodies in the universe. However, they do successfully explain the motion of most objects
at Earth’s surface, the motion of satellites and the orbits of the planets that make up the solar system. In fact, it
was Newton’s laws that enabled NASA to plan the trajectories of artificial satellites.

Newton’s First Law of Motion

Every object continues in its state of rest or uniform motion unless made to change by a non-zero net force.

Newton’s First Law of Motion explains why things move. For example, you need
to strike a golf ball with the club before it will soar through the air. Without a

net force acting on the golf ball, it will remain in its state of rest on the tee or
grass. (Recall that the vector sum of the forces acting on an object is called the net force.) The law explains

why seatbelts should be worn in a moving car and why you should never leave loose objects (like books,
luggage or pets) in the back of a moving car. When a car stops suddenly, it does so because there is a large net
force acting on it — as a result of braking or a collision. However, the large force does not act on you or the
loose objects in the car. The loose objects continue their motion until they are stopped by a non-zero net force.
Without a properly fitted seatbelt, you would move forward until stopped by the airbag in the steering wheel, the
windscreen or even the road. The loose objects in the car will also continue moving forward, posing a danger

to anyone in the car. This is why Newton’s First Law is sometimes referred to as the Law of Inertia. Inertia is a
property of mass and describes the tendency of a body to remain at rest or to move with a constant velocity in a
straight line unless acted upon by a net force.

net force the vector sum of all the
forces acting on an object

Newton’s First Law of Motion can also be expressed in terms of momentum by stating that the momentum of an
object does not change unless the object is acted upon by a non-zero net force.

Newton’s Second Law of Motion

The rate of change in momentum is directly proportional to the magnitude of the net force and is in the
direction of the net force.

_Ap  mAv
et = AT AL
(provided the mass is constant)
where: Ap is the change in momentum, in kg m s! (or N s)
Av is the change in velocity, in m s™!
At is the time interval, in s
m is the mass, in kg

a is the acceleration, in m s=2
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This expression of Newton’s Second Law of Motion is especially useful because it relates the net force to a
description of the motion of objects. An acceleration of 1 m s~ results when a net force of 1 N acts on an object
of mass 1 kg. Newton’s Second Law gives the relationship between the net force acting upon a body, its mass
and the resulting acceleration of that body. Acceleration is directly proportional to the net force applied to a
body but inversely proportional to its mass. The derived equation above, F,.,, =ma is commonly associated with
the second law.

Newton’s Third Law of Motion

Newton’s Third Law of Motion

If object B applies a force on object A, then object A applies an equal and opposite force on object B:

FonAbsz_FoanyA

It is important to remember that the forces that

make up the force pair act on different objects. The
subsequent motion of each object is determined by
the net force acting on it. For example, in

figure 1.8, the net force on the brick wall at the left is
the sum of the force applied to it by the car (shown
by the red arrow) and all the other forces acting on Brick wall
it. The force shown by the orange arrow is applied pushes car.
to the car and does not affect the state of motion of
the brick wall. The net force on the car is the sum
of the force applied by the brick wall (shown by
the orange arrow) and all the other forces acting O
on it. The ‘Newton pairs’ of forces are of the same

type but act on different bodies. They are equal and
opposite in nature.

FIGURE 1.8 Newton’s Third Law of Motion in action

Car

Applying Newton’s laws of motion

Newton’s laws of motion can be used to explain the motion of objects. It is important to determine the specific
laws that should be applied to a particular problem:
e Newton’s First Law refers only to objects at rest or in uniform motion and can be applied in instances when
an object is not accelerating
* Newton’s Second Law applies to a single object (or a system of more than one body where the bodies are
connected to each other) being acted upon by one or more forces
e Newton’s Third Law applies when two objects interact with one another and exert equal but opposite forces
on each other

Often, more than one of Newton’s laws will be required to solve a problem.

Resources

Video eLesson Newton’s Second Law (eles-0033)

1.3.2 On level ground

Whether you are walking on level ground, driving a car, riding in a roller-coaster or flying in an aeroplane, your
motion is determined by the net force acting on you.
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Figure 1.9 shows the forces acting on a car moving at a constant velocity on a level surface. The net force on the
car is zero as the forces are balanced (in equilibrium).

FIGURE 1.9 Forces acting on a car moving on a level surface. The car’s engine is making the front wheels turn.

Normal force Q Q ~&— Air resistance

Road friction —=== —— Driving force

Y Force due to gravity

The forces acting on the car are described as follows.
e The force due to gravity. The force due to gravity of an object is given by:

F,=mg

where m is mass and g is the gravitational field strength.
Throughout this text, the magnitude of g at the Earth’s surface will be taken as 9.8 N kg™!. The force due to
gravity of a medium-sized sedan carrying a driver and passenger is about 15 000 N.

e Normal force. The normal force is the upward push of the supporting surface on the car. A normal force
acts on all four wheels of the car. It is described as a normal force because it acts at right angles to the
surface. Considering that the road surface is not accelerating up or down, the force applied to the surface
by the object is the same as the force due to gravity acting on the object. The total normal force is therefore
equal and opposite in direction to the force due to gravity.

e Driving force. The force that pushes the car forward is provided at the driving wheels — the wheels that
are turned by the motor. In most cars, either the front wheels or the rear wheels are the driving wheels. The
motor of a four-wheel drive pushes all four wheels. As the tyres push back on the road, the road pushes
forward on the tyres, propelling the car forward. The forward push of the road on the tyres is a frictional
force, as it is the resistance to movement of one surface across another. In this case, it is the force that
prevents the tyres from sliding across the road. If the tyres or the road is too smooth, the driving force is
reduced, the tyres slide backwards and the wheels spin. Note that if a car is braking, the wheels are not
being driven by the engine and the driving force is not present.

* Resistance forces. As the car moves, it applies a force to the air in front of it. The air applies an equal
force opposite to its direction of motion. This force is called air resistance. The air resistance on an object
increases as its speed increases. The other resistance force acting on the car is road friction. It opposes
the forward motion of the non-driving wheels, rotating them in the same direction as the driving wheels.

In the car in figure 1.9, the front wheels are the driving wheels. Road friction opposes the motion of the
rear wheels along the road and, therefore, the forward motion of the car. This road friction is an example of
static friction, which is considerably smaller than the kinetic or sliding

friction that acts if a wheel slips on the surface and spins. air resistance the force applied
to an object opposite to its
direction of motion, by the air

The centre of mass through which it is moving

The forces on a moving car do not all act at the same point on the car. When road friction the force applied by
analysing the translational motion of an object (its movement across space ;hjeﬁi(llsirfr;agﬁ;;gr?%le:slist:f
without considering rotational motion), all of the forces applied to an object oy el esiiem 6 et G e
can be considered to be acting at one particular point. That point is the centre of vehicle

mass. The centre of mass of a symmetrical object with uniform mass distribution centre of mass the point at

is at the centre of the object. For example, the centre of mass of a ruler, a solid ;";’E‘;; i';ﬂgig:;?je‘:fesqo be
ball or an ice cube is at the centre, unlike the centres of mass of asymmetrical positioned when modelling the
objects, such as a person or a car. Note that the centre of mass can also external forces acting on the

lie outside of an object. object
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AS A MATTER OF FACT

If you hold an object such as a ruler at its centre of mass, it will perfectly balance. However, the centre of

mass does not have to be within the object. For example, the centre of mass of a donut is in the middle of its
hole. A high jumper can improve her performance by manoeuvring her body over the bar so that her centre of
mass is below the bar. The centre of gravity of an object is a point through which the gravitational force can be
considered to act. For most objects near the Earth’s surface, it is reasonable to assume that the centre of mass
is at the same point as the centre of gravity. This is because the gravitational field strength is approximately
constant at the Earth’s surface.

FIGURE 1.10 Where is the centre of mass of a boomerang? Try balancing a boomerang in a horizontal plane
on one finger.

1.3.3 Applying Newton’s Second Law of Motion

Sample problem 4 shows how Newton’s Second Law of Motion can be applied to single objects or to a system
of two objects, often referred to as connected bodies.

Remember that when the problem involves connected bodies, the whole system, as well as each individual part
of the system, will have the same acceleration.

Tips for using Newton’s Second Law of Motion

1. Draw a simplified diagram of the system.

2. Clearly label the diagrams to represent the forces acting on each object in the system. Draw all the forces
as though they were acting through the centre of mass.

3. Apply Newton’s Second Law to the system and/or each individual object as required.

SAMPLE PROBLEM 4 Applying Newton’s Second Law of Motion
tlvd-8943

A car of mass 1600 kg starts from rest on a horizontal road with a forward driving force of

5400 N east. The sum of the forces resisting the motion of the car is 600 N.

a. Determine the acceleration of the car.

b. The same car is used to tow a 400 kg trailer with the same driving force as before. The sum of the
forces resisting the motion of the trailer is 200 N.
i. Determine the acceleration of the system of the car and the trailer.
ii. What is the magnitude of the force, F, exerted on the car by the trailer?
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THINK
a. 1. Determine the net force acting on the

car. The forward driving force is 5400 N
and the sum of the forces acting in the
negative direction is 600 N.

. Apply Newton’s Second Law to determine

the acceleration of the car, where the net
force is 4800 N and the mass is 1600 kg.

i. ® A diagram must be drawn to show the

forces acting on the car and trailer.

The vertical forces can be omitted
because their sum is zero. (If not,

there would be a vertical component of
acceleration.) Assign east as positive.

e Determine the net force acting on the
entire system.

e Apply Newton’s Second Law to
determine the acceleration of the
system, where the net force is 4600 N
and the mass of the system is 2000 kg.

ii. Newton’s Second Law can be applied to

either the car or the trailer to answer this
question.

e Method 1: Applying Newton’s Second
Law to the car

e Write an expression for the net
force acting on the car, and use it to
determine the magnitude of the force
exerted on the car by the trailer.

or

® Method 2: Applying Newton’s Second
Law to the trailer

WRITE
a. F,. = Driving forces F, — Resisting forces on car F,

F .. = 5400 — 600

F

net

=4.80%x10°N

= ma
F net

m
_ 4.80x 103

1600
=3.00m s~ 2 east

Direction of motion N
—

Fe

|
O ® O O S

Road friction F;

b. i.

Road friction F,, Driving force Fp

Fnel :FD_FrC_Frl

Fe. = 5400 — 600 — 200
= 4600 N

Fnel =ma
F

m
_ 4600

2000
=2.30ms 2 east

net

. F=ma

= 1600 x 2.30
=3.68x10°N

F .. = 5400 — 600 — F ., where F is the magnitude
of the force exerted by the trailer on the car.
3680 = 5400 — 600 — F

= F, = 5400 — 600 — 3680
=1.12x10°N
F . ..=ma

=400x2.30
=920 N
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e Write an expression for the net force F..=F.—200

acting on the trailer, and use it to where F'. is the magnitude of the force exerted on
determine the magnitude of the force the trailer by the car.
exerted on the trailer by the car. 920 = F,. —200
Note: Fo; = Fi; = F,. = 920+ 200
=1.12x10°N

PRACTICE PROBLEM 4

a. A car of mass 1400 kg tows a trailer of mass 600 kg north along a level road at constant speed. The
forces resisting the motion of the car and trailer are 400 N and 100 N respectively.

100N 400N

Al "
(@) O

i. Determine the forward driving force applied to the car.
ii. What is the magnitude of the tension in the bar between the car and the trailer?
b. If the car and trailer in part (a), with the same resistance forces, have a northerly acceleration of
2.0 m s~2, what is:
i. the net force applied to the trailer
ii. the magnitude of the tension in the bar between the car and the trailer
iii. the forward driving force applied to the car?

1.3.4 Feeling lighter — feeling heavier

As you sit reading this, the force due to gravity on you by the Earth (F .= mg) is pulling you down towards the
centre of the Earth, but the chair is in the way. The material in the chair is being compressed and pushes up on
you. This force is called the normal force (Fy) because it is perpendicular or normal to the surface. If these two
forces, the force due to gravity and the normal force, balance, then the net force on you is zero.

The normal force is responsible for the feeling of ‘heaviness’.

The greater the normal force, the ‘heavier’ you will feel.

You ‘feel’ the Earth’s pull on you because of Newton’s Third Law. The upward compressive force on you
by the chair is paired with the downward force on the chair by you. You sense this upward force through the
compression in the bones in your pelvis.

Fon you by chair = _Fon chair by you

What happens to these forces when you are in a lift? A lift going up initially accelerates upwards, then travels
at a constant speed (no acceleration) and finally slows down (the direction of acceleration is downwards). You
experience each of these stages differently.
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Accelerating upwards

When you are accelerating upwards, the net force on you is upwards. The only forces acting on you are the force
due to gravity downwards and the normal force by the floor acting upwards. The force due to gravity is not
going to change. So, if the net force on you is up, then the normal force on you must be greater than the force
due to gravity: Fy > mg.

You ‘feel heavier’.

Accelerating downwards

When you are accelerating downwards, the net force on you is downwards. So, the normal force on you must
be less than the force on you due to gravity: Fy <mg. You ‘feel lighter’. Note that if the lift were in free-fall,
the person would not experience a normal force from the floor of the lift, and she would experience ‘apparent
weightlessness’. This concept of absence of normal force will be revisited in subtopic 3.4, to explain astronauts
floating in space.

Note that ‘apparent weightlessness’ is no longer part of the study design.

FIGURE 1.11 The magnitude of the normal force determines how ‘heavy’ you feel.

GOING UP GOING UP
Cable Cable
A
Normal
—————— force, Fy
\
Normal
force, Fy
SPEEDING ¢ Force due to SLOWING ¢ Force due to
(§]=] * gravity, Fy DOWN * gravity, Fy
Feel heavier Feel lighter
Resources
Interactivity Going up? (int-6606)
1 35 MOTIOH on an InC“ne FIGURE 1.12 The forces acting on a car

. . . . rolling down an inclined plane
The forces acting on objects on an inclined plane are similar to 9 P

those acting on the same objects on a level surface. Normal force, Fy,

The forces acting on a car rolling down an inclined plane are
shown in figure 1.12. The car is considered to behave like

a single particle and the rotational motion of the wheels is
ignored.

Resolving forces into components

The net force on a car can be found by finding the vector
sum of the forces acting on it. Figure 1.13 shows how the force
due to gravity can be resolved (divided) into two components ¢

— one parallel to the surface and one perpendicular to the

surface.
Force due to gravity, Fy
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tivd-8944

By resolving the force due to gravity into these components,
the motion of the car can be analysed. Consider the forces
perpendicular to the inclined plane in figure 1.13. The
magnitude of the normal force is equal to the component of the
force due to gravity that is perpendicular to the surface. These
forces balance each other out; therefore, the net force has no
perpendicular component. (Imagine what would happen if this
wasn’t the case!)

FIGURE 1.13 Forces can be resolved
into components. In this case, the force
due to gravity has been resolved into two
components.

Normal force

Now consider the forces parallel to the inclined plane. It can be
seen that the horizontal component of the force due to gravity is
greater than the sum of road friction and air resistance. The net

force is therefore parallel to the surface. The car will accelerate

down the slope, as the downslope force exceeds the smaller

\
\
A\
upslope frictional force in the example. Force due to gravity Aﬁl %?;pé’::ft]ésg?fav”y

SAMPLE PROBLEM 5 Calculating the normal reaction force and sum of resistance forces

A snow skier of mass 70 kg is moving down a slope inclined at 15° to the horizontal with a constant
velocity.

Determine the magnitude and direction of:

a. the normal force (Fy)

b. the sum of the resistance forces (Fr) acting on the skier.

THINK WRITE

a. 1. A diagram must be drawn to show a. F, = Force due to gravity Fy
the forces acting on the skier. Note Fy= Normal
that the forces have been drawn as Fg = Sum of resistance A

forces

though they were acting through
the centre of mass of the skier but
remember that the normal force
and the friction forces act at the
surface between the slope and the
skis.

2. The perpendicular net force is

Z€ero, so F

Fy =ng- = Fg cos 15° <since cos15°= 2 :>ng :Fg cos 15")
Use F, = mg, where m = 70 kg F,

and g =9.8 Nkg!. = mg cos 15°

=70x%x9.8 X cos 15°

= 663 N, rounded t0 6.6 X 102N
The normal force is therefore 6.6 X 10?> N in the direction
perpendicular to the surface as shown (as we are
specifying the direction, we do not need to use a negative
sign).
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b. The skier has a constant velocity, b. Fr =F,

so the net force on the skier in the F

direction parallel to the surface is = F,sin 15° | since sin 15° = 25 F, =F,sin 15°>
zero. Therefore, the magnitude of F, ) )

the sum of resistance forces must = mg sin 15°

be equal to the component of the =70%9.8 X sin 15°

force due to gravity that is parallel

= 178N, roundedto 1.8 X 10> N
to the surface, Fr =F

gx- The sum of the resistance forces (air resistance and
friction) acting on the skier is 1.8 X 10?> N opposite to the
direction of motion.

PRACTICE PROBLEM 5

a. A cyclist rides at constant velocity up a hill that is inclined at 15° to the horizontal. The total mass

of the cyclist and bicycle is 90 kg. The sum of the resistive forces on the cyclist and bicycle is 20 N.
Determine:

i. the forward driving force provided by the road on the bicycle

ii. the normal force.

b. If the cyclist in part (a) coasts down the same hill with a constant total resistance of 50 N, what is
the cyclist’s acceleration?
1.3 Activities learn

Students, these questions are even better in jacPLUS

Find all this and MORE in jacPLUS C)

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

1.3 Quick quiz 1.3 Exercise u 1.3 Exam questions L

1.3 Exercise

1.

Draw a sketch (the length of the arrows should give a rough indication of relative size of the force) showing all
the forces acting on a tennis ball while it is:

a. falling to the ground

b. in contact with the ground just before rebounding upwards

c. on its upward path after bouncing on the ground.

A coin is allowed to slide with a constant velocity down an inclined plane as B

shown in the diagram. Which of the arrows A to G on the diagram represents c

the direction of each of the following? Write X if no direction is correct. A

a. The force due to gravity on the coin /

b. The normal force

c. The net force &

A child pulls a 4.0-kg toy cart along a horizontal path with a rope so that the ——>D
rope makes an angle of 30° with the horizontal. The tension in the rope is

12 N. / £
a. What is the force due to gravity acting on the toy cart? &

b. What is the component of tension in the direction of motion?
c. What is the magnitude of the normal force?

-

4
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4, A 200-kg dodgem car is driven due south into a rigid barrier at an initial speed of 5.0 m s™'. The dodgem
rebounds at a speed of 2.0 m s~'. It is in contact with the barrier for 0.20 s. Calculate:
a. the average acceleration of the car during its interaction with the barrier
b. the average net force applied to the car during its interaction with the barrier.

5. A 1500-kg car is resting on a slope inclined at 20° to the horizontal. It has been left out of gear, so the only
reason it doesn’t roll down the hill is that the handbrake is on.

a. Draw a labelled diagram showing the forces acting on the car.

b. Calculate the magnitude of the normal force. Give your answer to 2 significant figures.

c. What is the net force acting on the car?

d. What is the magnitude of the frictional force acting on the car? Give your answer to 2 significant figures.

6. An experienced downhill skier with a mass of 60 kg (including skis) moves in a straight line down a slope
inclined at 30° to the horizontal with a constant speed of 15 m s™'.

a. What is the direction of the net force acting on the skier?
b. What is the magnitude of the resistive forces opposing the skier’s motion? Give your answer to 2 significant
figures.

7. A 70.0-kg waterskier is towed in a northerly direction by a 350-kg speedboat. The frictional forces opposing
the forward motion of the waterskier total 240 N.

a. If the waterskier has an acceleration of 2.0 m s due north, what is the tension in the rope towing the
waterskier?

b. If the frictional forces opposing the forward motion of the speedboat are increased to total 600 N, what is
the thrust force applied to the boat due to the action of the motor?

8. A 0.3-kg magpie flies towards a very tight plastic wire on a clothes line. The wire is perfectly horizontal and is
stretched between poles 4.0 m apart. The magpie lands on the centre of the wire, depressing it by a vertical
distance of 4.0 cm. What is the magnitude of the tension in the wire?

9. An old light globe hangs by a wire from the roof of a train. What angle does the globe make with the vertical
when the train is accelerating at 1.5 m s72?

1.3 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.7; © VCAA

& A railway truck (X) of mass 10 tonnes, moving at 3.0 m s, collides with a stationary railway truck (Y), as
shown in the diagram below.

After the collision, they are joined together and move off at speed v = 2.0 ms™.

Before collision
X 3.0ms! Y
(10 tonnes)

. .

stationary

After collision

X Y 2.0ms™!
v

" & & &

Which one of the following best describes the force exerted by the railway truck X on the railway truck Y (Fy onv)
and the force exerted by the railway truck Y on the railway truck X (Fy on X) at the instant of collision?

FX ony < FY on X

FX ony = FY on X

Fxony==Fyonx

FX onY > FY on X

Cow>
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Question 2 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.9; © VCAA

I3 Two students pull on opposite ends of a rope, as shown in the diagram below. Each student pulls with a
force of 400 N.

Which one of the following is closest to the magnitude of the force of the rope on each student?
A. ON

B. 400N

C. 600N

D. 800N

Question 3 (5 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.8; © VCAA
A car is driving up a uniform slope with a trailer attached, as shown in Figure 11. The slope is angled at 15° to the
horizontal. The trailer has a mass of 200 kg and the car has a mass of 750 kg. Ignore all retarding friction forces
down the slope.

Figure 11

a. On Figure 12 below, draw labelled arrows to indicate the direction of the forces acting on the trailer. The labels
should also indicate the kind of force that each arrow represents. (3 marks)

15°

Figure 12

b. The car and trailer are travelling at a constant speed of 8 m s™ up the slope.
Calculate the magnitude of the force that the car exerts on the trailer. Show your working. (2 marks)
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Question 4 (2 marks)
Source: /CE 2016, Physics Exam, Q.1.a; © VCAA

A train consists of an engine of mass 20 tonnes (20 000 kg) towing one wagon of mass 10 tonnes (10 000 kg), as
shown in the figure.

coupling

direction of motion ]

The train accelerates from rest with a constant acceleration of 0.10 m s™.
Calculate the speed of the train after it has moved 20 m. Show your working.

Question 5 (2 marks)
Source: VCE 2015, Physics Exam, Q.2.a; © VCAA

Students set up an experiment as shown in the figure.
M,, of mass 4.0 kg, is connected by a light string (assume it has no mass) to a hanging mass, M, of 1.0 kg.

The system is initially at rest. Ignore mass of string and friction.

4.0kg

E

(S

1.0kg

The masses are released from rest.

Calculate the acceleration of M.

More exam questions are available in your learnON title.

1.4 Projectile motion

KEY KNOWLEDGE

® Investigate and analyse theoretically and practically the motion of projectiles near Earth’s surface, including a
qualitative description of the effects of air resistance.

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

Any object that is launched into the air is a projectile. A basketball thrown towards a goal, a trapeze artist
soaring through the air, and a package dropped from a helicopter are all examples of projectiles.

Except for those projectiles whose motion is initially straight up or down, or those that have their own power
source (such as a guided missile), projectiles generally follow a parabolic path. Deviations from this path can be
caused either by air resistance, by the spinning of the object or by wind. These effects are often small and can be
ignored in many cases. A major exception, however, is the use of spin in many ball sports, but this effect will not
be dealt with in this title.
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1.4.1 Falling down

Imagine a ball that has been released some distance above the ground. Once the ball

is set in motion, the only forces acting on it are the force due to gravity (straight

down) and air resistance (straight up).

FIGURE 1.14 The
forces acting on a ball
falling downwards

After the ball is released, the projection device (hand, gun, slingshot or whatever)

stops exerting a force on the ball.

Air resistance

The net force on the ball in figure 1.14 is downwards. As a result, the ball accelerates
downwards. If the size of the forces and the mass of the ball are known, the

acceleration can be calculated using Newton’s Second Law of Motion.

Velocity

Often the force exerted on the ball by air resistance is very small in comparison to

the force of gravity, and so can be ignored. This makes it possible to model projectile
motion by assuming gravity is the only force on it so its acceleration is 9.8 m s~

downwards.

2

Force due to gravity

SAMPLE PROBLEM 6 Calculating the time and distance for an object to fall from a

stationary object

A helicopter delivering supplies to a flood-stricken farm hovers 100 m above the ground. A package of

supplies is dropped from rest, just outside the door of the helicopter. Air resistance can be ignored.

a. Calculate how long it takes the package to reach the ground.

b. Calculate how far from its original position the package has fallen after 0.50 s, 1.0 s, 1.5 s, 2.0 s and
so on until it hits the ground. (A spreadsheet could be used here.) Draw a scale diagram of the

package’s position at half-second intervals.

THINK
a. 1. List the known information.

1 .
2. Use the rule s = ut + —a#?* to determine

the time taken for the package to reach the
ground. (Note: The negative square root can
be ignored as time will be positive.)

. Look at the position of the package after
0.50 s. List the known information.

2. Use the rule s =ut+ %at2 to determine the

distance the package has travelled between
t=0.00sand = 0.50 s.

WRITE

au=0ms!, s=100m,a=9.8 ms2
L,
S =ut+ —ar
2

1
100=0x1t+ 5(9.8)t2

H00NS

4.9
_ [100
~ Vo
t=45s

b. 1=0.50s,u=0ms !, a=9.8 ms™2

1 >
s =ut+ —at
2

=0x0.5+ % (9.8) (0.5)
=12m
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3. Repeat this for#=1.0s, 1.5s,2.0 s and so Time (s) 0.50/1.0/1.5/2.0

on until the package hits the ground, and list Vertical distance (m)| 1.2 4.9 11|20
the results in a table. : :

Time (s) 2.5/3.0/3.5/4.0|4.5
Vertical distance (m)| 31 |44 | 60 | 78 | 99

4. Draw a scale diagram of the package’s
position at half-second intervals.
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PRACTICE PROBLEM 6

A camera is dropped by a tourist from a lookout and falls vertically to the ground. The thud of the
camera hitting the hard ground below is heard by the tourist 3.0 seconds later. Air resistance and the
time taken for the sound to reach the tourist can be ignored.

a. How far did the camera fall?

b. What was the velocity of the camera when it hit the ground?

30 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



tlvd-8946

Terminal velocity

The air resistance on a falling object increases as its velocity increases. An object

falling from rest initially experiences no air resistance. Eventually, if the object
doesn’t hit a surface first, the air resistance will become as large as the force due
to gravity acting on the object. The net force on it becomes zero and the object
continues to fall with a constant velocity, referred to as its terminal velocity.

Resources

Video eLessons Ball toss (eles-0031)
Air resistance (eles-0035)

1.4.2 Moving and falling
Moving and falling

If a ball is thrown horizontally, as in
figure 1.15, the only force acting on the
ball once it has been released is the force
due to gravity (ignoring air resistance). As
the force of gravity is the same regardless
of the motion of the ball, the ball will still
accelerate downwards at the same rate

as if it were dropped. There will not be
any horizontal acceleration as there is no
net force acting horizontally. This means
that, while the ball’s vertical velocity will
change, its horizontal velocity remains the
same throughout its motion.

It is the constant horizontal velocity
and changing vertical velocity that give
projectiles their characteristic parabolic
motion.

terminal velocity velocity
reached by a falling object

when the upward air resistance
becomes equal to the downward
force of gravity

FIGURE 1.15 Position of a ball at constant time intervals

The vertical _¢
velocity @ ---------- P — - ¢
increases e R N,
(i.e. object > i i t,'
accelerates) ! ! i .
----------- A
| | | .
| 1 1 !
1 ! : : <
I I
T . A rTTTT @
I 1 1 ! !
1 1 1 1 !
1 1 1 : :
| : : | |
1 1 1 1 1
1 1 I I 1 \
----------- T e I Eat
1 1 I I 1 I
1 1 1 1 1 |
1 1 1 1 1 |

The horizontal velocity remains the
same (i.e. there is no acceleration)

Notice that the vertical distance travelled by the ball in each time period increases, but that the horizontal

distance is constant.

In modelling projectile motion, the vertical and horizontal components of the motion are treated separately.
1. The total time taken for the projectile motion is determined by the vertical part of the motion as the
projectile cannot continue to move horizontally once it has hit the ground, the target or whatever else it

might collide with.

2. This total time can then be used to calculate the horizontal distance, or range, over which the projectile

travels.

SAMPLE PROBLEM 7 Calculating the time and distance for an object to fall from a

moving object

Imagine that the helicopter described in sample problem 6 is not stationary but is flying at a slow and
steady speed of 20 m s™! and is 100 m above the ground when the package is dropped.
a. Calculate how long it takes the package to hit the ground.

b. What is the range of the package?
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c. Calculate the vertical distance the package has fallen after 0.50 s, 1.0 s, 1.5 s, 2.0 s and so on until
the package has reached the ground. (You may like to use a spreadsheet here.) Then calculate the
corresponding horizontal distance, and hence draw a scale diagram of the package’s position at
half-second intervals.

THINK WRITE
a. 1. Remember, the horizontal au=0ms!, s=100m,a=9.8 ms2
and vertical components of
the package’s motion must be
considered separately. In this
part of the question, the vertical
component is important.

1 1
2. Use the rule s =ut + Eat2 to s =ut+ Eatz

determine the time taken for the

1
100 = ~(9.8)7
package to reach the ground. V0= 0t 2 ek

1w _ 2
4.9
100
t=4/—
4.9
t=4.5s

(Note: The positive square root is taken, as the
concern is only with what happens after # = 0.)

b. 1. The range of the package is the b. u =20 m s~! (The initial velocity of the

horizontal distance over which package is the same as the velocity of the
it travels. It is the horizontal helicopter it was travelling in.)
component of velocity that a=0ms~2 (No forces act horizontally so there
must be used here. List the is no horizontal acceleration.)
known information in relation t=4.5 s (from part (a) of this example)
to the horizontal motion of the
helicopter.
2. Use the rule s =ur+ lat2 s =ut+ %ar2
to determine the horizontal — 20%4.5+0
distance over which the —90m

package travels.
c. 1. Fort=0.50 s, list the known c. Vertical component
information regarding the u=0ms',t=050s,a=9.8ms>

vertical and horizontal motions 1,
separately. Use the rule s = NS Uy 5‘” -
I , .
- 1
ut+ 2at to determine the = 0% 0.5+ ~ (9.8) (0.50)>
vertical and horizontal distance 2
=12m

over which the package travels.
Horizontal component

u=20ms,7=0.50s,a=0m s>
1,

S =ut+ —at
2

=20x0.50+0
=10m
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3. Draw a scale diagram of

the package’s position at
half-second intervals.
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PRACTICE PROBLEM 7

A ball is thrown horizontally at a speed of 40 m s~! from the top of a cliff into the ocean below and

takes 4.0 seconds to land in the water. Air resistance can be ignored.

a. What is the height of the cliff above sea level if the thrower’s hand releases the ball from a height of
2.0 metres above the ground?

b. What horizontal distance did the ball cover?

Calculate the vertical component of the velocity at which the ball hits the water.

d. At what angle to the horizontal does the ball strike the water?

INVESTIGATION 1.1 o011 _only]

elog-1694

o

Modelling projectile motion

tlvd-10809 Aim

To model projectile motion by studying the motion of a ball bearing projected onto an inclined plane

INVESTIGATION 1.2 (00 | only

elog-1695
The drop zone

tlvd-10810 Aim

To explore the relationship between the initial speed of a horizontally launched object and its range

Resources

Digital document eModelling: Falling from a helicopter (doc-0005)

1.4.3 What goes up must come down

Most projectiles are set in motion with an initial velocity. The simplest case is that of a ball thrown vertically
upwards. When the ball leaves the hand, the only force acting on the ball is the force due to gravity (ignoring air
resistance). The ball accelerates downwards. Initially, this results in the ball slowing down. Eventually, it comes
to a stop, then begins to move downwards, speeding up as it goes.

When air resistance is ignored, at the same height up or down, the speed will be the same. Therefore, if a ball
is thrown upwards and its final height is the same as its initial height, the ball will return with the same speed
with which it was projected. Throughout the motion illustrated in figure 1.16 (graphs are shown in figure 1.17),
the acceleration of the ball is a constant 9.8 m s~ downwards. A common error made by physics students is to
suggest that the acceleration of the ball is zero at the top of its flight. If this were true, would the ball ever come
down? The velocity is zero but not the acceleration. Remember, acceleration is the rate of change of velocity.
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FIGURE 1.16 The motion of a ball projected FIGURE 1.17 Graphs of motion for a

vertically upwards ball thrown straight upwards
a. Going up b. Going down a.
s (m) Top of flight
)
v
v=0 v=0
a=98ms? a=-9.8ms?
t(s)

b.
v(ms™)

\Top of flight
v v

a(ms™?

-9.8

®

AS A MATTER OF FACT

The axiom ‘what goes up must come down’ applies equally so to bullets as it does to balls. Unfortunately, this
means that people sometimes get killed when they shoot guns straight up into the air. If the bullet left the gun at a
speed of 60 m s~', it will return to Earth at that speed. This speed is fast enough to kill a person who is hit by the
returning bullet.

SAMPLE PROBLEM 8 Examining the displacement, velocity and acceleration of a dancer

A dancer jumps vertically upwards with an initial velocity of 4.0 m s'. Assume the dancer’s centre of

mass was initially 1.0 m above the ground, and ignore air resistance.

a. How long did the dancer take to reach her maximum height?

b. What was the maximum displacement of the dancer’s centre of mass?

c. What is the acceleration of the dancer at the top of her jump?

d. Calculate the velocity of the dancer’s centre of mass when it returns to its original height above the
ground. >

TOPIC 1 Newton’s laws of motion 35



THINK

a. 1.

List the known information regarding the
dancer’s upward motion. Assign up as
positive and down as negative.

Use the rule v = u + at to determine the time
taken for the dancer to reach her maximum
height.

. List the known information regarding the

dancer’s upward motion.

Use the rule v? = u? + 2as to determine the
displacement over the upward part of the
dancer’s motion.

At the top of the jump, the only force acting
on the dancer is the force of gravity (but
gravity acts at all other points of the jump
too). Therefore, the acceleration of the dancer
is acceleration due to gravity.

. For this calculation, only the downward

motion needs to be investigated. List the
known information regarding the dancer’s
downward motion. (Alternatively, you could
look at the whole motion rather than using
previously calculated values.)

Use the rule v> = u? + 2as to determine the
dancer’s velocity when she returns to the
ground. (Note: Here, the negative square root
is used, as the dancer is moving downwards.
Remember, the positive and negative signs
show direction only.)

.u=40ms!,a=-98ms"

WRITE

au=40ms !, a=-98ms2,v=0ms~' (as

the dancer comes to a halt at the highest point
of the jump)

v=u-+at
0=4.0+(—9.8)x1
4.0
St=—
9.8
=041s

The dancer takes 0.41s to reach her highest
point.

Zy=0ms! (as

the dancer comes to a halt at the highest point
of the jump)

v: =u? + 2as
0)* = (4.0> +2(=9.8) s
16 = 19.6s
=>s5s=0.82m

The maximum displacement of the dancer’s
centre of mass is 0.82 m.

. 9.8 m s72 downwards

.u=0ms!,a=-9.8ms2, s=-0.82 m (as

the motion is downwards)

v: =u?+2as
2 = (0)> +2(—9.8) (—0.82)
v2 =16.072

=>v=—40ms"!

The velocity of the dancer’s centre of mass
when it returns to its original height is

4.0 m s~! downwards.
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PRACTICE PROBLEM 8

A basketball player jumps vertically upwards so that his centre of mass reaches a maximum

displacement of 50 cm.

a. What is the velocity of the basketballer’s centre of mass when it returns to its original height above
the ground?

b. For how long was the basketballer’s centre of mass above its original height?

HANGING IN MID AIR

Sometimes dancers, basketballers and high jumpers seem to hang in mid air. It is as though the force of gravity
had temporarily stopped acting on them. Of course this is not so! It is only the person’s centre of mass that
moves in a parabolic path. The arrangement of the person’s body can change the position of the centre of mass,
causing the body to appear to be hanging in mid air even though the centre of mass is still following its

original path.

High jumpers can use this effect to increase the height of their jumps. By bending her body as she passes over
the bar, a high jumper can cause her centre of mass to be outside her body! This allows her body to pass over
the bar, while her centre of mass passes under it. The amount of energy available to raise the high jumper’s
centre of mass is limited, so she can raise her centre of mass only by a certain amount. This technique allows her
to clear a higher bar than other techniques for the same amount of energy.

FIGURE 1.18 Croatian high jumper Ana Simic’s centre of mass passes under the bar, while her body passes
over the bar!
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1.4.4 Shooting at an angle

Generally, projectiles are shot, thrown or driven at some angle to the
horizontal. In these cases, the initial velocity may be resolved into its
horizontal and vertical components to help simplify the analysis of the
motion.

FIGURE 1.19 The velocity can
be resolved into a vertical and a
horizontal component.

If the velocity and the angle to the horizontal are known, the size of the
components can be calculated using trigonometry.

The motion of projectiles with an initial velocity at an angle to the
horizontal can be dealt with in exactly the same manner as those with
a velocity straight up or straight across. Once the initial velocity has
been separated into its vertical and horizontal components, the vertical
and horizontal motion can be analysed separately. The time of flight 0 ]
must be the same for both the vertical and horizontal motion and this is

often used to link them when solving problems.

Vyertical = V Sin 6

Vhorizontal = V COS 0

Projectile motion calculations

Tips for projectile motion calculations

e Draw a diagram and to write down all known information that you can identify.

Always separate the motion into vertical and horizontal components.

Remember to resolve the initial velocity into its components if necessary.

The time in flight is the link between the separate vertical and horizontal components of the motion.
At the end of any calculation, check to see if the quantities you have calculated are reasonable.

SAMPLE PROBLEM 9 Calculating a ramp jump

A stunt driver is trying to drive A
a car over a small river. The car q}(\e
will travel up a ramp (at an angle . ’d&'
of 40°) and leave the ramp at >

% - b
22 m s~! before landing back at River AN
its initial height. The river is 50 m | |
wide. Will the car make it? ' 50m '

THINK WRITE

1. Before either part of the motion can be
examined, it is important to calculate the
vertical and horizontal components of the
initial velocity. Assign up as positive and down
as negative.

v=22ms’
Vyertical = 22 sin 40°

=14ms!

.

Vhorizontal = 22 €OS 40°

=17ms™!
Therefore, the initial vertical velocity is 14 m s~'and
the initial horizontal velocity is 17 m s~'.

38 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



2. The vertical motion is used to calculate the Vertical component

time in the air. Use the first half of the u=14ms ', a=-98ms2,v=0ms"' (as the
motion — from take-off until the car has car comes to a vertical halt at its highest point):
reached its highest point. v=u-+at
(It is possible to double the time in this 0=14+(=9.8) X1t
situation because air resistance has been 14
ignored. The two parts of the motion are =1 = Y
symmetrical.) —1 4s
As this is only half the motion, the total time in the air
is 2.8 s.
3. The horizontal component is used to calculate Horizontal component
the range. u=17ms ', r=28s,a=0ms>:
s =ut
=17%2.8
=48m

Therefore, the unlucky stunt driver will fall short of
the second ramp and will land in the river. Perhaps the
study of physics should be a prerequisite for all stunt
drivers!

PRACTICE PROBLEM 9

A hockey ball is hit towards the goal at an angle of 25° to the ground with an initial speed of
32kmh.

a. What are the horizontal and vertical components of the initial velocity of the ball?

b. How long does the ball spend in flight?

c. What is the range of the hockey ball?

Resources

Digital documents eModelling: Free throw shooter (doc-0006)
eModelling: Modelling a stunt driver (doc-0007)

1.4.5 The real world — including air resistance

So far in this topic, the effects of air resistance have been ignored so that projectile motion can easily be
modelled. The reason the force of air resistance complicates matters so much is that it is not constant throughout
the motion. It depends on a number of factors. Consider what differences you might expect when you throw a
crumpled-up piece of paper versus when you throw a cricket ball. Or, the difference between throwing a cricket
ball in humid air conditions and dry air conditions.

The impact of air resistance can be influenced by the velocity (v) of the object — the faster an object moves, the
greater the air resistance. The size of the object in cross-section to the direction it is being thrown also has an
impact — the greater the area, the greater the air resistance. Related to the size of the object is the shape of the
object — objects that are more streamlined will experience less air resistance. Finally, the density of the air can
impact air resistance — the more dense the air, the greater the air resistance.
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FIGURE 1.20 While the magnitude of air resistance changes throughout the motion, it always opposes the
taken into consideration.

direction of the motion. Note that the projectile has a steeper descent than its initial ascent when air resistance is

Path of a projectile

~

with air resistance

Path of a
projectile
without air
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Resources
Weblink Projectile motion applet
1.4 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access
feedback and access additional
sample responses

Track your
results and
questions progress
Find all this and MORE in jacPLUS @

1.4 Quick quiz

’ 1.4 Exercise
1.4 Exercise

u 1.4 Exam questions L
1. A ball has been thrown directly upwards. Draw the ball at three points during its flight (going up, at the top
and going down) and mark on the diagram(s) all the forces acting on the ball at each stage.
2. Ignoring air resistance, the acceleration of a projectile in flight is always the same, whether it is going up or
down. Use graphs of motion to show why this is true.
3.
velocity.

In each of the following cases, calculate the magnitude of the vertical and horizontal components of the
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v=11ms'
23°

v=5ms

d.

v=10kmh™'

4. After taking a catch, a cricketer throws the cricket ball up into the air in jubilation.
a. The vertical velocity of the ball as it leaves her hands is 18.0 m s™'. How long will the ball take to return to
its original position?
b. What was the ball’s maximum vertical displacement?
c. Draw vectors to indicate the net force on the ball (ignoring air resistance),
i. the instant it left her hands
ii. at the top of its flight
iii. as it returns to its original position.
5. A friend wants to get into the Guinness Book of Records by
jumping over 11 people on his pushbike and landing on the
other side at the same height he jumped from. He has set up .
two ramps as shown in the following figure, and has allowed a ™4
space of 0.5 m within which each person can lie down. In \ -

: 45° .
practice attempts, he has averaged a speed of 7.0 ms™" at vy »
the top of the ramp. Will you lie down as the eleventh person
between the ramps? Justify your answer using physics Yol

calculations.

6. A skateboarder jumps a horizontal distance of 2.0 m (starting from the ground), taking off at a speed of

5.0 ms~'. The jump takes 0.42 s to complete.

a. What was the skateboarder’s initial horizontal velocity?

b. What was the angle of take-off?

c. What was the maximum height above the ground reached during the jump?

7. During practice, a soccer player shoots for goal. The
goalkeeper is able to stop the ball only if it is more than 30 cm
beneath the crossbar. The ball is kicked at an angle of 45°
with a speed of 9.8 m s™'. The arrangement of the players is
shown in the following diagram.

a. How long does it take the ball to reach the top of its flight?

b. How far vertically and horizontally has the ball travelled
at this time?

c. How long does it take the ball to reach the soccer net from the
top of its flight?

d. Will the ball go into the soccer net, over it, or will the goalkeeper
stop it?
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8. A motocross rider rides over the jump shown in the following diagram at a speed of 50 km h™".

V=5W

35°

a. How long does it take the bike to reach the top of its flight?

b. How far vertically and horizontally has the bike travelled at this time?

c. How long does it take the bike to reach the ground from the top of its flight?

d. What is the total range of the jump?

9. A water skier at the Moomba Masters competition in Melbourne leaves a ramp at a speed of 50 km h™! and

at an angle of 30°. The edge of the ramp is 1.7 m above the water. Calculate:

a. the range of the jump

b. the velocity at which the jumper hits the water.
(Hint: Split the waterskier’s motion into two sections, before the highest point and after the highest point,
to avoid solving a quadratic equation.)

10. A gymnast wants to jump a horizontal distance of 2.5 m, leaving the ground at an angle of 28°. With what
speed must the gymnast take off?

11. A horse rider wants to jump a stream that is 3.0 metres wide. The horse can approach the stream with a
speed of 7.0 m s™'. At what angle must the horse take off? (This question is a challenge. Hint: You will need
to use trigonometric ratios from mathematics, or model the situation using a spreadsheet to solve this
problem.)

1.4 Exam questions

Question 1 (6 marks)
Source: /CE 2022 Physics Exam, NHT, Section B, Q.10; © VCAA
A basketball player throws a ball with an initial velocity of 7.0 m s™" at an angle of 50° to the horizontal, as shown
in Figure 7. The ball is 2.2 m above the ground when it is released. By the time the ball passes through the ring at
the top of the basket, it has travelled a horizontal distance of 3.2 m. Ignore air resistance.

Figure 7

a. Show that the time taken for the ball’s flight from launch to passing through the ring is 0.71 s. Show
your working. (2 marks)
b. How far above the ground is the ring at the top of the basket? Show your working. (4 marks)
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Question 2 (6 marks)
Source: VCE 2018 Physics Exam, Section B, Q.7; © VCAA

A small ball of mass 0.20 kg rolls on a horizontal table at 3.0 m s™, as shown in Figure 9.

The ball hits the floor 0.40 s after rolling off the edge of the table. The radius of the ball may be ignored. In this
question, take the value of g to be 10 m s2.

O —>» 30ms’!

Figure 9
a. Calculate the horizontal distance from the right-hand edge of the table to the point where the ball
hits the floor. (1 mark)
b. Calculate the height of the table. Show your working. (2 marks)
c. Calculate the speed at which the ball hits the floor. Show your working. (3 marks)

Question 3 (3 marks)
Source: VCE 2017 Physics Exam, Section B, Q.9a; © VCAA

Students use a catapult to investigate projectile motion. In their first experiment, a ball of mass 0.10 kg is fired
from the catapult at an angle of 30° to the horizontal. Ignore air resistance. In this first experiment, the ball leaves
the catapult at ground level with a speed of 20 ms™.

However, instead of reaching the ground, the ball strikes a wall 26 m from the launching point, as shown in
Figure 8a. Figure 8b shows an enlarged view of the catapult.

u=20ms"!
catapult 2 wall

Figure 8a

trajectory

catapult

firing angle from
horizontal

Figure 8b

Calculate the height of the ball above the ground when it strikes the wall. Show your working

Question 4 (7 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.6; © VCAA

A rock of mass 2.0 kg is thrown horizontally from the top of a vertical cliff 20 m high with an initial speed of
25 m s, as shown in Figure 3.

u=25ms"!

trajectory

sea

base of cliff

Figure 3
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a. Calculate the time taken for the rock to reach the sea. Show your working.

(3 marks)

b. Calculate the horizontal distance from the base of the cliff to the point where the rock reaches the sea.

Show your working.

c. Calculate the kinetic energy of the rock as it reaches the surface of the sea. Show your working.

Question 5 (3 marks)
Source: VCE 2016, Physics Exam, Q.5.a; © VCAA

(2 marks)
(2 marks)

A ball is projected from the ground at an angle of 30° to the horizontal and at a speed of 40 m s, as shown in

the figure. Ignore any air resistance.

Calculate the distance, d, to the point where the ball hits the ground. Show your working.

More exam questions are available in your learnON title.

1.5 Uniform circular motion

KEY KNOWLEDGE

* Investigate and analyse theoretically and practically the uniform circular motion of an object moving in a

2

horizontal plane (Fnet = — ] including:

« a vehicle moving around a circular road
« a vehicle moving around a banked track
« an object on the end of a string.

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

Uniform circular motion is the motion of an object
in a circle at constant speed, such as traffic at
roundabouts, children on merry-go-rounds and
cyclists in velodromes. If you stop to think about it,
you are always going around in circles as a result of
Earth’s rotation.

The satellites orbiting Earth, including the Moon,
travel in ellipses. However, their orbits can be
modelled as circular motion. This motion is covered
in subtopic 3.4, when gravitational forces are closely
explored.

This section will investigate and analyse the uniform
circular motion of objects moving in a horizontal
plane. In doing so, the way that the variables of
motion are calculated will need to account for the fact
that the motion is circular, rather than in a straight
line. Examples include a vehicle moving around a
circular road, a vehicle moving around a banked track
and an object at the end of a string.
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FIGURE 1.21 The motion of satellites around Earth
can be modelled as circular motion with a constant
speed.




1.5.1 Period and frequency

The time taken for an object, moving in a circular path and at a constant speed,
to complete one revolution is called the period, 7. The number of revolutions the
object completes each second is called the frequency, f.

f=l and T=l
T f

where: f is the frequency in Hertz (Hz)

T is the period in seconds (s)

period time taken for an object,
moving in a circular path and at a
constant speed, to complete one
revolution

frequency number of revolutions
that an object completes each
second

1 52 Instantaneous VelOCIty FIGURE 1.22 A dog running in circles at a constant

speed will have a constantly changing instantaneous
velocity but an average velocity of zero, assuming the
dog’s starting and stopping positions are the same.

Imagine this scenario: Ralph the dog is chained

to pole in the backyard while his owner does the
gardening (don’t worry — the chain is long enough
so that he can still move around). A neighbourhood
cat likes to tease him and makes Ralph run around in
circles at a constant speed. Ralph’s owner, Julie, is a
physics teacher. She knows that no matter how great
Ralph’s average speed, if he always ends up in the
same place his average velocity is always zero.

Although Ralph’s average velocity for a single lap

is zero, his instantaneous velocity is continually
changing. Velocity is a vector and has a magnitude
and direction. While the magnitude of Ralph’s
velocity may be constant, the direction is continually

changing. At one point, Ralph is travelling east, so his instantaneous velocity is in an easterly direction. A short
time later, he will be travelling south, so his instantaneous velocity is in a southerly direction.

If Ralph could maintain a constant speed, the magnitude of his velocity would not change, but the direction

would be continually changing.

. . d . .
The speed is therefore constant and can be calculated using the formula speed = —, where d is the distance
t

travelled, and ¢ is the time interval. It is most convenient to use the period of the object travelling in a

circle. Thus:

FIGURE 1.23 An object moving in circular motion

Distance = 2zr
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speed = d
t

_ circumference
period
_2nr
T
where: r = radius of the circle
T = period

SAMPLE PROBLEM 10 Determining the average speed and instantaneous velocity in a

Rencael uniform circular motion

Ralph’s chain is 7.0-m long and attached to a small post in the middle of N
the garden. It takes an average of 9 s to complete one lap.

a. What is Ralph’s average speed? W+ E
b. What is Ralph’s average velocity after three laps? S

c. What is Ralph’s instantaneous velocity at point A? (Assume he travels
at a constant speed around the circle.)

THINK WRITE
a. 1. To calculate Ralph’s speed, the distance he a. distance = 27ztr
has travelled is required. Use the formula for =27 X7.0 m
the circumference of a circle: distance = 27r. =44 m
d
2. Now the average speed can be calculated. speed = —
t
_ 44
9
=5ms™!

The average speed is S ms™'.

b.  After three laps, Ralph is in exactly the same b. v,, = Ax
place as he started, so his displacement is A(t)
zero. No matter how long he took to run these = ——
laps, his average velocity would still be zero, gnf ?—1
as v, = v
c.  Ralph’s speed is a constant 5 m s~! as he c. Atpoint A, Ralph’s velocity is 5 m s~! north.

travels around the circle. At point A, the

magnitude of his instantaneous velocity is

also Sms!.
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PRACTICE PROBLEM 10

A battery-operated toy car completes a single lap of a horizontal circular track in 15 s with an
average speed of 1.3 m s'. Assume that the speed of the toy car is constant.

a. What is the radius of the track?
. What is the magnitude of the toy car’s instantaneous velocity halfway through the lap?
. What is the average velocity of the toy car after half of the lap has been completed?

b
c
d. What is the average velocity of the toy car over the entire lap?

1.5.3 Changing velocities and accelerations

As all obqects \A{lth changing erlocmes are experiencing an FIGURE 1.24 The hammer is always
acceleration, this means all objects that are moving in a circle accelerating while it moves in a circle.

are accelerating.

An acceleration can be caused only by an unbalanced force, so
non-zero net force is needed to move an object in a circle. For
example, a hammer thrower must apply a force to the hammer
to keep it moving in a circle. When the hammer is released, this
force is no longer applied and the hammer moves off with the
velocity it had when released. The hammer will then experience

projectile motion.

In which direction is the force?
Figure 1.26 shows diagrammatically the head of the hammer moving in a circle at two different times. It takes ¢
seconds to move from A to B. (This movement is also covered in subtopic 3.4, in which the motion of satellites
is explored.)

FIGURE 1.26 Velocity vectors for a

hammer moving in an anticlockwise
circle

FIGURE 1.25 The hammer moves in a circle while
the thrower turns. When the hammer is released,
it moves in a straight line.

The direction in which the

hammer moves if let go
\ \ vy vy

Tangent to the
circular path

The direction in which the
hammer moves while being
spun around

TOPIC 1 Newton’s laws of motion 47



To determine the acceleration, the change in velocity between these two points must be known. Vector addition
needs to be used:

Av =v, —v,

Av =vy, +(—7))

Notice that when the Av vector is transferred back to the original circle halfway between the two points in time,
it is pointing towards the centre of the circle. (See figure 1.27b. Such calculations become more accurate when
very small time intervals are used; however, a large time interval has been used here to make the diagram clear.)

Ay . .. . . . . .
As a = —, the acceleration vector is in the same direction as Av, but has a different magnitude and different
t

units.

No matter which time interval is chosen, the acceleration vector always points . .

ds th f the circle. So. f bi h i ircul . centripetal acceleration the
towards the c.entre of the circle. So, for an o ject to have uni orm circular motion, acceleration towards the centre
the acceleration of the object must be towards the centre of the circle. Such an of a circle experienced by an object
acceleration is called centripetal acceleration. The word centripetal literally means moving in a circular motion
‘centre-seeking’. As stated in Newton’s Second Law of Motion, the net force on an
object is in the same direction as the acceleration (F,., = ma). Therefore, the net force
on an object moving with uniform circular motion is towards the centre of the circle.

FIGURE 1.27 a. Vector addition b. The change in velocity is towards the centre of the circle.

a. b.

-V

Av

The acceleration of an object moving with uniform circular motion must be towards the centre of the circle.
This is called centripetal acceleration. The net force on this object must also be towards the centre of the
circle.

Remember that while the hammer thrower is exerting a force on the hammer head towards the centre of the
circle, the hammer head must be exerting an equal and opposite force on the thrower away from the centre of
the circle (according to Newton’s Third Law of Motion).

48 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



1.5.4 Calculating accelerations and forces

Using vector diagrams and the formulas

Ay dF. . = . bl
a=— and F . =ma, it 1s possible to isosceles triangles.

calcuiate the accelerations and forces a.
involved in circular motion. However, doing
calculations this way is tedious, and results

can be inaccurate if the vector diagrams are

not drawn carefully. It is simpler to use a
formula that will avoid these difficulties.

The derivation of such a formula is a little
challenging, but it is worth the effort!

FIGURE 1.28 The triangles shown in parts (a) and (b) are both

The circular motion formula explained

By re-examining the two previous figures, it is possible to see that they both ‘contain’ isosceles triangles. These

are shown in figure 1.29.

In figure 1.29, diagram (a) shows distances. It has the

radius of the circle marked in twice. These radii form two FIGURE 1.29 The two triangles are similar

sides of an isosceles triangle. The third side is formed by a triangles.
line, or chord, joining point A with point B. It is the distance
between the two points. When the angle 6 is very small, the a-

length of the chord is virtually the same as the length of the
arc that also joins these two points. As this is a distance, its
length can be calculated using s = vt.

In figure 1.29, diagram (b) shows velocities. As the object

was moving with uniform circular motion, the length of the
vectors v, and —v, are identical and form two sides of an
isosceles triangle. As both diagrams (a) and (b) are derived
from figure 1.27, both of the angles marked as 6 are the

same size. Therefore, the triangles are both isosceles

triangles, containing the same angle, 6. This means they b.

Av

are similar triangles — they can be thought of as the same
triangle drawn on two different scales. Figure 1.29 shows
these triangles redrawn to make this more obvious.

As the triangles are similar, the ratio of their sides must be constant, so:

Av_v
vt r
Multiplying both sides by v:
v _v?
t r
Asa= A—V:
t
V2
a=—
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tlvd-8950

Sometimes it is not easy to measure the velocity of the object undergoing circular motion. However, this can be

. . . S . 27ty
calculated from the radius of the circle and the time taken to complete one circuit using the equation v = - It

2
can also be found using the equation a = v_‘ Combining these two equations yields the following relationship:
r

where: a is the centripetal acceleration directed towards the centre of the circle
Av is the speed
7 is the radius of the circle

T is the period of motion

This formula provides a way of calculating the centripetal acceleration of a mass moving with uniform circular
motion having speed v and radius r.

If the acceleration of a known mass moving in a circle with constant speed has been calculated, the net force can
be determined by applying F . = ma. Note that because in this scenario the net force is causing the centripetal
acceleration, you may sometimes see it referred to as the centripetal force, F..

The magnitude of the net force can also be calculated using:

2

my

Fnet=ma=__ ) _Fc
r T

where: F . is the net force on the object
a is the centripetal acceleration directed towards the centre of the circle
v is the speed
r is the radius of the circle

T is the period of motion

SAMPLE PROBLEM 11 Determining the magnitude and direction of the acceleration and

the force of an object moving in a circular motion

A car is driven around a roundabout at a constant speed of 20 km h™! (5.6 m s™!). The roundabout has
a radius of 3.5 m and the car has a mass of 1200 kg.

a. What is the magnitude and direction of the acceleration of the car?

b. What is the magnitude and direction of the net force on the car?
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tlvd-0238

THINK
a. 1. List the known information.

2. Calculate the acceleration.

b. 1. There are two different formulas that can be
used to calculate this answer.
i. Use the answer to (a) and substitute into
F...=ma.

2
my

ii. Use the formula F,, = —
’

WRITE

a.

b.

y=56ms!, r=35m

<
[S]

a=

>

6)°
3.5
=9.0ms™2
The car accelerates at 9.0 m s> towards the
centre of the roundabout.

~
W

a=9.0ms™2, m=1200kg
Fnel = ma
1200 % 9.0

1.1x10* N

y=56ms7!, r=3.5m,m=1200kg
my?

-
1200 (5.6)°

3.5

1.1x10* N
Both methods give the force on the car
as 1.1 x 10* N towards the centre of the
roundabout.

F.=

PRACTICE PROBLEM 11

Kwong (mass 60 kg) rides the Gravitron at the amusement park. This ride moves Kwong in a circle of

radius 3.5 m, at a rate of one rotation every 2.5 s.

a. What is Kwong’s acceleration?

b. What is the net force acting on Kwong? (Include a magnitude and a direction.)
c. Draw a labelled diagram showing all the forces acting on Kwong.

INVESTIGATION 1.3 (o0 | _only]

Exploring circular motion

Aim

To examine some of the factors affecting the motion of an object undergoing uniform circular motion, and then to
determine the quantitative relationship between the variables of force, velocity and radius
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1.5.5 Forces that produce centripetal acceleration

Whenever an object is in uniform circular motion, the net force on that object must be towards the centre of the
circle. Some examples of situations involving forces producing centripetal acceleration follow.

Tension
The force applied by an object that is being pulled or stretched can be referred to as a tension force.

FIGURE 1.30 a. Tension contributes to the net force in many amusement park rides. b. The net force acting on a

compartment in the ride

FIGURE 1.31 A component of the tension is the net force acting on the female skater
when she is performing a ‘death roll’.
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Friction

When a car rounds a corner, the sideways
frictional forces contribute to the net
force. The forward frictional forces by
the ground on the tyres keep the car
moving, but if the sideways frictional
forces are not sufficient, the net force
on the car will not be towards the centre
of the curve. Since the net force is less
than the force required to keep the car
moving in a circle at this radius, the car
will not make it around the corner but
move sideways!

FIGURE 1.32 The sideways frictional forces of the ground on the
tyres enable a car to move around a corner.

: v | &y
S Locr
mv2 Ll ¢ S
The formula F ., = — shows that as -
. r - friction | .
the velocity increases, the force needed

to move in a circle greatly increases

(Fpe o v?). This is why it is vital that
cars do not attempt to corner while
travelling too fast.

Track athletes, cyclists and motorcyclists also rely on sideways frictional forces to enable them to manoeuvre
around corners. They often lean into corners to increase the size of the sideways frictional forces, to turn more
quickly. Leaning also means that they are pushing on the surface at an angle, so the reaction force is no longer
normal to the ground (Newton’s Third Law). It has an upward component, the normal force Fy, which balances
the force due to gravity, F,, and a horizontal component towards the centre of their circular motion due to the
frictional force F.

FIGURE 1.33 Leaning into a corner increases the size of the net
force, allowing a higher speed while cornering. Leaning sideways
induces a sideways frictional force, resulting in the horizontal net
force experienced by the bicycle.

In velodromes, the track is banked so that a component of the normal force acts towards the centre of the
velodrome, thus increasing the net force in this direction. As the centripetal force is larger, the cyclists can move
around the corners faster than if they had to rely on friction alone.
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Going around a bend

When a vehicle travels around a bend, or curve, at constant speed, its motion can be considered to be part of a
circular motion. The curve makes up the arc of a circle. For a car to travel around a corner safely, the net force
acting on it must be towards the centre of the circle.

Figure 1.34a shows the forces acting on a vehicle of mass m travelling around a curve with a radius r at a
constant speed v. The forces acting on the car are the force due to gravity, F,, friction, Fy, and the normal
force, Fy.

FIGURE 1.34 a. For the vehicle to take the corner safely, the net force must be towards the centre of the circle.
b. Banking the road allows a component of the normal force to contribute to the centripetal force. Note that the
forces have been drawn as though they were acting through the centre of mass.

a. Fy b. Fy sing
T

Fret P

Fnet:Ff [:. .]

Fnet

On a level road, the only force with a component towards the centre of the circle is the ‘sideways’ friction. This
sideways friction makes up the whole of the magnitude of the net force on the vehicle. That is:

F ., = sideways friction
my?

r

2
If you drive the vehicle around the curve with a speed so that — is greater than the sideways friction, the

-
motion is no longer circular and the vehicle will skid off the road. If the road is wet, sideways friction is less
and a lower speed is necessary to drive safely around the curve.

CASE STUDY: Calculating the net force on a banked road

If the road is banked at an angle 6 towards the centre of the circle, a component of the normal force, Fy sin 6, can
also contribute to the net force, which acts in the horizontal direction. This is shown in figure 1.34b.

F..: = F;cos@ + Fy sin 6
The larger net force means that, for a given curve, banking the road makes a higher speed possible.

Loose gravel on bends in roads is dangerous because it reduces the sideways friction force. At low speeds this is
not a problem, but a vehicle travelling at high speed is likely to lose control and run off the road in a straight line.

Cycling velodromes are steeply banked (often up to 40°), allowing cyclists to achieve very fast speeds. When
engineers design velodromes (and other banked tracks, such as banked roadways) they need to consider the
speed at which the force due to friction becomes zero. This is dependent on the angle

at which the track is banked. The speed at which the force due to friction becomes zero design speed speed at which the
is called the design speed and means that frictional force is not required to keep the force due to friction becomes zero,
vehicle on the track. As shown in figure 1.35, only the horizontal component of the as seen on a banked track

normal force is contributing to the net force and there is no frictional force acting sideways.
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The equation for net force can be simplified as follows: FIGURE 1.35 a. When travelling in

F... = F;cosO + Fysinf circular motion at the design speed,
the force due to friction is zero, so
the only forces acting on the object
are the force due to gravity and the
normal force. b. The vector addition
of the force due to gravity and the

= Fy\sin6

From figure 1.35, it can also be shown that:

F, = Fycos® normal force gives the net force as
¢ acting horizontally towards the centre
Fret = Fgtan© of the circle.
These equations can be used to determine the angle a road needs a b F,

to be banked at to achieve a certain design speed, or if the angle is
known, the design speed can be determined.

(2
m — .
Recall that F .., = — and F; =mg. If the following is used in F,
r

mv
substitution, tan 8 = -, then:

mg

tanf = — >

rg Fn et

=06 =tan™’ <ﬁ>
rg

When travelling at the design speed, where the frictional force will be zero, the
angle of the bank can be found by using:

where: 6 is the angle of the bank
F . is the net force
F, is the force due to gravity
v is the speed
r is the radius of the track

g is the acceleration due to gravity

The equation can be arranged so that the design speed can be determined if the bank angle is known.

The design speed can be found by using:

v =rg tan9

v =1/rg tanf
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SAMPLE PROBLEM 12 Calculating the maximum constant speed of a car with sideways

tlvd-8951 e
v wheel friction

A car of mass 1280 kg travels around a bend with a radius of 12.0 m. The total sideways friction on
the wheels is 16 400 N. The road is not banked. Calculate the maximum constant speed at which the
car can be driven around the bend without skidding off the road.

THINK

The car will maintain the circular motion
. my
around the bend if: F,., = ——where

-
v = maximum speed, F, is the sideways
friction (16 400 N), m = 1280 kg and

r=12.0m. 5

. my
If v were to exceed this speed, F ., < —, the
r

circular motion would not be maintained and
the vehicle would skid.

WRITE
2
F,. =1280x 2 —
12.0
v = 16400 X @
1280
=153.75m2s~2
=>y=124ms™!

The maximum constant speed at which the
vehicle can be driven around the bend is
124ms.

PRACTICE PROBLEM 12

A motorcyclist is travelling around a circular track at a constant speed of 30 m s™!. The surface is flat
and horizontal. The radius of the track is 100 m. The mass of the cyclist with her motorbike is 200 kg.
What is the net force experienced by the rider and her bike?

SAMPLE PROBLEM 13 Calculating the maximum constant speed of a car on
tlvd-8952
a banked road

Calculate the maximum speed of the car in sample problem 12 (without skidding off the road) if the
road is banked at an angle of 10° to the horizontal.

THINK

1. Draw a diagram to represent the known
information.
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WRITE
Fy cos10° Fy,

\\A

m = 1280 kg
r=12.0m

N> Fy sin10°

\@: 16400N
10°

iF:mg




2. The vertical forces are balanced. Fy cos 10°=16 400 sin 10° + 1280 X 9.8

_ 15392
N cos 10°
=15629N
my?
3. The net force is equal to the sum of the F, =—
horizontal forces. 1980 42
Fy sin 10° + 16 400 cos 10° = T"
2
15 629 sin 10° + 16 400 cos 10° = %

=>y=133ms!

PRACTICE PROBLEM 13

A cyclist is training at her local velodrome. The velodrome has a radius of 25 m and she is travelling
at 8.0 m s~1. The total mass of the cyclist and her bike is 80 kg. The velodrome track is banked at

an angle that results in there being no sideways frictional force on the bike’s wheels by the track.
Calculate the angle at which the track is banked for there to be no sideways frictional force.

1.5.6 Inside circular motion

What happens to people and objects inside larger objects that are travelling in circles? The answer to this
question depends on several factors.

Consider passengers inside a bus. The sideways frictional forces by the road on the bus tyres act towards the
centre of the circle, which increases the net force on the bus and keeps the bus moving around the circle. If the
passengers are also to move in a circle with the bus (therefore keeping the same position in the bus) they must
also have a net force towards the centre of the circle. Without such a force, they would continue to move in a
straight line and probably hit the side of the bus! Usually the friction between the seat and a passenger’s body is
sufficient to prevent this happening.

However, if the bus is moving quickly, friction alone may not be adequate. In such cases, passengers may grab
hold of the seat in front, thus adding a force through their arms. Hopefully, the sum of the frictional force of the
seat on a passenger’s legs and the horizontal component of force through the passenger’s arms will provide a
large enough force to keep that person moving in the same circle as the bus!
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SAMPLE PROBLEM 14 Calculating the angle of an object inside circular motion
tlvd-8953

When travelling around a roundabout, John notices that the fluffy dice suspended from his rear-vision
mirror swing out. If John is travelling at 8.0 m s™! and the roundabout has a radius of 5.0 m, what
angle will the string connected to the fluffy dice (mass 100 g) make with the vertical?

THINK WRITE

1. When John enters the roundabout, the dice, v=80ms !, r=50m, m=0.100 kg
which are hanging straight down, will begin to
move outwards. As long as John maintains
a constant speed, they will reach a point at
which they become stationary at some angle to
the vertical. At this point, the net force on the
dice is the centripetal force. Because the dice
appear stationary to John, they must be moving
in the same circle, with the same speed, as
John and his car.

mg
2. Consider the vertical components of the mg = Fycos 6
forces. The acceleration has no vertical = Fp= mg_ a
component. cos 6
. . my? .
3. Consider the horizontal components of the F,.,=—=Frsinf
forces. 2
my g
= — = Fsin6...(2)
r
. . . "
4. To solve the simultaneous equations, substitute — = X sin O
for T (from equation (1) into equation (2)). r cos 6
= mgtand
2
= tan 0 = -
g
(8.0
5.0x9.8
=0 =53°
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PRACTICE PROBLEM 14

A 50 kg circus performer grips a vertical rope with her teeth and sets herself moving in a circle with a
radius of 5.0 m at a constant horizontal speed of 3.0 m s!.

a. What angle does the rope make with the vertical?

b. What is the magnitude of the tension in the rope?

Performer’s
centre of mass

Circular path

1.5 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

1.5 Quick quiz ‘ 1.5 Exercise u 1.5 Exam questions L

1.5 Exercise

1. A 65-kg jogger runs around a circular track of radius 120 m with an average speed of 6.0 km h™".

a. What is the centripetal acceleration of the jogger?
b. What is the net force acting on the jogger?

2. At a children’s amusement park, the miniature train ride completes a circuit of radius 350 m, maintaining a

constant speed of 15 km h™".

a. What is the centripetal acceleration of the train?

b. What is the net force acting on a 35-kg child riding on the train?

c. What is the net force acting on the 1500-kg train?

d. Explain why the net forces acting on the child and the train are different and yet the train and the child are
moving along the same path.

3. Explain why motorcyclists lean into bends.

4. A rubber stopper of mass 50.0 g is whirled in a horizontal circle on the end of a 1.50-m length of string. The
time taken for ten complete revolutions of the stopper is 8.00 s. The string makes an angle of 6.03 with the
horizontal. Calculate the following:

a. the speed of the stopper

b. the centripetal acceleration of the stopper
c. the net force acting on the stopper

d. the magnitude of the tension in the string.
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5. Carl is riding around a corner on his bike at a constant speed of 15 km h™'. The corner approximates part of a
circle of radius 4.5 m. The combined mass of Carl and his bike is 90 kg. Carl keeps the bike in a vertical plane.
a. What is the net force acting on Carl and his bike?
b. What is the sideways frictional force acting on the tyres of the bike?
c. Carl rides onto a patch of oil on the road; the sideways frictional forces are now 90% of their original
amount. If Carl maintains a constant speed, what will happen to the radius of the circular path he is taking?
6. Aroad is to be banked so that any vehicle can take the bend at a speed of 30 m s~' without having to rely on
sideways friction. The radius of curvature of the road is 12 m. At what angle should it be banked?

1.5 Exam questions
Question 1 (5 marks)

Source: VCE 2022 Physics Exam, Section B, Q.8; © VCAA

A Formula 1 racing car is travelling at a constant speed of 144 km h™" (40 m s™') around a horizontal corner of
radius 80.0 m. The combined mass of the driver and the car is 800 kg. Figure 8a shows a front view and
Figure 8b shows a top view.

—_

e

Figure 8a — Front view 144km h!
Figure 8b — Top view
a. Calculate the magnitude of the net force acting on the racing car and driver as they go around the

corner. (2 marks)
b. On Figure 8b, draw the direction of the net force acting on the racing car using an arrow. (1 mark)
c. Explain why the racing car needs a net horizontal force to travel around the corner and state what

exerts this horizontal force. (2 marks)

Question 2 (4 marks)
Source: /CE 2018 Physics Exam, Section B, Q.10; © VCAA

Members of the public can now pay to take zero gravity flights in specially modified jet aeroplanes that fly at
an altitude of 8000 m above Earth’s surface. A typical trajectory is shown in Figure 12. At the top of the flight, the
trajectory can be modelled as an arc of a circle.

Figure 12

a. Calculate the radius of the arc that would give passengers zero gravity at the top of the flight if the jet is

travelling at 180 m s™'. Show your working. (2 marks)
b. Is the force of gravity on a passenger zero at the top of the flight? Explain what ‘zero gravity experience’
means. (2 marks)
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Question 3 (7 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.7; © VCAA
A spherical mass of 2.0 kg is attached to a piece of string with a length of 2.0 m. The spherical mass is pulled

back until it makes an angle of 60° with the vertical, as shown in Figure 4. The spherical mass is then released.
Ignore the mass of the string.

Figure 4
a. Show that the maximum speed of the spherical mass is 4.4 ms™. (2 marks)
b. At what part of its path is the spherical mass at its maximum speed? Explain your reasoning. (2 marks)
c. Calculate the maximum tension in the string. (3 marks)

Question 4 (4 marks)
Source: VCE 2017, Physics Exam, Section B, Q.7; © VCAA
A bicycle and its rider have a total mass of 100 kg and travel around a circular banked track at a radius of 20 m

and at a constant speed of 10 m s™', as shown in the figure. The track is banked so that there is no sideways
friction force applied by the track on the wheels.

a. On the diagram below, draw all of the forces on the rider and the bicycle, considered as a single object, as
arrows. Draw the net resultant force as a dashed arrow labelled F,;. (2 marks)

b. Calculate the correct angle of bank for there to be no sideways friction force applied by the track on the
wheels. Show your working. (2 marks)
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Question 5 (5 marks)
Source: Adapted from VCE 2016, Physics Exam, Section A, Q.2; © VCAA

A steel ball of mass 2.0 kg is swinging in a circle of radius 0.50 m at a constant speed of 1.7 m s™" at the end of a
string of length 1.0 m, as shown in the figure.

ball

a. On the figure, draw all the forces on the ball. Label all forces. Draw the resultant force as a dotted line
labelled Fp. (2 marks)
b. Calculate the tension in the string. Show your working. (3 marks)

More exam questions are available in your learnON title.

1.6 Non-uniform circular motion

KEY KNOWLEDGE

* Investigate and apply theoretically Newton’s second law to circular motion in a vertical plane (forces at the
highest and lowest positions only).

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

So far, we have considered only what happens when circular motion is carried out at a constant speed. However,
in many situations the speed is not constant. When the circle is vertical, the effects of gravity can cause the
object to go slower at the top of the circle than at the bottom. Such situations can be examined either by
analysing the energy transformations that take place or by applying Newton’s laws of motion.

1.6.1 Energy review

Energy can be classified into different types, including kinetic energy and gravitational potential energy. These
concepts will help in the investigation of non-circular motion and will be explored further in topic 2.

Kinetic energy is the energy associated with the movement of an object. Gravitational potential energy is the
energy an object has based on its position within a gravitational field that can cause work to be done on it.

The Law of Conservation of Energy states that energy cannot be created or destroyed, only converted from one
form to another. When motion is in a vertical circle you will need to consider that energy is converted from
gravitational potential energy to kinetic energy.
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where: E, is the gravitational potential energy
E, is the kinetic energy
m is the mass
g is the acceleration due to gravity
Ah is the change in height, or the height above a reference point

v is the velocity

1.6.2 Uniform horizontal motion

If a person is sitting in a car moving in a straight line at a constant speed, the force due to gravity on them by the
Earth balances the normal force from the seat.

FIGURE 1.37 The forces acting on an object in uniform horizontal motion

Fy= 490N

4.0ms™!

F,= 490N

1.6.3 Travelling through dips

When a skateboarder enters a half-pipe from the top, that person
has a certain amount of gravitational potential energy, but a
velocity, and hence kinetic energy, close to zero. At the bottom
of the half-pipe, most of the gravitational potential energy of the
skateboarder has been transformed into kinetic energy. As long as
the person’s change in height is known, it is possible to calculate Fy
the speed at that point.

FIGURE 1.38 Forces acting on the
skateboarder at the bottom of a dip. The
normal force is greater than the force due
to gravity; the skateboarder feels ‘heavier’.

At the bottom of the half-pipe, the normal force acting on

the skateboarder is greater than the force due to gravity,
causing the skateboarder to feel ‘heavier’ than usual.

The net force acting on the skateboarder is given by
F,=ma=Fy+F,=Fy—mg (taking the upward direction
as positive). In this case, the normal force is greater than the
force due to gravity. The net force, and hence the acceleration,
is directed upwards towards the centre of the circle.

Acceleration
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. . . . . . v?
For circular motion, the acceleration is centripetal and is given by the expression —:
r

my?
MY —Fy—mg
p

SAMPLE PROBLEM 15 Calculating the speed and forces acting on an object travelling

BERsl through a dip

A skateboarder, with an initial velocity of 0 m s™! and a

mass of 60 kg, enters the half-pipe at point A, as shown in

the figure. Assume the frictional forces are negligible.

a. What is the skateboarder’s speed at point B?

b. What is the net force on the skateboarder at B?

c. What is the normal force on the skateboarder at B?
Explain whether the skateboarder feel lighter or
heavier than usual.

4.0m

THINK WRITE
a. 1. At point A, the skateboarder has potential a. m=60kg, hy =4.0m, hg = 0.0 m,
energy but no kinetic energy. At point B, all g2=9.8ms>

the potential energy has been converted to
kinetic energy. Once the kinetic energy is
known, it is easy to calculate the velocity of
the skateboarder.

2. Find the change in energy. The decrease of AGPE = AKE
potential energy from A to B is equal to the

hg —hy) = L
increase of kinetic energy from A to B. —mg (hg —hy) = 5

Cancelling m from both sides:

1
—g(hg —hy) = 5"2

1
—-9.8(0—-4.0) = Evz
=12 =784
=y=89ms~!
The skateboarder’s speed at B is 8.9 ms™'.

2
b.  The formula F o = M7 canstill be used for  b. =60 kg, r=4.0m, v=89 ms~!

r

any point of the centripetal motion. It must F o = m_V2

be remembered, however, that the force will et

be different at each point as the velocity is 60 X (8,9)2

constantly changing. - 4.0
~12x10°N

The net force acting on the skateboarder at
point B is 1200 N upwards.
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c. 1. As there is more than one force acting on the c. Fy
skateboarder, it helps to draw a diagram.

Acceleration

g ]
2. The net force is determined by adding Fo..= Fy+F,
together all the forces acting on the
skateboarder.
3. Taking the upward direction as positive. F..=Fy—mg

>Fy=F,+mg
=1.2x10°+60x9.8

~ 1.8x10°N
The normal force acting on the skateboarder
at point B is 1.8 X 10° N upwards. This is
larger than the normal force if the skateboarder
was stationary. This causes the skateboarder to
experience a sensation of heaviness.

PRACTICE PROBLEM 15

A roller-coaster car travels through the bottom of a dip of radius 9.0 m at a speed of 13 m s™!.

a. What is the net force on a passenger of mass 60 kg?

b. What is the normal force on the passenger by the seat?

c. Compare the size of the normal force to the force due to gravity and comment on how the
passenger would feel.

1.6.4 Travelling over humps

The experience of ‘heaviness’ described in the previous section, when
the normal force is greater than the force due to gravity, occurs on a
roller-coaster when the roller-coaster car travels through a dip at the
bottom of a vertical arc. When the car is at the top of a vertical arc, Fy
the passengers experience a feeling of being ‘lighter’. How can this

be explained? 4‘5\

FIGURE 1.39 The forces acting on a
roller-coaster car at the top of a hump

When the roller-coaster car is on the top of the track, the normal force
is upwards, and the force due to gravity and the net force
are downwards. Taking the upward direction as positive,

my? . o=mg
F,..=ma=——=F, — Fy. This clearly shows that F is larger than

-
Fy, and hence the passenger will feel ‘lighter’.
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. . . . . . v?
For circular motion, the acceleration is centripetal and is given by the expression —.
r

SAMPLE PROBLEM 16 Calculating the speed and forces acting on an object travelling

RARsl over a hump

A passenger is in a roller-coaster car at the top of a circular arc of radius 9.0 m.

a. At what speed would the normal force on the passenger equal half the force due to gravity?
b. What happens to the normal force as the speed increases?

c. What would the passenger experience?

THINK WRITE
a. 1. Write the known information. a. Fy= n%g’ r=9.0m
. omv? my? mg
2. Calculate the speed using — =mg — Fy. — =mg— =
r r
v_8
r 2
Syv=,/8
2
_/9.8%x9.0
2
=6.6ms™!
my? . my? .
b. 1. Rearrange — = mg — Fy to make F), the b. Rearranging — =mg — Fy gives
r r
subject of the equation. 5
my
Fy=mg— —
B
2. Comment on the effect of increasing v on Fy. The force due to gravity, mg, is constant, so as

the speed, v, increases, the normal force, Fy,
gets smaller.
c. The normal force determines whether the c. The normal force is less than the force due to
passenger feels ‘heavier’ or ‘lighter’. gravity, so the passenger will feel lighter.

PRACTICE PROBLEM 16

a. A car of mass 800 kg slows down to a speed of 4.0 m s~! to travel over a speed hump that forms the
arc of a circle of radius 2.4 m. What normal force acts on the car at the top of the speed hump?

b. At what minimum speed would a car of mass 1000 kg have to travel to momentarily leave the road
at the top of the speed hump described in part (a)? (To leave the road, the normal force would have
to decrease to zero.)

66 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



tlvd-8956

The normal force is a push by the track on the wheels of the roller-coaster car. The track can only push up on
the wheels; it cannot pull down on the wheels to provide a downward force. So as the speed increases, there is
a limit on how small the normal force can be. The smallest value is zero. What would the passenger feel? And
what is happening to the roller-coaster car?

When the normal force is zero, the passenger will feel as if they are floating just above the seat. They will feel
no compression in the bones of their backside. At this point the car has lost contact with the track. Any attempt
to put on the brakes will not slow down the car, as the frictional contact with the track depends on the size of the
normal force. No normal force means no friction.

Modern roller-coaster cars have two sets of wheels, one set above the track and one set below the track, so that if
the car is moving too fast, the track can supply a downward normal force on the lower set of wheels.

The safety features of roller-coasters cannot be applied to cars on the road. If a car goes too fast over a hump
on the road, the situation is potentially very dangerous. Loss of contact with the road means that turning the
steering wheel to avoid an obstacle or an oncoming car will have no effect whatsoever. The car will continue
on in the same direction.

SAMPLE PROBLEM 17 Determining the speed and forces acting on a toy car

inside a loop

A toy car travels through a vertical loop of radius 15.0 cm on a racetrack. The toy car, of mass 200 g,
is released from rest at point A, which is 2.00 m above the lowest point on the track. The car rolls
down the track and travels inside the loop. Friction can be ignored.

A
m =200g

>

h=2.00m

g=9.8ms?2

. Calculate the speed of the car at point B, the bottom of the loop.
. What is the net force on the toy car at point B?

. What is the normal force on the car at point B?

. What is the speed of the car when it reaches point C?

. What is the normal force on the car at point C?

® & 0 T 9o

THINK WRITE
a. 1. List all known information at points A and B. a. At point A,
m=0.200kg, h=2.00m,y=0ms!,
g=98ms™?
At point B,
m=02kg, h=0.00m,g=9.8ms™>

2. Calculate the total energy of the car at point Ep =E +E,
A by adding the car’s gravitational potential _ lm v2 + mgAh
energy and kinetic energy. 2
= 04 (0.200 %X 9.8 x 2.00)
=392]
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3. The total energy of the car at point B is equal Eg = E  +E,
to the total energy of the car at point A. This

: - = —mv?> + mgAh
is the Law of Conservation of Energy. 2

3.92 = <% ><0.200><v2> +0

3.92 = 0.10012
, 3.9
v e ——

~0.100

=>v=1/39.2

=6.26ms™!
my?
b. During circular motion, the net force is always b. F = —
directed towards the centre of the circle. So, at .
point B, the net force will be directed upwards. = %
= 78.4 N up

c. The net force is equal to the sum of the normal ~ ¢. F,, = Fy+F,
force and the force due to gravity. Take the

. . L. Fnel:FN_’ng
upward direction to be positive.

78.4 = Fy, — (0.200 X 9.8)
784 = Fy—1.96

Fy=784+1.96
= 80.4 N up

d. 1. List all known information at point C. d. m=0.200kg, h=0.300m,g=9.8 ms>

2. From part (a), it is known that the total energy =~ At point C,
of the car at all points is 3.92 J. Ec =E +E,

1
= —mv?> + mgAh
2
3.92 = <% XO.ZOOXV2>

+ (0.200 % 9.8 x 0.300)
3.92 = 0.100v> + 0.588

0.100v2 = 3.332
23332
0.100
=>v=1/33.32
=577ms™!
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e. 1. Determine the net force acting on the car at
point C. The net force on the car at point
C will be directed downwards towards the
centre of the circle.

2. The net force is equal to the sum of the
normal force and the force due to gravity.
Take the downward direction to be positive.
Note: In this case, both the normal force and
the force due to gravity act in the downward
direction.

2
my~

e. Fnet =

7
_0.200%x5.77%
0.15
= 44.4 N down
Z
Fy=1.96N
FN: ?
Frot=44.4N
F . =Fy+ Fg

44.4 = Fy + (0.200 X 9.8)
44.4 = Fy +1.96
= Fy =44.4—196

F = 427N down

PRACTICE PROBLEM 17

A toy car travels through a vertical loop of radius 20.0 cm on a racetrack. The toy car, of mass 100 g,
is released from rest at point A, which is 1.30 m above the lowest point on the track. The car rolls
down the track and travels inside the loop. Friction can be ignored.

m=100g

>
Il

1.30m

g=9.8ms2

o200

Calculate the speed of the car at point B, the bottom of the loop.
What is the net force on the toy car at point B?

What is the normal force on the car at point B?

What is the speed of the car when it reaches point C?

What is the normal force on the car at point C?
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1.6 Activities learn

Students, these questions are even better in jacPLUS
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1.6 Exercise

1. Aball is swung in a vertical circle with a constant speed. At which point is the tension force:
a. at its maximum value
b. at its minimum value?
2. An 800-kg car travels over the crest of a hill that forms the arc
of a circle, as shown in the figure.
a. Draw a labelled diagram showing all the forces acting
on the car.
b. The car travels just fast enough for it to leave the ground
momentarily at the crest of the hill. This means the
normal force is zero at this point.
i. What is the net force acting on the car at this point?
ii. What is the speed of the car at this point?
3. A 120-g toy car travels through a vertical loop on a racetrack. The loop
has a radius of 10 cm.
The car is released from the start of the track, which is at a height of 1.0 m (position A), and travels inside the
loop. Assume g is 9.8 m s™' downwards and ignore friction.

A
m=120g

h=1.0m

g=98ms?

a. Calculate the speed of the car at point B, the bottom of the loop.
b. What is the net force on the toy car at point B?
c. What is the normal force on the car at point B?

4. A 60-kg passenger is in a roller-coaster and travels down a small dip with a radius of 12 m. At the bottom of
the dip, the passenger is travelling with a speed of 14 m s™' and is feeling a larger than normal force. Use
Newton’s Second Law to calculate the normal force acting upon their body.

5. A 75-kg BMXrider is riding in a half-pipe with a radius of 2.5 m. At the lowest point of the half-pipe, the rider
attains a speed of 7.0 m s™'. Assume there is no air resistance or friction.

a. What is the acceleration of the rider at the lowest point of the half-pipe?
b. Determine the magnitude of the normal force acting on the rider at the lowest point of the half-pipe.
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1.6 Exam questions

Question 1 (5 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.9; © VCAA

A small ball of mass 0.30 kg travels horizontally at a speed of 6 m s™'. It enters a vertical circular loop of diameter
0.80 m, as shown in Figure 6. Assume that the radius of the ball and that the frictional forces are negligible.

position B
_________________ remmees

I

i

i

!

0.80m

i

|

6ms! i

— :

@ v

position A
Figure 6
a. Show that the kinetic energy of the ball at position A in Figure 6 is 5.4 J. (1 mark)

b. Will the ball remain on the track at the top of the loop (position B in Figure 6)? Give your reasoning. (4 marks)
Question 2 (5 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.8; © VCAA

In an experiment, a ball of mass 2.5 kg is moving in a vertical circle at the end of a string, as shown in Figure 5.
The string has a length of 1.5 m.

m=2.5kg

Figure 5
a. Calculate the minimum speed the ball must have at the top of its arc for the string to remain tight (under
tension). (2 marks)
b. In another experiment, the ball is moving at 6.0 m s™" at the top of its arc. Calculate the speed of the ball at
the lowest point. (3 marks)

Question 3 (7 marks)
Source: VCE 2017 Physics Exam, NHT, Section B, Q.3; © VCAA

An amusement park has a car ride consisting of vertical partial circular tracks, as shown in Figure 4a. The track is
arranged so that the car remains upright at both the top and bottom positions. The track has a radius of 12.0 m
and its lowest point is point P.

24ms! \@/

Figure 4a Figure 4b
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a. On the diagram in Figure 4b, draw labelled arrows showing all of the forces on the car at point P and draw the
resultant force with a dotted arrow labelled Fg. (3 marks)
b. At point P, the car is moving at 24 ms™.
Calculate the force of the car seat on a passenger of mass 50 kg as the car passes point P. Show your
working. (2 marks)
c. Emily says that if the car moves at the correct speed at the top, point T, a person can feel weightless at that
point.
Roger says this is nonsense; a person can only feel weightless in deep space, where there is no gravity.
Who is correct? Justify your answer. (2 marks)

Question 4 (2 marks)
Source: /CE 2017, Physics Exam, Q.8.a; © VCAA

A roller-coaster is arranged so that the normal reaction force on a rider in a car at the top of the circular arc at
point P, shown in the figure, is briefly zero. The section of track at point P has a radius of 6.4 m.

Calculate the speed that the car needs to have to achieve a zero normal reaction force on the rider at point P.

Question 5 (2 marks)
Source: VCE 2015, Physics Exam, Q.3.b; © VCAA

A model car of mass 2.0 kg is on a track that is part of a vertical circle of radius 4.0 m, as shown in the figure.

At the lowest point, L, the car is moving at 6.0 m s™. Ignore friction.

Calculate the magnitude of the force exerted by the track on the car at its lowest point (L). Show your working.

More exam questions are available in your learnON title.
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7/ Review questions

When a stationary car is hit from behind by another vehicle at moderate speed, headrests behind the
occupants reduce the likelihood of injury. Explain in terms of Newton’s laws how they do this.

. It is often said that seatbelts prevent a passenger from being thrown forward in a car collision. What is

wrong with such a statement?

. What is the matching ‘reaction’ to the gravitational pull of Earth on you?
. Explain why the horizontal component of velocity remains the same when a projectile’s motion is modelled.

. While many pieces of information relating to the vertical and horizontal parts of a particular projectile’s

motion are different, the time is always the same. Explain why.

. Describe the effects of air resistance on the motion of a basketball falling vertically from a height.

. When a mass moves in a circle, it is subject to a net force. This force acts at right angles to the direction

of motion of the mass at any point in time. Use Newton’s laws to explain why the mass does not need a
propelling force to act in the direction of its motion.

. The following graph describes the motion of a 40 tonne (4.0 x 10* kg) train as it travels between two

neighbouring railway stations. The total friction force resisting the motion of the train while the brakes are
not applied is 8.0 kN. The brakes are not applied until the final 20 s of the journey.
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11.

12.
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a. What is the braking distance of the train?

b. A cyclist travels between the stations at a constant speed, leaving the first station and arriving at the
second station at the same time as the train. What is the constant speed of the cyclist?

c. What forward force is applied to the train by the tracks while it is accelerating?

d. What additional frictional force is applied to the train while it is braking?

. At a children’s amusement park, the miniature train ride completes a circuit of radius 300 m, maintaining a

constant speed of 12 km h™!.

a. What is the centripetal acceleration of the train?

b. What is the net force acting on a 45-kg child riding on the train?

c. What is the net force acting on the 1250-kg train?

d. Explain why the net forces acting on the child and the train are different and yet the train and the child are
moving along the same path.

During a game of totem tennis, a 100-g ball is whirled in a horizontal circle on the end of a 1.30-m length of
string. The time taken for ten complete revolutions of the ball is 12.0 s. The string makes an angle of 30.0°
with the horizontal. Calculate:

a. the speed of the ball

b. the centripetal acceleration of the ball

c. the net force acting on the ball

d. the magnitude of the tension in the string

A road is to be banked so that any vehicle can take the bend at a speed of 40.0 m s™' without having to rely
on sideways friction. The radius of curvature of the road is 15.0 m. At what angle should it be banked?

A 65-kg gymnast, who is swinging on the rings, follows the path shown in the following figure.

a. What is the speed of the gymnast at point B, if he is at rest at point A?

b. What is the centripetal force acting on the gymnast at point B?

c. Draw a labelled diagram of the forces acting on the gymnast at point B. Include the magnitude
of all forces.
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1.7 Exam questions

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VCE 2020 Physics Exam, Section A, Q.8; © VCAA

A ball is attached to the end of a string and rotated in a circle at a constant speed in a vertical plane, as shown in
the diagram below.

- o

-

The arrows in options A. to D. below indicate the direction and the size of the forces acting on the ball.

Ignoring air resistance, which one of the following best represents the forces acting on the ball when it is at the
bottom of the circular path and moving to the left?

R

Question 2

Source: VCE 2019, Physics Exam, Section A, Q.11; © VCAA

An ultralight aeroplane of mass 500 kg flies in a horizontal straight line at a constant speed of 100 m s™.
The horizontal resistance force acting on the aeroplane is 1500 N.

Which one of the following best describes the magnitude of the forward horizontal thrust on the aeroplane?

A. 1500 N

B. slightly less than 1500 N
C. slightly more than 1500 N
D. 5000 N
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Question 3

Source: VVCE 2018, Physics Exam, Section A, Q.5; © VCAA

Four students are pulling on ropes in a four-person tug of war. The relative sizes of the forces acting on the
various ropes are Fy, =200 N, Fy =240 N, Fy = 180 N and F; = 210 N. The situation is shown in the
diagram below.

Fy
Fy, Fx

Fy

Which one of the following best gives the magnitude of the resultant force acting at the centre of the tug-of-war
ropes?

A. 28.3N

B. 30.0N
C. 36.1N
D. 50.0N

Question 4

Source: VCE 2018, Physics Exam, Section A, Q.6; © VCAA

Lisa is driving a car of mass 1000 kg at 20 m s™' when she sees a dog in the middle of the road ahead of her. She
takes 0.50 s to react and then brakes to a stop with a constant braking force. Her speed is shown in the graph
below. Lisa stops before she hits the dog.

speed (ms™)
A
20
15 -
104
5 -

0 T T T T T Y > time (s)

Which one of the following is closest to the magnitude of the braking force acting on Lisa’s car during her braking
time?

A. 6.7N

B. 6.7 kN
C. 8.0kN
D. 20.0 kN
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Question 5

Source: VCE 2017, Physics Exam, Section A, Q.7; © VCAA

A model car of mass 2.0 kg is propelled from rest by a rocket motor that applies a constant horizontal force of
4.0 N, as shown below. Assume that friction is negligible.

rocket motor
|
s
= direction of motion
——

model car

Which one of the following best gives the magnitude of the acceleration of the model car?

A. 0.50ms™
B. 1.0ms™
C. 20ms™?
D. 4.0ms™

Question 6

Source: VCE 2017, Physics Exam, Section A, Q.9; © VCAA

A model car of mass 2.0 kg is propelled from rest by a rocket motor that applies a constant horizontal force of
4.0 N, as shown below. Assume that friction is negligible.

rocket motor

- ¥
. ﬁg direction of motion
—_—
". O
model car

With the same rocket motor, the car accelerates from rest for 10 s.
Which one of the following best gives the final speed?

A. 63ms™
B. 10ms™
C. 20ms™
D. 40ms™
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Question 7

Source: VCE 2019, Physics Exam, Section A, Q.12; © VCAA

A small ball is rolling at constant speed along a horizontal table. It rolls off the edge of the table and follows the
parabolic path shown in the diagram below. Ignore air resistance.

table @ ball

floor \

Which one of the following statements about the motion of the ball as it falls is correct?

A. The ball’s speed increases at a constant rate.
B. The momentum of the ball is conserved.

C. The acceleration of the ball is constant.

D. The ball travels at constant speed.

Question 8

Source: VVCE 2020 Physics Exam, Section A, Q.11; © VCAA

The International Space Station (ISS) is travelling around Earth in a stable circular orbit, as shown in the diagram
below.

Which one of the following statements concerning the momentum and the kinetic energy of the ISS is correct?

A. Both the momentum and the kinetic energy vary along the orbital path.

B. Both the momentum and the kinetic energy are constant along the orbital path.

C. The momentum is constant, but the kinetic energy changes throughout the orbital path.

D. The momentum changes, but the kinetic energy remains constant throughout the orbital path.
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Question 9

Source: VCE 2021 Physics Exam, Section A, Q.9; © VCAA
Lucy is running horizontally at a speed of 6 m s™along a diving platform that is 8.0 m vertically above the water.
Lucy runs off the end of the diving platform and reaches the water below after time t.

She lands feet first at a horizontal distance d from the end of the diving platform.

6ms™!
_—
}romm—s
X
I i
] N
: S5
| \\\
1 8.0m .
| \
I \
I \
| \
\
+ water !
A — —————————————— >
d

Which one of the following expressions correctly gives the distance d?

A. 0.8t
B. 6t
C. 52

D. 6t + 5t

Question 10

Source: VCE 2021, Physics Exam, Section A, Q.10; © VCAA
Lucy is running horizontally at a speed of 6 m s~ along a diving platform that is 8.0 m vertically above the water.
Lucy runs off the end of the diving platform and reaches the water below after time t.

She lands feet first at a horizontal distance d from the end of the diving platform.

6ms!
_

| it e
A —-“~\
| o d X
| g
|
| \\
1 8.0m \

\

| \
] \
| \
| \
| \
) 4 water !

< >

d

Which one of the following is closest to the time taken, t, for Lucy to reach the water below?

A. 08s
B. 1.1s
C. 13s
D. 1.6s
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Section B - Short answer questions

Question 11 (2 marks)

Source: VCE 2021, Physics Exam, Section B, Q.4; © VCAA

Liesel, a student of yoga, sits on the floor in the lotus pose, as shown in the figure. The action force, F, on Liesel
due to gravity is 500 N down.

500N

Identify and explain what the reaction force is to the action force, F, shown in the figure.

Question 12 (3 marks)

Source: VCE 2021 Physics Exam, Section B, Q.8a; © VCAA

On 30 July 2020, the National Aeronautics and Space Administration (NASA) launched an Atlas rocket containing
the Perseverance rover space capsule on a scientific mission to explore the geology and climate of Mars, and
search for signs of ancient microbial life.

==

At lift-off from launch, the acceleration of the rocket was 7.20 m s™. The total mass of the rocket and capsule at
launch was 531 tonnes.

Calculate the magnitude and the direction of the thrust force on the rocket at launch. Take the gravitational field
strength at the launch site to be g = 9.80 N kg™'. Give your answer in meganewtons. Show your working.
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Question 13 (2 marks)

Source: VCE 2021 Physics Exam, Section B, Q.9b; © VCAA

Abbie and Brian are about to go on their first loop-the-loop roller-coaster ride. As competent Physics students,
they are working out if they will have enough speed at the top of the loop to remain in contact with the track while
they are upside down at point C, shown in the figure. The radius of the loop CB is r.

@}

I
1
1
|

X metres

€=

The highest point of the roller-coaster (point A) is 15 m above point B and the car starts at rest from point A.
Assume that there is negligible friction between the car and the track.

By considering the forces acting on the car, show that the condition for the car to just remain in contact with the
2

track at point C is given byv— = g. Show your working.
r

Question 14 (6 marks)

Source: VCE 2020 Physics Exam, Section B, Q.8; © VCAA

The figure below shows a small ball of mass 1.8 kg travelling in a horizontal circular path at a constant speed
while suspended from the ceiling by a 0.75-m long string.

ceiling

a. Use labelled arrows to indicate on the figure the two physical forces acting on the ball. (2 marks)

b. Calculate the speed of the ball. Show your working. (4 marks)
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Question 15 (4 marks)

Source: VCE 2019, Physics Exam, Section B, Q.10; © VCAA

A projectile is launched from the ground at an angle of 39° and at a speed of 25 m s™', as shown in the figure. The
maximum height that the projectile reaches above the ground is labelled h.

25ms’!

a. Ignoring air resistance, show that the projectile’s time of flight from the launch to the highest point is equal to
1.6 s. Give your answer to two significant figures. Show your working and indicate your reasoning. (2 marks)

b. Calculate the range, R, of the projectile. Show your working. (2 marks)

Hey students! Access past VCAA examinations in learnON

Sit past VCAA Receive immediate ' Identify strengths
examinations feedback and weaknesses

Find all this and MORE in jacPLUS @

Hey teachers! Create custom assignments for this topic

-~ Create and assign Access quarantined e m— Track your
| : - ,
v o unique tests and exams tests and assessments 4 5  students’ results

Find all this and MORE in jacPLUS @

TOPIC 1 Newton’s laws of motion 83







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

Relationships between
2 force, energy and mass

KEY KNOWLEDGE

In this topic, you will:

* investigate and analyse theoretically and practically impulse in an isolated system for
collisions between objects moving in a straight line: FAt = mAv

* investigate and apply theoretically and practically the laws of energy and momentum
conservation in isolated systems in one dimension

* investigate and apply theoretically and practically the concept of work done by a force using:
» work done = force X displacement
o work done = area under force vs distance graph (one dimensional only)

* analyse transformations of energy between kinetic energy, elastic potential energy,
gravitational potential energy and energy dissipated to the environment (considered as a
combination of heat, sound and deformation of material):

1
 kinetic energy at low speeds: E, = Emvz; elastic and inelastic collisions with reference to

conservation of kinetic energy
strain potential energy: area under force-distance graph including ideal springs obeying
Hooke’s Law: E, = %kx2
gravitational potential energy: E, = mgAh or from area under a force-distance graph and
area under a field-distance graph multiplied by mass.

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access past VCAA questions and exam-style questions and their video solutions in every
lesson, to ensure you are ready.




2.1 Overview

Hey students! Bring these pages to life online

Watch Engage with
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Find all this and MORE in jacPLUS (C)

~ ¥
9 3
Answer questions ',) .
and check results y,

2.1.1 Introduction

Have you been in a collision today? It

is possible that you have, without even
realising it. Collisions feature more often
than you might expect in your day-to-day
life. Perhaps you knocked into a fellow
student as you walked down the corridor,

or you had a boxing match and took a hit

to the head; or maybe you are a basketball
player and you hit the floor after being
fouled. Whatever happened in your day;, it

is likely that you were involved in some sort
of collision. How significant that collision
was depends on the forces involved, the
energy of the interaction and the mass of the
objects colliding.

FIGURE 2.1 Collisions occur often in sports such as boxing.
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Exam question booklet Exam question booklet — Topic 2 (egb-0099)
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2.2 Momentum and impulse

KEY KNOWLEDGE

* Investigate and analyse theoretically and practically impulse in an isolated system for collisions between
objects moving in a straight line: FAt = mAuv.

* |nvestigate and apply theoretically and practically the laws of energy and momentum conservation in isolated
systems in one dimension.

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

2.2.1 Momentum and impulse in a collision

Calculating momentum and impulse algebraically

Momentum was introduced in sections 1.2.4 and 1.3.1 as one way to describe the motion of an object.
Momentum is useful in explaining changes in motion, because it takes into account the mass as well as the
velocity of the moving object. Momentum is a vector quantity with the same direction as the velocity; it is
expressed in the units kg m s~'. Newton’s First Law of Motion can be explained in terms of momentum. The
rate of change in momentum is directly proportional to the magnitude of the net force. This means momentum
and impulse are useful quantities for understanding what happens in a collision.

The momentum of an object is the product of the mass and velocity of the object:
p=mxy

where: p is the momentum, in kg m s~!

m is the mass, in kg

v is the velocity, in m s

Newton’s Second Law of Motion describes how the effect of the average net force on an object depends on its
mass (F' = ma). In previous topics, it was useful to express Newton’s Second Law in terms of acceleration. Here,
it is useful to express it in terms of the change in momentum of an object. That is:

_

av — Al

>F, At=Ap
= mAy

If the force is constant, it can be written as F .

The product F,, x At is called the impulse of the average net force. Impulse is a vector quantity that has SI units
of N s. Calculations can be carried out to show that:

INs=1 kgm 57!
impulse product of a force and
the time interval during which it

Thus, the effect of an average net force on the motion of an object can be acts. Impulse is a vector quantity
summarised by‘ with Sl units of N s.

impulse (I) = change in momentum (Ap)
I =FAt = mAv
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When two or more objects collide, the change in the motion

of each object can be described by Newton’s Second Law FIGURE 2.2 Cars are designed to crumple in
of Motion collisions. This increases the time interval over

which the momentum changes, decreasing the
When a car collides with an ‘immovable’ object such as average net force on the car.
a large tree, its change in momentum is fixed. It is B -
determined by the mass of the car and its initial velocity at
the instant of impact. The final momentum is zero because
its final velocity is zero. Since the impulse is equal to the
change in momentum, the impulse F, x At is also fixed.
By designing the car so that At is as large as possible, the
magnitude of the average net force on the car (and hence its
deceleration) can be reduced. The smaller the deceleration
of the car, the safer it is for the occupants.

Airbags, collapsible steering wheels and padded
dashboards are all designed to increase the time interval

during which the momentum of a human body changes FIGURE 2.3 Bicycle helmets: Newton’s Second
during a collision — the bigger the stopping time, the Law provides an explanation for their life-saving
smaller the impact force. function.

Likewise, the polystyrene liner of bicycle helmets is
designed to crush during a collision. This increases

the time interval during which the skull accelerates (or
decelerates), thus decreasing the average net force applied
to the head.

SAMPLE PROBLEM 1 Calculating the impulse, change in momentum and magnitude of a

tivd-8957

force during a collision

A 1200-kg car collides with a concrete wall at a speed of 15 m s~! and takes 0.060 s to come to rest.

a. What is the change in momentum of the car?

b. What is the impulse on the car?

c. What is the average magnitude of the force exerted by the wall on the car?

d. What would be the average magnitude of the force exerted by the wall on the car if the car bounced
back from the wall with a speed of 3.0 m s™! after being in contact for 0.060 s?

THINK WRITE
a. 1. Assign the initial direction of the car a. m=1200kg; u=15ms~'; v=0ms~!; Ar=0.060s
as positive. Calculate the change in Ap = my —mu
momentum. =m(v—u)
= 1200 X (0—15)
=1200X% (—15)
=-1.8x10*kgms™!
2. State the change in momentum of the The change in momentum is 1.8 x 10 kg m s™! in a
car; this should be a positive number. direction opposite to the original direction of the car.
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b. 1. Determine the impulse of the car using b. Impulse on car = change in momentum of car
the change in momentum. =—18%x10*kgms™!

2. State the impulse on the car. The impulse on the car is 1.8 x 10* N s in a direction
opposite to the original direction of the car.

c.  Determine the magnitude of force using c. Ap = FAt

Ap = FAt. 1.8 x 10* = F x 0.06

4
Fe 1.8 X ,IO
0.060
=3.0x10°N

d. 1. Determine the impulse of the car. In this d. Impulse = mAvy

case, the final velocity isv =-3.0 m 571 = 1200(=3—15)

and the initial velocity isu = 15 m s™! = 1200 X (—18)

(remember the change in velocity or Ay =—2.16x10*Nsorkgms™'

is equal to the initial velocity subtracted
from the final velocity).

2. Determine the magnitude of force using Ap = FAt
Ap=FAt,whereAp=2.16x104Ns 216X104=FX0060
and Ar = 0.060 s. 2.16 % 104

~0.060
=3.6x10°N

PRACTICE PROBLEM 1

A dodgem car of mass 200 kg strikes a barrier head-on at a speed of 8.0 m s™! due west and rebounds

in the opposite direction with a speed of 2.0 m s,

a. What is the impulse delivered to the dodgem car?

b. If the dodgem car is in contact with the barrier for 0.80 s, what average force does the barrier
apply to the car?

c. What average force does the car apply to the barrier?

Calculating impulse from a force-time graph
The impulse delivered by a changing force is given by F,, At.

If a graph of force versus time is plotted, the impulse can be determined from the area under the graph.

The area under the graph can be calculated using a variety of methods:

e If a grid is provided, the area can be determined by finding the area of each ‘square’ and multiplying it by
the number of squares (found by counting the ‘squares’ between the graph and the horizontal axis). You
can also add sections of partial squares together to make full squares (for example, two half squares make
up one full square).

* Another way to calculate areas is by drawing a regular shape (or shapes) that have approximately the same
area as the area under the graph. For example, the graph shown in sample problem 2 may be divided into
triangles and rectangles, and the areas may be calculated and added together. (This is much easier for
graphs with straight-line sections as opposed to curved sections.)

TOPIC 2 Relationships between force, energy and mass 89



tlvd-8958

SAMPLE PROBLEM 2 Using a force versus time graph to calculate speed and magnitude

of impulse

The following graph describes the changing horizontal force on a 40-kg rollerskater as she begins to
move from rest. Estimate her speed after 2.0 seconds.

400 - P
// ) Rl
//// I \\\\
300 2 i 0
g 7 E E \\\\\
8 200 A foommmmmmmoommoooeS .
S 2 ! i
'8 ‘4 | :
100 /4 i B !
i |
0 [ [ I [ :
0.5 1.0 1.5 2.0
Time (s)
THINK WRITE
1. The magnitude of the impulse on the Magnitude of impulse = area A + area B + area C
skater can be determined by calculating 1
. =-x1.1x4 9x%x2
the area under the graph. This can be <2 X LR (2S00
determined by either counting squares 1
or by determining the shaded area. +§ X 0.9X200
In this example, the areas have been = (220 + 180 + 90)
provided. = 490N s
2. Determine the magnitude of impulse Magnitude of impulse = magnitude of change in momentum
using the change in momentum, = mAvy
Ap = mAv, where Ap =490 N s, and 490N s = 40kg X Av
m =40 kg. Ny 490
40
=12ms~!
3. Determine the speed. As her initial speed is zero (she started from rest), her

speed after 2.0 seconds is 12 m s~!.

PRACTICE PROBLEM 2

Estimate the speed of the rollerskater in sample problem 2 after 1.0 s.

2.2.2 Conservation of momentum

Newton’s Second Law of Motion can be applied to the system of two objects just as it can be applied to each
. . Ap . .
object. By applying the formula F,, = — to a system of one or more objects, another expression of

Newton’s Second Law can be written: if the net force acting on a system is zero, the total momentum of the
system does not change.
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This statement is an expression of the Law of Conservation of Momentum. It is also expressed as follows: if
there are no external forces acting on a system, the total momentum of the system remains constant.

The Law of Conservation of Momentum can be written as:

p before =p after

A system on which no external forces act is called an isolated system. The only forces acting on objects in the
system are those applied by other objects in the system. In practice, collisions at the surface of Earth do not take
place within isolated systems. Consider a system comprising two cars that collide. This is not isolated because
forces are applied to the cars by objects outside the system, such as road friction and the gravitational pull of
Earth.

However, if the cars collide on an icy horizontal road, the collision can be considered to take place in an isolated
system. The sum of external forces (including the force of gravity and the normal force) acting on the system of
the cars would be negligible compared with the forces that each car applies to the other. A system comprising a
car and a tree struck by the car could not be considered an isolated system because Earth exerts a large external
force on the tree in the opposite direction to that applied to the tree by the car.

2.2.3 Modelling a collision

Consider the system of the two blocks labelled A and B in figure 2.4. The blocks are on a smooth horizontal
surface. The system can be treated as isolated because the gravitational force and normal force on each of the
blocks have no effect on their horizontal motion. Because the surface is described )
as smooth, the frictional force can be assumed to be negligible. Thus, the net force feielbis i SYSIET Bliee

. A no external forces act; the only
on the system is zero and the total momentum of the system remains constant. forces acting on objects in the
The momentum of the centre of mass of the system also remains constant. system are those applied by other
However, the momentum of each of the blocks changes during the collision objects within the system.
because each block has a non-zero net force acting on it.

FIGURE 2.4 The net force on this system of two blocks is zero. Its total momentum therefore remains constant.

Pa PB

Before the collision

During the collision Fonnbys -

FoanyA

After the collision A
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The force exerted on block A by block B (F,, 4 py g) during the collision is equal in magnitude and opposite in
direction to the force exerted on block B by block A (F,, g by o)- Therefore, the change in momentum of block A
(Ap,) is equal and opposite to the change in momentum of block B (Apg). That is:

FonAbyB =F0anyA
:}’FonAbyBAt: _FoanyAAt

where: At = time duration of interaction

= Ap, = —Apy
= Ap,+4p, =0

This result should be no surprise as, in order for the total momentum of the system consisting of the two blocks
to be constant, the total change in momentum must be zero.

The interaction between blocks A and B can be summarised as follows:
¢ The total momentum of the system remains constant.
The change in momentum of the system is zero.
The momentum of the centre of mass of the system remains constant.
The force that block A exerts on block B is equal and opposite to the force that block B exerts on block A.
The change in momentum of block A is equal and opposite to the change in momentum of block B.

SAMPLE PROBLEM 3 Calculating the momentum and impulse of vehicles before and

tlvd-8959 .
after a collision

A 1500-kg car travelling at 12.0 m s~! on an icy road collides with a 1200-kg car travelling at the same
speed, but in the opposite direction. The cars lock together after impact.

. What is the momentum of each car before the collision?

. What is the total momentum before the collision?

. What is the total momentum after the collision?

With what speed is the tangled wreck moving immediately after the collision?

. What is the impulse on the 1200-kg car?

. What is the impulse on the 1500-kg car?

-~ 0 20 T

12.0ms-1 12.0 ms-1

Before collision A . N
Iy ) @ =

m = 1500kg

@ |

After collision
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THINK
a. 1. Assign the direction in which the first

car is moving as positive.

2. Determine the momentum of the first
car. (Remember, momentum is in the
units kg m s or N's.)

3. Determine the momentum of the
second car.

. Determine the total momentum before
the collision by adding the initial
momentum of the 1500-kg car to the
initial momentum of the 1200-kg car that
was calculated in part a.

. The description of the road suggests that
friction is insignificant. It can be assumed
that there are no external forces acting on
the system.

. The tangled wreck can be considered as a
single mass of 2700 kg.

. The impulse on the 1200-kg car is equal
to its change in momentum. The initial
momentum was calculated in part a, and
the final momentum can be calculated
using p = mv, where the mass = 1200 kg,
and the final velocity = 1.33 m s (as
calculated in part d).

. The impulse or change in momentum on
the 1500-kg car is equal to the impulse on
the 1200-kg car. This can be verified by
calculating the change in momentum of
the 1500-kg car. The initial momentum
was calculated in part a, and the final
momentum can be calculated using

p = mv, where the mass = 1500 kg,

and the final velocity = 1.33 m s™! (as
calculated in part d).

WRITE
a. The 1500-kg car will have a positive velocity, and the

1200-kg car will have a negative velocity.

m=1500kg; v=12.0m s~
p=my
= 1500x%12.0

= 18000kgms~!
=1.80x 10*kgms™!

m=1200kg; v=—12.0ms™!
p=my
— 1200 X (—12.0)

=—14400kgms™'
=—1.44x10"kgms™!

. p; = 1.80x10% + (—1.44x10)

=3.60x 103 kgms™!

- Py =P;

=3.60x10°kgms™!

p;=my
3.60x 10° = 2700 X v
| _360x10°
2700
=>y=133ms™!

in the direction of the initial velocity of the first car

- Ap =p;—p,

= (1200 x 1.33) — (—1.44x 10*)
= 1600 + 1.44 x 10*

=1.60x 10*kgms~! (orNs)
in the direction of motion of the tangled wreck

- Ap=p;—p,

= (1500% 1.33) — (1.80x 10*)
= 2000 — 1.80 x 10*

=—1.60x 10*kgms~! (orNs)
in the direction opposite that of the 1200-kg car
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PRACTICE PROBLEM 3

A 1000-kg car travelling north at 30 m s™! (108 km h™1) collides with a stationary delivery van of mass

2000 kg on an icy road. The two vehicles lock together after impact.

a. What is the velocity of the tangled wreck immediately after the collision?

b. What is the impulse on the delivery van?

c. What is the impulse on the speeding car?

d. After the collision, if — instead of locking together — the delivery van moved forward separately
at a speed of 12 m s™1, what velocity would the car have?

EXTENSION: Feeling Earth move

Can you feel Earth move when you bounce a basketball on the court? If Earth and your basketball were an
isolated system, Earth would move! Its change in speed can be calculated by applying the Law of Conservation
of Momentum.

The mass of Earth is 6.0 x 10%* kg. If the mass of a basketball is 600 g and it strikes the ground with a velocity of
12 m s~" downwards in an isolated system, estimate the velocity of Earth after impact.

INVESTIGATION 2.1 o011 _only]

Who'’s pulling whom?

elog-1876

Aim
(a) To demonstrate that the ‘action’ and ‘reaction’ described in Newton’s Third Law are equal in magnitude,
opposite in direction and act on different objects

(b) To demonstrate that the total momentum of a system remains constant if there are no unbalanced external
forces acting on the system

2.2 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

2.2 Quick quiz ’ 2.2 Exercise u 2.2 Exam questions L

2.2 Exercise

1. Summarise the relationship between impulse and momentum in eight words or fewer.
2. In areal collision between two cars on a bitumen road on a dry day, is it reasonable to assume that the total
momentum of the two cars is conserved? Explain your answer.
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3. An empty railway cart of mass 500 kg is moving along a horizontal low-friction track at a velocity of 3.0 m s~
south when a 250-kg load of coal is dropped into it from a stationary container directly above it.
a. Calculate the velocity of the railway cart immediately after the load has been emptied into it.
b. What happens to the vertical momentum of the falling coal as it lands in the railway cart?
c. If the fully loaded railway cart is travelling along the track at the velocity calculated in part a and the entire
load of coal falls out through a large hole in its floor, what is the final velocity of the cart?
4. Explain whether you are generally safer in a big car or a small car. To do so, consider the following questions
by making some estimates and applying Newtons’ laws to each car. What assumptions have you made?
a. How do the forces on each car compare?
b. How do the masses of the cars compare with each other?
c. What is the subsequent change in velocity of each car as a result of the collision?
d. How does your body move during a collision and what does it collide with?
5. A 400-g rubber ball hits a wall at 15 m s™" and bounces back after being in contact with the wall for
0.10 seconds. The momentum of the ball changes by 10 kg m s™. (Air resistance and the gravitational force
can be ignored.) Take the initial velocity as positive.
a. Calculate the magnitude and direction of the impulse that the wall exerts on the ball.
b. What is the magnitude of the average force that is exerted on the ball?
c. Calculate the velocity with which the ball bounces back.

2.2 Exam questions

Question 1 (10 marks)
Source: VCE 2022 Physics Exam, Section B, Q.7; © VCAA

Kym and Kelly are experimenting with trolleys on a ramp inclined at 25°, as shown in Figure 7. They release a
trolley with a mass of 2.0 kg from the top of the ramp. The trolley moves down the ramp, through two light gates
and onto a horizontal, frictionless surface. Kym and Kelly calculate the acceleration of the trolley to be 3.2m s
using the information from the light gates.

light gate

light gate
stationary

trolley
horizontal,

frictionless surface IFD'I

Figure 7

a. i. Show that the component of the gravitational force of the trolley down the slope is 8.3 N.

Useg=9.8ms™2. (2 marks)
ii. Assume that on the ramp there is a constant frictional force acting on the trolley and opposing its motion.
Calculate the magnitude of the constant frictional force acting on the trolley. (2 marks)

b. When it reaches the bottom of the ramp, the trolley travels along the horizontal, frictionless surface at a speed
of 4.0ms~" until it collides with a stationary identical trolley. The two trolleys stick together and continue in the
same direction as the first trolley.

i. Calculate the speed of the two trolleys after the collision. Show your working and clearly state the physics

principle that you have used. (3 marks)
ii. Determine, with calculations, whether this collision is an elastic or inelastic collision. Show your
working. (3 marks)

TOPIC 2 Relationships between force, energy and mass 95



Question 2 (10 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.9; © VCAA
In a model of a proposed ride at a theme park, a 5.0-kg smooth block slides down a ramp from point W and into
an ideal spring bumper without any friction or air resistance, as shown in Figure 13. The final section of the ramp,
between points X and Y, is horizontal. The block comes to an instantaneous stop at point Y.

W block
f
I
i
i
h
|
i ideal spring bumper
: i
v L
X Y
Figure 13
a. Describe the acceleration of the block at points W, X and Y. (4 marks)
b. The maximum compression of the spring is measured as 3.0 m and its spring constant, k, is 100N m™".
Calculate the release height, h. Show your working. (3 marks)
c. Calculate the magnitude of the maximum momentum of the block. Show your working. (2 marks)
d. When the block comes to rest, its momentum is zero. In terms of the principle of conservation of momentum,
state what has happened to the momentum of the block as it comes to rest. (1 mark)

Question 3 (7 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.18a,b,c; © VCAA

A small rubber ball of mass 50 g falls vertically from a given height and rebounds from a hard floor. The ball’s
speed immediately before impact is 3.6 ms™'. The ball rebounds upward at a speed of 3.3m s~ immediately
after it leaves the floor. The ball is in contact with the floor for 40 ms.
a. Calculate the magnitude and direction of the net average force acting on the 50-g ball while it is in contact
with the floor. Show your working. (4 marks)
b. Just before the ball hits the floor, it has a certain amount of kinetic energy, E,.. At one instant when the ball is in
contact with the floor, it is stationary before it rebounds.
Explain what has happened to the kinetic energy, E,, of the ball when it is stationary. (2 marks)
c. Just before the ball hits the floor, it has a certain amount of vertical momentum, p. At one instant when the ball
is in contact with the floor, it is stationary before it rebounds.
What has happened to the vertical momentum, p, of the ball when it is stationary? (1 mark)

Question 4 (7 marks)
Source: VCE 2019 Physics Exam, NHT, Section B, Q.7; © VCAA

Students are using high-speed photography to analyse the collision between a bat and a ball. The experiment
is arranged so that the bat and the ball are both moving horizontally just before and just after the collision,

as shown in Figure 8. Assume that the bat and the ball are point masses. The students record the following
measurements.

mass of bat 2.0kg

mass of ball 0.20kg

speed of bat immediately before collision 10m s~ (bat is stationary after collision)
speed of ball immediately before collision 60m s~ (towards bat)

speed of ball immediately after collision 40m s~ (away from bat)

time ball is in contact with bat 0.010s
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Before the collision After the collision

Q ©)

bat is

I
stationary 40ms

Figure 8

a. Calculate the magnitude of the impulse given by the bat to the ball. Include an appropriate unit.

Show your working.

(3 marks)

b. Calculate the average force of the bat on the ball during the collision. Show your working. (2 marks)
c. Use calculations to determine whether the collision between the bat and the ball is elastic or inelastic.

Show your working.

Question 5 (2 marks)

(2 marks)

Source: VCE 2016, Physics Exam, Section A, Q.4.c; © VCAA
In a test, an unpowered toy car of mass 4.0 kg is held against a spring, compressing the spring by 0.50 m, and

then released, as shown in the figure.

There is negligible friction while the car is in contact with the spring.

The figure also shows the force—extension graph for the spring.
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A second test is done, where the spring is not compressed as far, and the car moves off at a speed of 2.0 ms™".

Calculate the impulse given to the car by the spring. Include an appropriate unit.

More exam questions are available in your learnON title.
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2.3 Work done

KEY KNOWLEDGE

* |nvestigate and apply theoretically and practically the concept of work done by a constant force using:
« work done = force x displacement
« work done = area under force—distance graph (one dimensional only).

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

The amount of energy transferred to or from another object or transformed to or from

. . work energy transferred to or from
another form by the action of a force is called work. 9y

another object by the action of a

. . . . force. Work is a scalar quantity.
The change in energy, AE, caused by a force acting on the object in the same plane as q Y

the motion is the work being done.

2.3.1 Calculating work done by a constant force

The work, W, done when a force, F, causes a movement along a displacement, s, in the direction of the force is
defined as:

work = force X displacement along the direction of the force
W=FXs

Work is a scalar quantity. The SI unit of work is the joule. One joule of work is done when a force of 1 newton
causes a displacement of 1 metre in the same direction as the force.

The work done on an object of mass m by the net force acting on it is given by:

W= Fpes
W = mas

where: W is the work done, in J
s is the object’s displacement, in the direction of motion, in m
F is the force, in N
m is the mass, in kg

a is the acceleration of an object, in m s

When the force is applied at an angle to the direction of the movement, then vectors need to be used. The
component of force parallel to the direction of motion needs to be found.

Consider a student pulling a box along the ground using a piece of rope. The angle between the applied force
and the direction of displacement is 6. It is this angle that allows the separation of the force in the direction of
the displacement from the total force applied.
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FIGURE 2.5 The angle between the applied force and direction changes the work done.

W=Fscosb

where: cos 0 is the cosine of angle of the force to the distance moved of the object
W is the work done, in J
s is the magnitude of the object’s displacement, in m

F is the magnitude of the force, in N

When the force and the movement of the object are in the same direction, 8 = 0°. Since cos 0° = 1, the formula
for work done can be simplified to W= Fs.

When the force and the displacement of the object are in opposite directions, & = 180°. Since cos 180° = —1, it
can be concluded that the work leads to a loss of energy.

Since work is only considered to be done when a force (or a component of a force) is in the direction of the
movement of the object, it can be seen that if an object is being carried at 90° to the direction of movement,
no work is being done on the object. This is because cos 90° = 0. Sometimes, rather than s, you may see Ax or
d used to describe the movement in the horizontal direction. In this resource, the displacement s is being used.
However, as work is a scalar quantity, we often use distance, d, for the magnitude of displacement.

SAMPLE PROBLEM 4 Calculating the work done when an object is pulled at an angle

tlvd-8960

Calculate the work done on a box when it is pulled by a rope that is at an angle of 30° to the direction
of the movement. The box moves a distance of 585 m and the total force exerted on the box is 500 N.

THINK WRITE

1. Use the formula for work when the direction of W= Fscosf
movement is angled.

2. Substitute in the values F = 500 N; s = 585 m; W = 500 x 585 cos 30°
0 =30°

3. Determine the work done on a box in joules. W=253%x10°]
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PRACTICE PROBLEM 4

Calculate the work done on a container when it is pulled by a rope that is at an angle of 52° to the

direction of the movement. The box moves a distance of 231 m and the total force exerted on the box is
440 N.

2.3.2 Calculating work done using a force—distance graph

The work done by a force can also be found by determining the area under a force—distance graph. This is
particularly useful if the force is not constant. The techniques to calculate the area under a graph were outlined
in section 2.2.1 under ‘Calculating impulse from a force—time graph’. Note that where the nature of the motion
described is such that distance and displacement are the same, you can also calculate work from the area under a
force—displacement graph.

SAMPLE PROBLEM 5 Using a force-distance graph to determine the amount of the work

tlvd-8961

done by a force

Using the following graph, determine the amount of work done by the force when the object moves
from 0 to S m.

A
10 H
9 —
8 -
—_ 7
<
o 07
5 51
Lo
3 —
2 —
1
0 T T T T T T T 17>
12 3 456 7 8 910
Displacement (m)
THINK WRITE
1. The work done is the area under the line A
between 0 and 5 m. 10
Determine the dimensions of this area. Z _
—_ [
<
o 07
5 51
Loy
3 -
2 -
14
O T T T T T T T I T T

123 456 7 8 910
Displacement (m)

The base of the triangle is 5 and the height is 5.
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1
2. Calculate the area of the triangle to determine A, = = X5 X5
the amount of work done using the following - 122 5]

formula: A = — X base X height
wiangle = 5 £ ~1%10!, to1s.f.

PRACTICE PROBLEM 5

Determine the amount of work done by the force when the object moves from 5 to 8 m (using the
graph from sample problem 5).

2.3 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C)

2.3 Quick quiz 2.3 Exercise u 2.3 Exam questions L

2.3 Exercise

1. Atotal of 10 000 J of energy is used to move a ute a distance of 50 m. What is the size of the force applied?

2. You use a rope, at 30° to the horizontal, to pull a box of your old physics textbooks along a brick-paved
pathway. The box has a mass of 8.0 kg and you drag it for 5.0 m towards the shed. The tension in the rope,
F+, is 40 N, and the frictional force, Fg, is 20 N. Determine the total work done on the box.

3. A weightlifter lifts a 125-kg barbell to a height of 1.1 m, at constant speed. Calculate the work done by the
weightlifter.

4. An elastic band is stretched 40 cm and then released. Using the graph calculate the work done when the
elastic band is released.

25
20

15

Force (N)

10

Y

0 T T T T
10 20 30 40

Distance (cm)

5. The science laboratory is on the second floor of the school building. Jo, a fellow science student, carries her
5.1-kg backpack up the two flights of stairs. The two flights of stairs have a height of 7.0 m. How much work
has Jo done on her backpack while carrying it up the stairs?
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2.3 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.8; © VCAA

T The graph below shows force versus compression for a spring used in a Physics investigation.

force (N)
A

k-
30 F
20 F
10

L L L L L p compression (m)
0 0.02 0.04 0.06 0.08 0.1

Which one of the following is closest to the compression required to store 0.9 J of potential energy in the spring?
A. 0.05m
B. 0.06m
C. 0.07m
D. 0.08m

Question 2 (4 marks)
Source: VCE 2016, Physics Exam, Section A, Q.4a, b; ©VCAA

In a test, an unpowered toy car of mass 4.0 kg is held against a spring, compressing the spring by 0.50 m, and
then released, as shown in the figure.

There is negligible friction while the car is in contact with the spring.

The figure also shows the force—extension graph for the spring.

LN N Y

m =4.0kg

MG
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40 \\
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20 N

10

> A
0o 0.25 0507 Ax(m)

a. Determine the energy stored in the spring before release. (2 marks)
b Calculate the speed of the car as it leaves the spring. Ignore any frictional forces. (2 marks)
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Question 3 (2 marks)

A satellite moves in uniform circular motion under the influence of the gravitational force of the planet at the
centre of its orbit.

A student claims that the kinetic energy of the satellite should change because of the work done on the satellite
by the gravitational pull of the planet.

Explain whether this claim is correct or incorrect.
Question 4 (2 marks)

The following graph shows the force applied by a bulldozer moving a large boulder a total distance of 4 metres.
Calculate the work done by the bulldozer. Assume both the force and the displacement are in the same direction.

F

500 —

Force (N)

250

0 T T =
2 4

Distance (m)

Question 5 (2 marks)

A student applies a force with their foot to crush an aluminium can. The variation of the force exerted by their foot
on the can is shown in the following graph. Calculate the work done by their foot on the can.

F

300

Force (N)

150

T
0.06 0.12
Distance (m)

More exam questions are available in your learnON title.

TOPIC 2 Relationships between force, energy and mass 103



2.4 Kinetic and potential energy

KEY KNOWLEDGE

* Analyse transformations of energy between kinetic energy, strain potential energy, gravitational potential
energy and energy dissipated to the environment (considered as a combination of heat, sound and
deformation of material):

« kinetic energy at low speeds: E, = 1mv2; elastic and inelastic collisions with reference to
conservation of kinetic energy 2

« strain potential energy: area under force—distance graph including ideal springs obeying Hooke’s
Law: E, = %ksz

« gravitational potential energy: E; = mgAh or from area under a force-distance graph and area under
a field-distance graph multiplied by mass.

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

Energy can be transferred from one object to another. The quantity of energy transferred is equal to the
amount of work done. Energy can be transferred as a result of temperature difference (heating or cooling), by
electromagnetic and nuclear radiation, or by the action of a force.

When you serve in a game of tennis, energy is transferred from the tennis racquet to the tennis ball. The energy
is transferred to the tennis ball by the force applied to it by the tennis racquet. Energy can also be transformed
from one form into another by the action of a force. For example, a tennis ball falling to the ground has its
gravitational potential energy transformed into kinetic energy. The transformation of the energy possessed by
the ball from one form into another is caused by the gravitational force acting on the ball.

2.4.1 Law of Conservation of Energy

Energy cannot be created or destroyed. It can only be converted from one form into another. This is the Law of
Conservation of Energy. During most energy transformations, some energy is degraded into less useful forms,
heating the surroundings and causing noise. If air resistance and other types of friction are small, the amount of
energy degraded can be considered negligible.

When two objects collide, the total energy of the system, which includes the two objects and the surroundings
(the air and ground), is conserved. However, the total energy of the two objects is not conserved because, when
they make contact, some of their energy is transferred to the surroundings.

2.4.2 Kinetic energy

Kinetic energy is the energy associated with the movement of an object. Like all forms of energy, kinetic energy
is a scalar quantity.

Kinetic energy is the energy associated with the movement of an object. The kinetic energy,
E\, of an object of mass m and speed v is expressed as:

E,=—my
)

The kinetic energy, Ey, of an object is equal to the work done on the object by the net force.
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tlvd-8962

Recall from subtopic 2.3 that the work done on an object of mass m by the net force acting on it is given by:

where: s = the displacement of an object.

W=

Fps
mas

If we use the constant acceleration formulas (where the displacement, s, can be equated to the distance, d), work

can also be written as:

1

ma (v —u?)

2a
2 15

= —my-— —mu

2
= AEk

If the initial kinetic energy of the object is zero, the work done by the net force is kinetic energy energy associated

equal to the final kinetic energy. If work is done to stop an object, the work done

is equal to the initial kinetic energy.

with the movement of an object.
Like all forms of energy, it is a
scalar quantity.

SAMPLE PROBLEM 6 Determining the work and magnitude of a force to stop an object

A car of mass 600 kg travelling at 12.0 m s™! collides with a concrete wall and comes to a complete
stop over a distance of 30.0 cm. Assume that the frictional forces acting on the car are negligible.
a. How much work was done by the concrete wall to stop the car?

b. What was the magnitude of net force acting on the car as it came to a halt?

THINK

a. As itis known that the car comes to a complete
stop, the final kinetic energy is 0. As the change
in kinetic energy is being calculated, you only

need to focus on the initial kinetic energy.

b. The magnitude is determined by:

W=F, . Xd

WRITE

a. The net force on the car is equal to the force applied
by the wall. The work done by the wall, W, is given
by:

W= AEk
AE, = %mvz, where m = 600 kg and
v=120ms".
W= lmv2
2

= % X 600 X (12.0)°

=432%x10*7J

b. W=F, Xd
4.32x 10* = F,., X 0.300
(F,, = F, in this case)
=>F,=144%x10°N
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PRACTICE PROBLEM 6

A car travelling at 15 m s™! brakes heavily before colliding with another vehicle. The total mass of the
car is 800 kg. The car skids for a distance of 20 m before making contact with the other vehicle at a
speed of 5.0 m s~!.

a. How much work is done on the car by road friction during braking?

b. Calculate the average road friction during braking.

Elastic and inelastic collisions

The Law of Conservation of Momentum states that when a collision between two objects occurs, the total
momentum of the two objects remains constant.

This statement is valid as long as the two objects comprise an isolated system — that is, as long as there are no
external forces acting on each of the objects.

Consider the differences between the two collisions shown in figure 2.6: a collision between two billiard balls
on a smooth, level billiard table, and a head-on collision between two cars travelling in opposite directions on a
level, icy road.

The two billiard balls can be considered to be an isolated system. The total momentum of the two billiard balls
immediately after the collision is the same as it was immediately before the collision. (It is also the same during
the collision. Momentum, unlike energy, cannot be stored.) The two cars can also be considered to be an isolated
system, because the frictional forces on the cars are relatively small. Therefore, the total momentum of the cars
immediately after the collision is the same as it was immediately before the collision.

FIGURE 2.6 Two collisions — momentum is conserved in both of them.
p - /i e
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What’s the difference?

Apart from the difference between the masses of the objects involved in the collisions, there is one obvious

difference:

e The collision between the two billiard balls is an almost perfect elastic collision. An elastic collision is one
in which the total kinetic energy after the collision is the same as it was before the collision. The sound
made when the balls collide provides evidence that the collision is not quite perfectly elastic. Some of the
initial kinetic energy of the system is transferred to particles in the surrounding air (and within the balls
themselves). However, when making predictions about the outcome of such a collision, it would be quite
reasonable to treat the collision as a perfectly elastic one. In fact, a perfectly elastic ‘collision’ can only
take place if the interacting objects do not actually make contact with

each other. A perfectly elastic interaction can take place when two electrons

move towards each other in a vacuum.

elastic collision collision in
which the total kinetic energy

is conserved
e The collision between the two cars is an inelastic collision. Even though inelastic collision collision in
momentum is conserved, the total kinetic energy of the cars after the which the total kinetic energy is

collision is considerably less than it was before the collision. A significant
proportion of the initial kinetic energy of the system is transferred to the

not conserved

strain potential energy energy
stored in an object as a result of a

bodies of both cars, changing their shapes and heating them. Some of the reversible change in shape

initial kinetic energy is also transformed to sound energy.

Resources

Interactivity Colliding dodgems (int-6610)

2.4.3 Strain potential energy

The energy stored in an object by changing its length or
shape is usually called strain potential energy if the object
can return naturally to its original shape. Work must be done
on an object by a force in order to store energy as strain
potential energy. However, when objects are compressed,
stretched, bent or twisted, the force needed to change their
shape is not constant. For example, the more you stretch a
rubber band, the harder it is to stretch it further. The more
you compress the sole of a running shoe, the harder it is to
compress it further.

The strain potential energy of an object can be determined by
calculating the amount of work done on it by the force. This
can be found by calculating the area under a graph of force
versus change in length (which is referred to as the distance,
compression or extension).

Strain potential energy stored in an object can do work on
other objects, transforming the energy into another form.
When you close the lid of a jack-in-the-box, you do work on
the spring to increase its strain potential energy, transferring
energy from your body to the spring. When the lid is opened
and the spring is released, the spring does work on the ‘jack’,
transforming strain potential energy into kinetic energy and
gravitational potential energy.

FIGURE 2.7 A jack-in-the-box. When the lid
opens, the spring does work on the ‘jack’,
transforming strain potential energy into
kinetic energy.
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SAMPLE PROBLEM 7 Calculating the strain potential energy stored in a spring using a

tlvd-8963 q
force versus compression graph

The following graph shows how the force required to compress a jack-in-the-box spring changes as
the compression of the spring increases.
How much energy is stored in the spring when it is compressed by 25 cm?
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THINK WRITE

1. The energy stored in the spring is equal to the W = area under graph
amount of work done on it. This is the area =area A+areaB +areaC
under the line in the graph.

. . 1
2. Determine the sections under the graph to Area A = —X0.15x15=1.125 Nm
calculate the area. As work is in m, convert B 2 B
the horizontal units to m from cm. AreaB =0.10x15=1.5Nm

AreaC = %XO.]OXS.():OQS Nm

3. Calculate the total area. A+B+C=1.125+1.5+0.25
=29Nm
4. Determine the stored energy (remembering The stored energy is 2.9 J.

that J is the same as N m).

PRACTICE PROBLEM 7

The length of the spring represented by the graph in sample problem 7 is 35 cm.

a. How much strain potential energy is stored in the spring when its length is 15 cm?

b. What is the length of the spring when 0.50 J of strain potential energy is stored in it due to
compression? (This question is a little harder.)
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Hooke’s Law springs to mind

Robert Hooke (1635-1703) investigated the behaviour of elastic springs and found that the restoring force
exerted by the spring was directly proportional to its displacement. The force is called a restoring force because
it acts in a direction that would restore the spring to its natural length.

In vector notation, Hooke’s Law states:

where: F = restoring force, in N

x = displacement (stretch or compression) of the end of the spring from its natural
position, in m

k = spring constant (known as the force constant), in N m™!

The negative sign is necessary because the restoring force is always in the opposite
direction to the displacement.

It is usually more convenient to express Hooke’s Law in terms of magnitude so that the negative sign is not
necessary. That is:

where: F' = magnitude of the restoring force . )
restoring force force applied by

x = compression or extension of the spring a spring to resist compression or
. extension
k = spring constant

Important points to remember include:

e Hooke’s Law applies to springs within certain limits. If a spring is compressed or extended so much that
it is permanently deformed — unable to return to its original natural length — Hooke’s Law no longer
applies.
o The magnitude of the restoring force is equal to the force that is compressing or extending the spring

(Newton’s Third Law).

e The measure x is not the length of the spring. It is a measure of its compression or extension — the change
in length of the spring.

e The spring constant has SI units of N m~!.

e A graph of F versus x produces a straight line with a gradient of .

The strain potential energy of a spring that obeys Hooke’s Law can be expressed as:
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This can be verified by calculating the work done in extending

the spring described in figure 2.8. If the spring obeys Hooke’s FIGEUR_E 2.8 The strain potential energy of a
Law, then calculating the area under the graph of force versus spring is equal to the area under the graph.
extension gives:

3
strain potential energy = work done on spring o
= zirea under graph 'é
= —Ax X kx 2
2 °
1 g
E, = —kx? s F=kx
2 ©
[}
2
o
w
0 X

Extension (m)

v.8964 SAMPLE PROBLEM 8 Calculating the spring constant and strain potential energy using

Hooke’s Law

The following graph describes the behaviour of two springs that

obey Hooke’s Law. Both springs are extended by 20 cm. Z 405
a. What is the spring constant of spring A? g _
b. Which spring has the greatest spring constant? & 30 Fping 3
c. What is the strain potential energy of spring B when its extension g
is 0.20 m? % 20
& spring B
8 10
2
I I I I
0.05 0.10 0.15 0.20
THINK WRITE Sty
. . . 40
a. The spring constant & is equal to the gradient = —
of the graph. Looking at spring A, the ‘rise’ of 20 2 .
the graph is 40 N and the ‘run’ is 0.20 m. = 20 L N
b. The gradient of the graph for spring A is b. Therefore, spring A has a greater spring
greater than that for spring B. constant than spring B — in fact, it is twice
the size.
c. 1. Since the spring obeys Hooke’s Law, the c. Strain potential energy = lkx2
strain potential energy of spring B can be 2
calculated using the formula.
2. Determine k (the gradient). Looking at k = gradient
spring B, the ‘rise’ of the graph is 20 N and _ 20
the ‘run’ is 0.20 m. 0.20
=1.0x 10>’ Nm™!
3. Use the formula to determine the strain Strain potential energy

potential energy. .y x 1.0 x 10% X 0.20?
2

=2.0J
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PRACTICE PROBLEM 8

a. What is the spring constant of spring B, described in sample problem §8?
b. How much strain potential energy is stored in spring A when it is extended by 20 cm?

1va-8965 SAMPLE PROBLEM 9 Calculating the speed of an object using Hooke’s Law
vd-

elog-1878

tivd-8745

A toy car of mass 0.50 kg is pushed against a spring so that it is compressed by 0.10 m. The spring
obeys Hooke’s Law and has a spring constant of 50 N m~!. When the toy car is released, what will its
speed be at the instant that the spring returns to its natural length? Assume there is no friction within
the spring and no frictional force resisting the motion of the toy car.

THINK WRITE
. . . . . 1
1. Determine the formula for strain potential energy. Strain potential energy = Ekx2
. . . 1 1
2. Substitute in the provided values: —kx? = = x50 % (0.10)2
k=50Nm;x=0.10m 2 2
=0.25J
. . . 1
3. Determine the speed when the spring returns to its Emv2 = energy transformed

1
natural length using —my? = energy transformed 1
S = ~X050%12 =025

where: m = 0.50 kg and the energy transformed

= 0.25 J (from step 2) - 0.25
1%0.50
=v=10ms"!
4. Respond to the question. The speed of the toy caris 1.0 m s7!.

PRACTICE PROBLEM 9

A model car of mass 0.40 kg travels along a frictionless horizontal surface at a speed of 0.80 m s™!. It
collides with the free end of a spring that obeys Hooke’s Law. The spring constant is 100 N m™'.

a. How much strain potential energy is stored in the spring when the car comes to a stop?

b. What is the maximum compression of the spring?

INVESTIGATION 2.2 (o0 | _only

The properties of a coil spring

Aim

To determine whether the force applied by a coil spring extending a suspended mass is directly proportional to
the extension of the coil spring and thereby verify Hooke’s Law
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2.4.4 Gravitational potential energy

Gravitational potential energy is the energy stored in an object as a result of its position relative to another
object to which it is attracted by the force of gravity. The gravitational potential energy of an object increases the
further it moves away from the object it is attracted to and decreases the closer it gets to the attracted object.

When you drop an object, the gravitational force does work on it, transforming gravitational potential energy
to kinetic energy as it falls. When you lift an object, you do work on the object to increase its gravitational

potential energy. (Energy is transferred from your body to the object.)

Calculating gravitational potential energy

A quantitative definition of gravitational potential energy can be stated by determining
how much work is done in lifting an object of mass m through a height Ah. To lift an
object without changing its kinetic energy, a force, F, equal to the force due to gravity
acting on the object is needed. The work done is:

gravitational potential energy
energy stored in an object as

a result of its position relative
to another object to which it is
attracted by the force of gravity

W =Fs
= mgAh
= AE, = mgAh

where: AE, is the change in gravitational potential energy, in J
m is the mass of the object, in kg
g is the acceleration due to gravity, in m s~

Ah is the change in height of an object, in m

It is important to remember that the change in gravitational potential energy as a result of a particular change in
height is independent of the path taken. The change in gravitational potential energy of the diver in figure 2.9
is the same whether she falls from rest, jumps upwards first or completes a complicated dive with twists and

somersaults.

FIGURE 2.9 The change in gravitational potential energy of the diver is independent of the path taken.

~
a

F—[ Y |
Y
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SAMPLE PROBLEM 10 Calculating gravitational potential energy and velocity

tlvd-8966

A water slide has a drop of 9.0 m. A child of mass 35 kg sits at the top.
a. What is the child’s gravitational potential energy?
b. How fast will the child be travelling when they hit the water? Ignore any frictional losses.

THINK WRITE
a. Determine the gravitational energy of the child using a. AE, = mgAh
AE, =mgAh, where m =35 kg, g =9.8 m s~ and =35%9.8%9.0
Ah=9.0m. =3.1X]03J
1
b. Determine the gravitational energy of the child using b. Emv2 = mgAh
L 5
Emv =mgAh. =12 = 2gAh
v=12%x9.8ms2x9.0m

=13ms™!

PRACTICE PROBLEM 10

The maximum height of a roller-coaster ride is 30 m above the ground. The lowest height of the ride is

5.0 m.

a. What is the change in gravitational potential energy of a 60-kg passenger?

b. If the passenger was travelling at 0.50 m s™! at the top, what would be their maximum speed at the
lowest point?

Calculating gravitational potential energy using a graph of force versus height

The change in gravitational potential energy is equal to the work done on an object. It can be found by
calculating the area under a graph of force versus height.

FIGURE 2.10 The area under a graph of force versus height can be used to calculate the change in gravitational
potential energy.

Ah

Area = FAh
=mgAh
= change in
gravitational
potential energy

Gravitational force, F

Height, h ha
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The quantity g is known as the gravitational field strength (sometimes referred to as gravitational field).

The change in gravitational potential energy of an object can be determined by calculating the area under a
graph of gravitational field strength versus height (equal to gAk) and multiplied by its mass.

Ah
K=}
25 Area = gAh
§ £ = change in
o2 gravitational
;g 2 potential energy
z® = mass x area
1G] =mgAh
h Height, h hy

2.4.5 Energy transformations in collisions

Whether or not a collision is elastic depends on what happens to the colliding objects during the collision. When
two objects collide, each object is deformed. Each object applies a force on the other — the forces are equal and
opposite! The size of the applied force increases as the deformation increases (just like a compressed spring). If
each object behaves elastically, all the energy stored as strain potential energy during deformation is returned to
the other object as kinetic energy. The collision is therefore elastic.

In the collision between the two billiard balls discussed earlier, the work done on each ball as it returns to its
original shape is almost as much as the work done during deformation. Therefore, almost all the strain potential
energy stored in each ball while they are in contact with each other is returned as kinetic energy. This is an
example of nearly perfect elastic collision.

The graph in figure 2.11 shows that, in an elastic collision, the work done on an object during deformation (the
area under the force versus deformation graph) is equal to the work that the object does on the other object as

it returns to its original shape. The graph in figure 2.12 illustrates a collision between two electrons. The work
done to slow down the approaching electron is the same as the work done to increase its speed during separation.

FIGURE 2.11 A graph of force versus FIGURE 2.12 A graph of force versus
deformation for an object involved in an separation for an electron approaching
elastic collision another electron

Approaching

Force applied to other object

|
|
|
|
|
|
|
:
o |
& A
ko |
R :
£ |
:

| Separating
|
i

0 Deformation 0 Separation
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Figure 2.13 shows that, even though the total kinetic energy and total strain potential energy change during an
elastic collision, the sum of the kinetic energy and strain potential energy is constant. In an inelastic collision,
the sum of the kinetic energy and strain potential energy decreases because energy is dissipated from the system
of objects to the environment as heat, permanent deformation of the objects and sound.

FIGURE 2.13 Energy transformations during an elastic collision

Contact begins Minimum Contact ends
T~ separation e
Key
—— Sum of kinetic
3 energy and strain
E potential energy
i}
Kinetic energy
.......... Strain potential
: . energy
Before 7 During . After
contact contact contact
0 Time

EXTENSION: Crumple zones

The crumple zones at the front and rear of cars are designed to reduce injuries by ensuring that the collisions
are not elastic. Between these crumple zones is the more rigid passenger ‘cell’. This is designed to protect
occupants from the intrusion of the engine or other solid objects that could injure or even kill them.

According to Newton’s Second Law, the car’s crumple zone increases the time during which the velocity
changes. The result is a decrease in the deceleration of the occupants, reducing the severity of injury.

The reason that crumple zones work can be also understood by

analysing a collision’s energy transformations. When a car collides FIGURE 2.14 Crumple zones at
with a rigid object, the object does work on the car, transforming the front and rear of cars absorb
its kinetic energy into other forms of energy and some to its energy and reduce the magnitude of

surroundings. Most of the kinetic energy of the car is used to deform  acceleration during an accident.
the body of the car while some heats the surrounding air. Without
the crumple zone, the distance over which the force acts lessens,
and the car would likely rebound. The result would be a greater
acceleration (in magnitude) of occupants, and therefore a greater
chance of serious injury or death.

The effectiveness of gloves in baseball and cricket relies on this
same principle. Like the crumple zones of cars, they are designed
to ensure that collisions are inelastic.
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SAMPLE PROBLEM 11 Calculating speed after a collision and determining whether a

tivd-8967 e :
collision is elastic

A white car of mass 800 kg is driven along a slippery straight road at a speed of 20 m s™!

(72 km h™). It collides at a stationary blue car of mass 700 kg. During the collision, the blue car is
pushed forward at a speed of 12 m s,

a. What is the speed of the white car after the collision?

b. Show that the collision is not elastic.

THINK WRITE

a. 1. Assign the direction in which the a. The initial momentum of the system, p;, is given by:

white car is moving as positive.
Assume that friction is negligible.
Momentum is calculated using the
formula p = my. The mass of the white
car is 800 kg and the initial velocity
was 20 m s}, and the mass of the blue
car is 700 kg and the initial velocity

was Om s!.

2. Determine the final momentum of the
system using the formula, p = mv. The
mass of the white car is 800 kg and the
mass of the blue car is 700 kg and the

final velocity was 12 m s7!.

3. Conservation of momentum states
P, =p;.

b. 1. If the collision is elastic, the total
kinetic energy after the collision will
be the same as the total kinetic energy
before the collision. Calculate the total
kinetic energy using Emv2 for both

the white and the blue car and adding
these together.

2. Show that the collision is not elastic.

pi :pwhite +pblue
= My, Vy, + myvy,
= (800 X 20) + (700 X 0)
=16000+0

=1.6x10*kgms™!

The final momentum of the system, py, is given by:
Ps = Pypite T Poiue
= (800 X Vypie) + (700 X 12)

= 800 X Vypie + 8.4 % 103
Vunie = velocity of the white car after the collision

800 ¥, i + 8.4 X 103 = 1.6 X 10%
800 v, e = 7.6 X 103

= Vyhie = 9.-5ms™!
I

The speed of the white car after the collision is 9.5 ms™.

— _ —1 _ 1
Myhite = 300 kgv Viwhite initial = 20m s > Vwhite final = 95 m S
_ _ —1 _ —1
Myjye = 700 Kg, Vpiye initial = 0 M 877, Vyjye fina = 12 m 8

Total kinetic energy before the collision is given by:
%x800x202+ % X700x0*=1.6%x10°J
Total kinetic energy after the collision is given by:
%x800><9.52+ % X700 x 122
=8.7x10*J

Kinetic energy is not conserved. The collision is not
elastic.
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tlvd-10811

PRACTICE PROBLEM 11

a. A green dodgem car of mass 400 kg has a head-on collision with a red dodgem car of mass 300 kg.
Both dodgem cars were travelling at a speed of 2.0 ms~! before the collision. What is the rebound
speed of the green dodgem car if the red dodgem car rebounds at a speed of:

i..0ms™!
ii.2.0 ms~1?
b. Are either of the collisions in part (a) elastic? If so, which one?

EXTENSION: The importance of airbags

Most deaths and injuries in car crashes are caused by
collisions between occupants and the interior of the car.
Driver front airbags are designed to reduce the injuries
caused by impact with the steering wheel and should
inflate only in head-on collisions.

Airbags inflate when the crash sensors in the car detect
a large deceleration. When the sensors are activated,
an electric current is used to ignite a chemical called
sodium azide (NaN;). The sodium azide stored in a
metal container at the opening of the airbag burns
rapidly, producing sodium compounds and nitrogen
gas. The reaction is explosive, causing a noise like the
sound of gunfire. The nitrogen gas inflates the airbag

to a volume of about 45 L in only 30 ms. When the
driver’s head makes contact with the airbag, the airbag
deflates as the nitrogen gas escapes through vents in
the bag. The dust produced when an airbag is activated
is a mixture of the talcum powder used to lubricate

the bags and the sodium compounds produced by

the chemical reaction. Deflation must be rapid enough to allow the driver to see ahead after the accident. The
collision of the driver with the airbag is inelastic. Most of the kinetic energy of the driver’s body is transferred to
the nitrogen gas molecules, as kinetic energy.

INVESTIGATION 2.3 o0 _only]

Elastic and inelastic interactions

(a) To record the motion of two objects during an interaction between them and determine the velocity of each
object before and after the interaction

(b) To determine the momentum of two objects before and after three different types of interaction and,
subsequently, determine whether the total momentum is conserved

(c) To determine the kinetic energy of two objects before and after three different types of interaction and,
subsequently, determine whether the total kinetic energy is conserved

(d) To distinguish between elastic and inelastic collisions

Resources

Weblink Car safety systems
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2.4 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your

feedback and access additional results and

sample responses questions progress

2.4 Quick quiz J 2.4 Exercise U 2.4 Exam questions

2.4 Exercise

1. Atennis ball drops vertically onto a hard surface.

a. Is the collision of the falling ball with the ground elastic?
b. How do you know?
c. Is momentum conserved during this collision?

2. Two cars of equal mass and travelling in opposite directions on a wet and slippery road collide and lock
together after impact. Neither car brakes before the collision. The tangled wreck moves off in an easterly
direction at 5.0 m s™' immediately after the collision. One car was travelling west at 20 m s™' immediately
before the collision.

a. What was the initial velocity of the other car?
b. What fraction of the initial kinetic energy was ‘conserved’ during the collision?

3. The graph shown describes the behaviour of three springs as known
masses are suspended from one end.

a. What is the force applied by spring A to a 1.0-kg mass suspended
from one end?
b. What is the spring constant of spring B?

N
ol
]
>

N
o
|

3
2
g
c. Which spring has the greatest stiffness? & 15 - B
d. How much work is done by a 500-g mass on spring C to extend it E
fully? S 104
e. Which spring has the greatest strain energy at maximum §
extension? % 5 (©
4. A weightlifter raises a 150-kg barbell vertically through a height of §,
1.20 m. g
a. Sketch a graph of gravitational field strength versus height of the 0 10 20 30 40 50
barbell.

Extensi
b. Use the graph to determine the change in gravitational potential Xtension (cm)

energy of the barbell.
c. How much work did the weightlifter do on the barbell?
5. Calculate the gravitational potential energy of the following objects.
a. A 70-kg pole vaulter 6.0 m above the ground
b. An 80-kg pile driver raised 7.0 m above the pile
c. A 400-kg lift at the bottom of an 80-m mine shaft relative to the ground
6. A 900-kg car travelling at 20 m s™' on an icy road collides with a stationary truck. The car comes to rest over a
distance of 40 cm.
a. What is the initial kinetic energy of the car?
b. How much work is done by the truck to stop the car?
c. What average force does the car apply to the truck during the collision?
7. Arock is dropped from a height into mud and penetrates. If it was dropped from twice the height, compare
the original penetration depth to the second penetration depth.
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2.4 Exam questions
Question 1 (7 marks)
Source: VCE 2021 Physics Exam, Section B, Q.9a; © VCAA

Abbie and Brian are about to go on their first loop-the-loop roller-coaster ride. As competent Physics students,
they are working out if they will have enough speed at the top of the loop to remain in contact with the track while
they are upside down at point C, shown in Figure 9. The radius of the loop CB is r.

e —————— —»

X metres A

Figure 9

The highest point of the roller-coaster (point A) is 15 m above point B and the car starts at rest from point A.

Assume that there is negligible friction between the car and the track.

a. What is the speed of the car at point B at the bottom of the loop? Show your working. (2 marks)

b. What is the maximum height of the loop (X metres) that will ensure that the car stays in contact with track at
point C? Show your working. (2 marks)

c. If friction is taken into account, will Abbie and Brian need to increase or decrease their predicted value for the
radius of the loop? Explain your answer. (3 marks)

Question 2 (8 marks)
Source: VVCE 2019 Physics Exam, NHT, Section B, Q.5; © VCAA

Students conduct an experiment in which a mass of 2.0 kg is suspended from a spring with spring constant
k=100Nm™".

Ignore the mass of the spring.
Take the gravitational field, g, to be 10N kg™
Take the zero of gravitational potential energy when the mass is at its lowest point.

The experimental arrangement is shown in Figure 6.

DS L1 C e U R e =. rele‘aise
position yi } {_’} position
----- v xXios
1 V4
v oy
equilibrium 0 lowest point
position w--a of oscillation
Figure 6

a. The mass is attached to the spring and slowly lowered to its equilibrium position.
Calculate the extension, y, of the spring from its unstretched position to its equilibrium position.
Show your working. (2 marks)
b. The mass is now raised to the unstretched length of the spring and released so that it oscillates vertically.
i. Determine the distance, x, from the release position to the point at which the mass momentarily comes to
rest at the lowest point of oscillation. Ignore frictional losses. Show your working. (2 marks)
ii. Calculate the maximum speed of the mass. Show your working. (4 marks)
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Question 3 (9 marks)
Source: VCE 2018 Physics Exam, NHT, Section B, Q.9; © VCAA

A spring launcher is used to project a rubber ball of mass 2.0 kg vertically upwards. The arrangement is shown in
Figure 6.

The ball is driven by a spring, which is compressed and released. When the spring reaches the top, point X, it is
held stationary, but is still partly compressed as the ball leaves the launcher. Assume that the spring has no mass.

uncompressed —z—»

position |
I
I
1 0I m = T X
| 0 5(') ball leaves
i N m spring
vy SN Y loly o _____ launcher
% here
uncompressed spring compressed spring ball launched
Figure 6

The force-distance graph of the spring is shown in Figure 7, on which the lower and upper positions of the spring
in the spring launcher are marked.

force (N)
A

60
50
40
30
20
10

0 $» compression of
0 0.1 02 03 04 05 06 07 08 09 1.0 1.1 1.2 1.3 14 15 1.6 spring from

i i i uncompressed

length, Ax (m)

uncompressed highest point (X) lowest point (Y)
length
Figure 7
a. Calculate the spring constant, k, of the spring. (2 marks)
b. Calculate the change in spring potential energy of the spring as it goes from the lowest point, Y, to the highest
point, X. (3 marks)

c. The spring, with a ball in place, is released from point Y. It moves up to point X, where it is stopped and the
ball is launched.
Calculate the speed of the ball when it leaves the spring launcher. Show the steps involved in your
working. (4 marks)
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Question 4 (2 marks)
Source: VCE 2017, Physics Exam, Section B, Q.8.b; © VCAA

A roller-coaster is arranged so that the normal reaction force on a rider in a car at the top of the circular arc at
point P, shown in Figure 7, is briefly zero. The section of track at point P has a radius of 6.4 m.

Figure 7

The car is faulty and only achieves a speed of 4.0ms™" at the top of the arc at point P.

Calculate how fast this car would be moving when it reaches the bottom at point Q, 5.0 m below point P. Assume
that there is no friction and no driving force on the car.

Question 5 (3 marks)
Source: VCE 2017, Physics Exam, Section B, Q.12; © VCAA
Students are using two trolleys, Trolley A of mass 4.0 kg and Trolley B of mass 2.0 kg, to investigate kinetic
energy and momentum in collisions.

Before the collision, Trolley A is moving to the right at 5.0 m s and Trolley B is moving to the right at
2.0 ms™, as shown in Figure 10a. The trolleys collide and lock together, as shown in Figure 10b.

I
I
5.0ms! 20ms!!
1
I
Figure 10a Figure 10b

Determine, using calculations, whether the collision is elastic or inelastic. Show your working and justify
your answer.

More exam questions are available in your learnON title.
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2.5 Review

Hey students! Now that it's time to revise this topic, go online to:

é Access the t-l Review your Watch teacher-led " Practise past VCAA
topic summary results videos exam questions

Find all this and MORE in jacPLUS @

2.5.1 Topic summary

Momentum
p=mv
p =mv
Impulse = change in
momentum
| MorT\entum and Impulse I = FAt = mAv
impulse
Impulse = area under
force-time graph
_|  Conservation of p =p
> momentum before after
> W = Fs cos 6
> Work done
W = area under force—
distance graph
Force, energy and
mass
Conservation of
energy
Kinetic and potential _1
1 > E.= mv,
energy 2
Kinetic energy —
_| Elastic and inelastic
collisions
> Hooke’s Law > F =—kx
Strain potential " E,= ;_ o2
energy
E, = area under
force—displacement
graph
,| Gravitational potential & E,=mghAh
energy

E, = area under

force-height graph

Y

E, =mass x area
under field strength-
height graph

'
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2.5.2 Key ideas summary only

2.5.3 Key terms glossary only
Resources
Solutions Solutions — Topic 2 (sol-0816)

Practical investigation eLogbook Practical investigation eLogbook — Topic 2 (elog-1633)

Digital documents Key science skills —VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 2 (doc-37167)
Key ideas summary — Topic 2 (doc-37168)

Exam question booklet Exam question booklet — Topic 2 (eqb-0099)

2.5 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

::Find all this and MORE in jacPLUS

2.5 Review questions

1. Two billiard balls with identical mass, m, collide with one another. Ball 1 has an initial velocity of 5 m s~ to
the right. After the collision, ball 1 continues to move to the right, now with a velocity of 0.8 m s~'.
Calculate the velocity of ball 2 before the collision if the collision is completely elastic. Assume the system

is isolated and has no external forces acting on it.

2. A contractor lifts a 10-kg tool box up 0.40 m to hand to a colleague, at constant speed. Calculate the work
done by the contractor.

3. The ancient Egyptians relied on knowledge of the physics of energy transformations to build the Great
Pyramids at Giza. They used ramps to push limestone blocks with an average mass of 2300 kg to heights
of almost 150 m. The ramps were sloped at about 10° to the horizontal. Friction was reduced by pumping
water onto the ramps.

a. How much work would have been done to lift an average limestone block vertically through a height of
150 m?

b. How much work would have been done to push an average limestone block to the same height along a
ramp inclined at 10° to the horizontal? Assume that friction is negligible.

4. A 60-kg bungee-jumper falls from a bridge 50 m above a deep river. The length of the bungee cord when it
is not under tension is 30 m. Calculate the:

a. kinetic energy of the bungee-jumper at the instant that the cord begins to stretch beyond its natural length

b. strain energy of the bungee cord at the instant that the tip of the jumper’s head touches the water. (Her
head just makes contact with the water before she is pulled upwards by the cord.) The height of the
bungee-jumper is 170 cm.
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5. Two ice skaters, Melita and Dean, are performing an ice dancing routine. Dean (mass of 70 kg) glides
smoothly at a velocity of 2.0 m s™! east towards a stationary Melita (mass of 50 kg), holds her around the
waist, and then they both move off together. During the whole move, no significant frictional force is applied
by the ice.

a. What is Dean’s momentum before making contact with Melita?

b. Where is the centre of mass of the system of Dean and Melita 3.0 s before impact?
c. What is the velocity of the centre of mass of the system before impact?

d. Calculate the common velocity of Melita and Dean immediately after impact.

e. What impulse is applied to Melita during the collision?

6. A car travelling at 60 km h™! collides with a large tree. The front crumple zone folds, allowing the car to
come to a complete stop over a distance of 70 cm. The 70-kg driver is wearing a properly fitted seatbelt.
As a result, the driver’s body comes to rest over the same distance as the rest of the car behind the crumple
zone.

a. Determine the amount of work done by the seatbelt in stopping the driver

b. What is the magnitude of the average force applied to the driver by the seatbelt?

c. Estimate the magnitude of the force that would be exerted by the front interior of the car on an
unrestrained driver in the same accident. Assume that the driver does not crash through the windscreen.

7. Estimate the gravitational potential energy of the following objects.

a. The roller-coaster (as shown in the following image) when it is at the top of the loop, with reference to the
bottom of the loop, if the loop has a diameter of 10 m, and the cart has a mass of 4.5 tonnes

b. The high jumper (as shown in the following image) with reference to the ground, if the jumper has a mass
of 60 kg, and is attempting a 1.7-m jump

c. A 1.3-kg textbook on a 1.2-m high table, with reference to the floor

d. A 58-g tennis ball about to be hit, at a height of 3 m, during a serve with reference to the ground

8. Angela rides a toboggan down a slope inclined at 30° to the horizontal. She starts from rest and rides a
distance of 25 m down the slope. Angela and her toboggan have a combined mass of 60 kg.

a. How much work is done on Angela by the force of gravity?

b. If friction is negligible, what would her speed be at the end of her ride?

c. How much work is done on Angela by the normal reaction?

d. In reality, the frictional force on Angela is not negligible. Her speed at the end of her ride is measured to
be 7.2 m s~!. What is the magnitude of the frictional force?

9. A 1500-kg car travelling west at a speed of 20 m s™! on an icy road collides with a 2000-kg truck travelling
at the same speed in the opposite direction. The vehicles lock together at impact.

a. What is the velocity of the tangled wreck immediately after the collision?

. Use your answer to part a to determine what impulse is applied to the truck during the collision.
. Which vehicle experiences the greatest change in velocity, in magnitude?

. Which vehicle experiences the greatest change in momentum?

. Which vehicle experiences the greatest force?

O Q 0 T
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10. The graph shows how the force applied by the rubber bumper

at the front of a 450-kg dodgem car changes as it is compressed 300
during factory testing. 250
a. If the dodgem car collides head-on with a solid wall at a speed E 200 ©
. . . ~ A\
of 2.0 m s™', what is the maximum compression of the front g &
9 5 150 <8
rubber bumper? 2 &

b. How much work is done on the dodgem car by the rubber 100
bumper as it is compressed?
c. If the rubber bumper obeys Hooke’s Law, with what speed will

9 0 T T T T
the dodgem car rebound from the wall? 02 04 06 08 10

Compression (cm)

50

>

2.5 Exam questions

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VCE 2021 Physics Exam, Section A, Q.11; © VCAA

A force versus compression graph for a suspension spring is shown below.

force (kN)
A

4.0} mesmesr s

3.0+

2.0+

T T T — compression (m)
0.01 0.02 0.03 0.04 0.05

Which one of the following is closest to the spring constant of the spring?

A. 0.16 Nm™’

B. 1.0x 10° Nm™'
C. 1.6 x10° Nm™
D. 1.0x10°Nm™
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Question 2

Source: VCE 2021 Physics Exam, Section A, Q.12; © VCAA

A force versus compression graph for a suspension spring is shown below.
force (kN)
r

PR SO
3.0
2.0 4

1.0+

T T T — compression (m)
0.01 0.02 0.03 0.04 0.05

The spring is compressed to 0.02 m.
Which one of the following is closest to the potential energy stored in the spring?

A. 0.04J
B. 0.20J
C. 20J
D. 40J

Question 3

Source: VCE 2022 Physics Exam, Section A, Q.6; © VCAA

A railway truck (X) of mass 10tonnes, moving at 3.0ms™"

the diagram below.

, collides with a stationary railway truck (Y), as shown in

After the collision, they are joined together and move off at speed v=2.0ms™".

Before collision
X 3.0ms’! Y
(10 tonnes)

e @ i B

stationary

After collision

X Y 2.0ms’!
—>

% @ @& &

Which one of the following is closest to the mass of railway truck Y?

A. 3tonnes
B. 5tonnes
C. 6.7tonnes
D. 15tonnes
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Question 4

Source: VVCE 2020 Physics Exam, Section A, Q.9; © VCAA

Two blocks of mass 5 kg and 10kg are placed in contact on a frictionless horizontal surface, as shown in the

di

agram below. A constant horizontal force, F, is applied to the 5-kg block.

F
> Ske 10kg

VAN

Which one of the following statements is correct?

A.

B
C.
D

The net force on each block is the same.

. The acceleration experienced by the 5 kg block is twice the acceleration experienced by the 10 kg block.
The magnitude of the net force on the 5 kg block is half the magnitude of the net force on the 10 kg block.

. The magnitude of the net force on the 5 kg block is twice the magnitude of the net force on the 10 kg block.

Question 5

Source: VCE 2020 Physics Exam, Section A, Q.10; © VCAA

Two blocks of mass 5 kg and 10kg are placed in contact on a frictionless horizontal surface, as shown in the

di

If

agram below. A constant horizontal force, F, is applied to the 5-kg block.

the force F has a magnitude of 250 N, what is the work done by the force in moving the blocks in a straight line

for a distance of 20 m?

A.

B
C.
D

5kJ

. 25kJ
50kd

. 500kJ

Question 6

Source: VCE 2018 Physics Exam, NHT, Section A, Q.12; © VCAA

A

millisecond. The ball moves off at 50ms™'.

golf club strikes a stationary golf ball of mass 0.040 kg. The golf club is in contact with the ball for one
1

The average force exerted by the club on the ball is closest to

A

B.

C

D.

. 2.0N
1.0x10°N
. 2.0x10°N
1.0x 106N
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Question 7

Source: VCE 2018, Physics Exam, Section A, Q.8; © VCAA

A railway truck X of mass 10 tonnes, moving at 6.0 m s™, collides with a stationary railway truck Y of mass
5.0 tonnes. After the collision the trucks are joined together and move off as one. The situation is shown below.

Before the collision

6.0ms!
10 tonnes ~ —p
TN 5.0 tonnes
X Y
n n n "
stationary
After the collision
aniniiie ™ —"
X Y
o < o
The final speed of the joined railway trucks after the collision is closest to
A. 20ms™
B. 3.0ms™
C. 40ms™
D. 6.0ms™
Question 8

Source: VCE 2018, Physics Exam, Section A, Q.9; © VCAA

A railway truck X of mass 10 tonnes, moving at 6.0 m s7!, collides with a stationary railway truck Y of mass
5.0 tonnes. After the collision the trucks are joined together and move off as one. The situation is shown below.

Before the collision

6.0ms!
10 tonnes
AN 5.0 tonnes
X Y
stationary
After the collision
ettt —
X Y

The collision of the railway trucks is best described as one where

A. kinetic energy is conserved but momentum is not conserved.
B. kinetic energy is not conserved but momentum is conserved.
C. neither kinetic energy nor momentum is conserved.
D. both kinetic energy and momentum are conserved.
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Question 9

Source: VVCE 2017, Physics Exam, Section A, Q.8; © VCAA

A model car of mass 2.0 kg is propelled from rest by a rocket motor that applies a constant horizontal force of
4.0 N, as shown below. Assume that friction is negligible.

rocket motor

—— . . ~ .
— direction of motion

- —

model car

Which one of the following best gives the magnitude of the impulse given to the car by the rocket motor in the
first 5.0 s?

A. 40Ns
B. 80Ns
C. 20Ns
D. 40Ns

Question 10

Source: VCE 2017, Physics Exam, Section A, Q.13; © VCAA

A model car is on a track and moving to the right. It collides with and compresses a spring that is considered
ideal, as shown in the diagram below.

The car compresses the spring to 0.50 m when the car comes to rest. The force-distance graph for the spring is
also shown below.

Assume that friction is negligible.

model car
— /\/\/\/\/\/4\2_
1
400t
v
300 -
/
L
FMN) 200
va
100 v
/
e
0 » Ax (m)
0 020  0.40 0.60  0.80 1.0

What is the initial kinetic energy of the car?

A 25J
B. 50J
C. 100J
D. 200J
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Section B — Short answer questions

Question 11 (2 marks)

Source: VCE 2021 Physics Exam, Section B, Q.8b; © VCAA

On 30 July 2020, the National Aeronautics and Space Administration (NASA) launched an Atlas rocket (Figure 7a)
containing the Perseverance rover space capsule (Figure 7b) on a scientific mission to explore the geology and
climate of Mars, and search for signs of ancient microbial life.

A

“
s oot

Figure 7b

=
Figure 7a

On 18 February 2021, the Perseverance rover space capsule, travelling at 20 000 km h™", entered Mars’s
atmosphere at an altitude of 300 km above the surface of Mars. The mass of the capsule was 1000 kg.

Calculate the kinetic energy of the capsule at this point. Show your working.

Question 12 (3 marks)

Source: VCE 2018 Physics Exam, NHT, Section B, Q.7; © VCAA

Students are studying the behaviour of a golf club hitting a golf ball, treating it as a collision between the head of
the golf club and the golf ball only, as shown in Figure 4.

golf club golf ball

Figure 4
The students take the following measurements.
mass of head of golf club 0.50kg
mass of golf ball 0.040kg
initial speed of golf club 45ms™!
final speed of golf club after hitting golf ball 40ms™!

The golf ball is stationary before being hit. The ball’s speed immediately after being hit is 63ms™".

Use calculations to determine whether the collision is elastic or inelastic. Show your working.
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Question 13 (5 marks)

Source: VCE 2020 Physics Exam, Section B, Q.9; © VCAA

An ideal spring is compressed by 0.15 m. A ball of mass 0.20Kg is placed in contact with the compressed spring.
The spring is then released, causing the ball to move horizontally, with a velocity of v, across a smooth surface, as
shown in the figure.

%
spring g —>
, O

ground

1 1

a. If the spring constant is 1250 Nm™', show that the magnitude of the initial velocity, v, of the ball is 12ms™’,
correct to two significant figures. Show your working. (2 marks)

b. Calculate the speed of the ball after it has fallen a vertical distance of 2.5 m. Show your working. (3 marks)
Question 14 (12 marks)

Source: VCE 2020 Physics Exam, Section B, Q.10; © VCAA

Jacinda designs a computer simulation program as part of her practical investigation into the physics of vehicle
collisions. She simulates colliding a car of mass 1200 kg, moving at 10ms™, into a stationary van of mass
2200kg. After the collision, the van moves to the right at 6.5ms~". This situation is shown in the figure.

Before collision

—Pp 10ms!
0 O [e] (o)
car van

After collision

—Pp 65ms!
v?
e » [e] O
car van

a. Calculate the speed of the car after the collision and indicate the direction it would be travelling in.

Show your working. (4 marks)
b. Explain, using appropriate physics, why this collision represents an example of either an elastic or an inelastic
collision. (3 marks)

c. The collision between the car and the van takes 40 ms.
i. Calculate the magnitude and indicate the direction of the average force on the van by the car. (3 marks)
ii. Calculate the magnitude and indicate the direction of the average force on the car by the van. (2 marks)
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) Question 15 (3 marks)

Source: VCE 2019, Physics Exam, Section B, Q.8; © VCAA

A 250 g toy car performs a loop in the apparatus shown in the figure.

——————— e =

The car starts from rest at point A and travels along the track without any air resistance or retarding frictional
forces. The radius of the car’s path in the loop is 0.20 m. When the car reaches point B it is travelling at a speed
of3.0ms™.

Calculate the value of h. Show your working.

Hey students! Access past VCAA examinations in learnON

Sit past VCAA : Receive immediate Identify strengths
. examinations ~ feedback ; and weaknesses

Find all this and MORE in jacPLUS (C)

Hey teachers! Create custom assignments for this topic

i? Create and assign :. Access quarantined :- Track your
QO

unique tests and exams tests and assessments 4 5  students’ results

Find all this and MORE in jacPLUS ®
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UNIT 3 | AREA OF STUDY 1 REVIEW

AREA OF STUDY 1 How do physicists explain
motion in two dimensions?

OUTCOME 1

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

PRACTICE EXAMINATION

Section Number of questions Number of marks
A 20 20
B 5 20
Total 40

Duration: 50 minutes

Information:
e This practice examination consists of two parts. You must answer all question sections.
e Pens, pencils, highlighters, erasers, rulers and a scientific calculator are permitted.
¢ You may use the VCAA Physics formula sheet for this task.

Resources

Weblink VCAA Physics formula sheet

SECTION A — Multiple choice questions
All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Use the following information to answer questions 1, 2 and 3:
A small van, with a mass of 2500 kg, was travelling at 25 m s™! south when it collided with the rear of a car
travelling in the same direction. The velocity of the van is reduced to 15 m s™' south over a time interval of 0.80 s.

1. Which of the following best describes the average acceleration of the van?
A. 12.5m s north
B. 12.5m s south
C. 8.0 m s north
D. 8.0 ms™ south
2. What is the impulse on the car by the van? You may assume the collision is isolated.
A. 12500 N s north
B. 12 500 N s south
C. 25000 N s north
D. 25000 N s south
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3. How much kinetic energy was lost by the van during the collision?
A. 1.3x10*J
B. 2.8x10°J
C. 5.0x10°J
D. 7.8x10°J

Use the following information to answer questions 4, 5 and 6:
A golfer tees off by hitting a golf ball with a velocity of 40 m s™' at an angle of 34° to the horizontal. You may
ignore the effects of air resistance.

4. Assuming the ball lands at the same height as the height from which it was hit, which of the following is the
closest to the expected range of the golf ball?

A. 61 m
B. 99 m
C. 134 m
D. 151 m
5. What is the maximum height the ball attains above the point where it was hit?
A. 26m
B. 46 m
C. 56m
D. 68 m

6. If the effects of air resistance are taken into consideration, what would happen to the range and the maximum
height attained by the golf ball?

A. The range would increase and the maximum height would decrease.
B. The range would increase and the maximum height would increase.

C. The range would decrease and the maximum height would increase.
D. The range would decrease and the maximum height would decrease.

Use the following information to answer questions 7 and 8:
A cyclist and her bicycle, total mass of 78 kg, negotiates a roundabout at a constant speed of 12 ms™'. The
diameter of her path around the roundabout is 18 m.

7. What is the nearest value for the net force on the tyres of the bicycle?
A. 50N
B. 100N
C. 620 N
D. 1250 N

8. The cyclist increases her speed to 14 m s7': however, she decides to change the diameter of her path around
the roundabout so that the net force on the bicycle tyres remains the same. What should she do?

A. Increase the diameter of her path

B. Decrease the diameter of her path

C. Retain the same diameter of her path

D. There is insufficient information to determine the change required.
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Use the following information to answer questions 9 and 10:
A car is travelling over a crest with a radius of 9.0 m at a constant speed, v, as shown in the following diagram.

o o

\/

r=9.0m

9. The normal force on the car when it is at the top of the crest is zero (Fy = 0 N). At what speed is the car
travelling?

A. 49ms™’
B. 94ms ™’
C. 77ms™
D. 9% ms™

10. The car travels over the crest again but this time at a lower speed. Which of the following is the expected
normal force on the car?

A. Fy=0N
B. Fy<ON
C. Fy>0N
D. Unknown, since there is insufficient information

11. Two large dogs are playing tug-of-war. Each dog pulls with a force of magnitude 600 N.
The magnitude of the force exerted by the rope on each dog is closest to:

A. ON.

B. 300 N.
C. 600 N.
D. 1200 N.

12. Devi and Helen want to use a spring for a practical experiment but the one they found does not have its
spring constant labelled. They used slotted masses and a ruler to create the following force—distance plot
with a line of best fit.

Force (N)

3 -

T T T Distance (mm)
5 10 15
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The spring constant of the spring they found is closest to:
A. 0.2Nm™,

B. 200N m~.

C. 500Nm~".

D. 2000Nm™",

13. At a game of footy, a 420-g ball, initially at rest, is kicked by a player. The contact between the player’s foot
and the ball lasts for 0.60 ms. The magnitude of the final velocity of the ball is 22 ms™.
Which one of the following is closest to the average force experienced by the ball?
A. 1.5kN
B. 15kN
C. 3.7kN
D. 37kN

14. A truck travelling at 90 km h™" brakes to a complete stop over a distance of 40 m under a constant
braking force.
If the same truck had been travelling at 60 km h™" instead, which of the following is closest to the braking
distance for the truck to come to a complete stop with the same constant braking force?
A. 40m
B. 30m
C. 27m
D. 18m

15. The force-distance graph of a bow being drawn is shown below.

Force (N)

100 -
80
60 |
40 -

20

T —> Distance (m)
0.10 0.20

The amount of work done to draw the bow back 20 cm is closest to:
A. 8J.

B. 16 J.
C. 8 kJ.
D. 16 kJ.
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Use the following information to answer questions 16 and 17:
A 3.0-kg mass is resting on a frictionless surface. It is connected via a frictionless pulley to a 2.0-kg mass by a
massless cable. The 2.0-kg mass is then allowed to fall due to gravity.

m = 3.0 kg

m=2.0kg

16. What is the magnitude of the acceleration of both masses?
A. 1.9ms™
B. 39ms™
C. 59ms™
D. 7.9 ms™
17. If the two masses were swapped, what would happen to the magnitude of the acceleration when the 3.0-kg
falling mass is allowed to fall, compared to the magnitude of the acceleration in the case represented in the
diagram?
A. It would increase.
B. It would decrease.
C. It would stay the same.
D. There is insufficient information to determine this.

Use the following information to answer questions 18, 19 and 20:

A bowling ball is allowed to fall, due to gravity, onto a spring, as shown in the following diagram. As it comes into
contact with the spring, it begins to compress the spring. The ball continues to compress the spring until it stops
momentarily. After this moment, the spring begins to rebound and the bowling ball begins to move upwards. Air

resistance may be ignored.

L

18. What is the magnitude of the acceleration of the bowling ball just after it touches the spring?
A. Equaltog
B. Lessthang
C. Greaterthang
D. Equalto 0

19. What is the direction of the acceleration of the bowling ball just after it touches the spring?
A. Upwards

B. Downwards
C. Neither upwards nor downwards
D. Unknown, since there is insufficient information
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20. Which of the following statements is correct?

A. When the spring is extending, the strain potential energy of the spring increases, and when the spring is
compressing, its strain potential energy decreases.

B. The direction of the acceleration of the bowling ball changes from downwards to upwards when the
extending spring reaches its maximum extension.

C. At maximum compression of the spring, strain potential spring energy is at its maximum, and
is transformed into kinetic energy.

D. At maximum compression of the spring, the kinetic energy of the bowling ball is maximal.

SECTION B — Short answer questions

Question 21 (3 marks)

A minibus of mass 1700 kg travelling with a velocity of 25 m s™' west collides head-on with a solid wall. The
minibus rebounds with a velocity of 5.0 m s~ east. The minibus is in contact with the wall for 0.80 s. Assume that
no external force acts on this system.

Calculate the average force that the wall exerts on the minibus during the collision. Show your working.

Question 22 (5 marks)

A 3.0-kg model car starts from rest on an inclined plane. The car is initially 1.7 m above ground level. After
descending the ramp, the car comes to rest along a rough carpet surface, taking 6.0 m to completely stop. Ignore
any friction effects on the ramp.

a. Determine the initial gravitational potential energy of the car. (1 mark)
b. What is the kinetic energy of the car as it first leaves the ramp and meets the carpet? Explain your answer
using energy considerations. (1 mark)
c. Calculate the maximum speed of the car. (1 mark)
d. What is the work done on the car by the carpet? Explain your answer. (1 mark)
e. Determine the average force exerted on the car by the carpet. (1 mark)

Question 23 (4 marks)

A student is carrying out an experiment to investigate projectile motion. She fires a metal ball horizontally from a
bench top. The bench top is 0.90 m above the floor, and the ball hits the floor at a distance of 1.6 m from a point
directly below the edge of the bench. Assume that the floor is horizontal, and air resistance is negligible.

a. What is the elapsed time from when the ball leaves the edge of the bench to when it hits the floor? (1 mark)
b. At what speed did the ball leave the bench? (1 mark)
c. What is the speed of the ball just before it strikes the floor? Explain your answer. (2 marks)
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Question 24 (3 marks)

A car of mass 1100 kg is travelling at a constant speed of 12 m s™' on a flat section of road that forms an arc of a
circle of radius 30 m. This situation is shown in the following diagram.

Direction
of travel

a. What is the magnitude of the net force acting on the car? (1 mark)
b. Which of the arrows A to E gives the direction of the net force acting on the car at the instant shown? (1 mark)

A road engineer has proposed replacing this flat section of road with a banked curve. The angle of the curve is
such that the same 1100-kg car could travel at the same speed of 12 m s™' around the banked curve, without any
sideways friction on the tyres.

c. What should be the angle of the banked curve to the horizontal? (1 mark)

Question 25 (5 marks)

A 28.0-kg spherical mass is attached to a 67.0-m wire of negligible mass. The spherical mass is pulled back until
it makes an angle of 60.0° with the vertical, as illustrated in the figure below.

The spherical mass is then released with no initial speed. Assume that air resistance is negligible.

a. Explain what happens to the gravitational potential energy and the kinetic energy of the pendulum as it swings

back and forth. (2 marks)
b. Determine the maximum speed of the spherical mass. Explain your answer. (2 marks)
c. Determine the maximum tension in the wire. (1 mark)
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UNIT 3 | AREA OF STUDY 1

PRACTICE SCHOOL-ASSESSED COURSEWORK

ASSESSMENT TASK — ANALYSIS AND EVALUATION OF PRIMARY AND/OR
SECONDARY DATA, INCLUDING DATA PLOTTING, IDENTIFIED ASSUMPTIONS OR DATA

LIMITATIONS, AND CONCLUSIONS

In this task, you will be required to evaluate the data related to a test collision between two cars and
evaluate the collision from the perspectives of both momentum and energy.

® This practice SAC requires you to respond to the provided stimulus material and analyse data.

* You may use the VCAA Physics formula sheet and a scientific calculator for this task.

Total time: 55 minutes (5 minutes reading, 50 minutes writing)
Total marks: 36 marks

INVESTIGATING COLLISIONS BETWEEN CARS

At a vehicle testing facility, collisions between cars are used to determine safety measures for passengers. In one
test, car A, of mass 1400 kg, collides with stationary car B, of mass 800 kg.

6 o 6 o

Car A CarB

In the following table, the velocities of the two cars A and B are given for each 2.0-millisecond interval during
which the collision is occurring. The table is incomplete.

Velocity of car A (m s7') Velocity of car B (m s7')

0.0 14.0 0
2.0 13.0 1.4
4.0 12.0 2.8
6.0

8.0

10.0

12.0 8.0 8.4
14.0 7.0 9.8
16.0 7.0 9.8

You must answer all questions in both part A and part B.
PART A: Analysing the collision from the perspective of momentum

1. Calculate the initial momentum for car A and the initial momentum for car B and hence the total momentum

of the two cars before the collision.
2. Assuming the acceleration of both cars A and B is uniform, complete the missing entries for velocity in the

table.
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3. Graph the velocities (using a line graph) of both car A and car B versus time on the one set of axes. Label

the axes and each graph clearly, using a well-chosen scale for your graph.

Use your graph to estimate the time when the cars are travelling at the same speed.

5. Calculate the final momentum for car A and the final momentum for car B and hence the total momentum of
the two cars after the collision.

6. Does it appear that the collision between the two cars is an isolated one? Is it likely that the road surface
exerted a force on both cars during the collision? Give an explanation to support your choice.

7. Use your graph to calculate the average acceleration of each of the cars during the collision.

8. Determine the average force acting on car A and the average force acting on car B during the collision. Are
the two forces the same or different in value? Explain your answer in relation to Newton’s Third Law.

9. Calculate the distance travelled by car B during the collision.

>

PART B: Analysing the collision from the perspective of energy

10. Calculate the initial kinetic energy for each of car A and car B and hence the total kinetic energy of the two
cars before the collision.

11. Calculate the final kinetic energy for each of car A and car B and hence the total kinetic energy of the two
cars after the collision.

12. Is the collision an elastic collision? Explain your choice using your results for questions 10 and 11.

13. Calculate the amount of energy that has been transformed from the initial kinetic energy of car A into other
forms. State the likeliest form that most of the kinetic energy has transformed into.

Resources

Digital document School-assessed coursework (doc-39421)
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.’ AREA OF STUDY 2 HOW DO THINGS MOVE WITHOUT CONTACT?

o Gravitational fields and
Y 3 their applications E

KEY KNOWLEDGE

In this topic, you will:
describe gravitation using a field model
investigate theoretically and practically gravitational fields, including directions and shapes of
fields, attractive and repulsive effects, and the existence of dipoles and monopoles
investigate theoretically and practically gravitational fields about a point mass or charge
(positive or negative) with reference to:
« the direction of the field R S
e the shape of the field 2 P
o the use of the inverse square law to determine the magnitude of the field % = : :
» potential energy changes (qualitative) associated with a point mass moving in the field ,-
identify fields as static or changing, and as uniform or non-uniform ;

analyse the use of gravitational fields to accelerate mass, including:
M mym
» gravitational field and gravitational force concepts: g = GF and Fy = e

’2
* potential energy changes in a uniform gravitational field: E; = mgAh
analyse the change in gravitational potential energy from area under a force vs distance
graph and area under a field vs distance graph multiplied by mass
apply the concepts of force due to gravity and normal force including in relation to satellites
in orbit where the orbits are assumed to be uniform and circular

model satellite motion (artificial, Moon, planet) as uniform circular orbital motion:

V2 Amer

R —— —T .
r T ¥ el e
® describe the interaction of two fields, allowing that masses only attract each other.
Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission. e i

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported : .
by a practical investigation eLogbook and teacher-led video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access past VCAA questions and exam-style questions and their video solutions in every . % WS
lesson, to ensure you are ready. :




3.1 Overview

Hey students! Bring these pages to life online AN qu
Watch Engage with Answer questions ',) 9
videos interactivities and check results /°

Find all this and MORE in jacPLUS (C)

3.1.1 Introduction

Our lives are profoundly affected by gravity. Our muscles
are constantly working against the gravitational pull on our
bodies towards the centre of Earth. Our heart has to pump
our blood so that it can circulate around our body. When
we throw a ball, the pull on the ball by Earth dictates the
path of the ball. Upon observing the night sky, we see the
Moon, which orbits Earth every 29 days. The gravitational
pull on the Moon towards the centre of Earth causes the
Moon to orbit Earth. Gravitational attractions between
masses explain the motion of the whole solar system.

The existence of an attractive force between masses was a
revolutionary idea articulated by Isaac Newton in his Law
of Universal Gravitation. In this topic we also introduce the
concept of a gravitational field. Imagine a map showing the
strength and direction of the attractive force on a 1-kg mass at all points in space. A gravitational field is such
a map. Knowledge of the gravitational field allows calculation of the energy changes experienced by objects
moving through space, enabling humans to successfully launch rockets and send probes to other planets.

FIGURE 3.1 Understanding gravitational forces
has allowed humans to put satellites in orbit
around Earth.

LEARNING SEQUENCE

G T B @ V= V= O
3.2 Newton’s Universal Law of Gravitation and the inverse square law
3.3 The field MOAEI .........cc.cooviiiiieec e

3.4 Motion in gravitational fields, from projectiles to satellites in SPACE ...........c.ccccovviviiiiiiiiice s 159
3.5 Energy changes in gravitational fIeldS ... 172
BUB REVIBW ..o S AR 184
Resources
Solutions Solutions — Topic 3 (sol-0817)

Practical investigation eLogbook Practical investigation eLogbook — Topic 3 (elog-1634)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 3 (doc-37169)
Key ideas summary — Topic 3 (doc-37170)

Exam question booklet Exam question booklet — Topic 3 (egb-0100)
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3.2 Newton’s Universal Law of Gravitation and the
inverse square law

KEY KNOWLEDGE

¢ Investigate theoretically and practically gravitational forces between point masses with reference to:
« the direction of the force
« the use of the inverse square law to determine the magnitude of the force

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

3.2.1 Mass and gravitation

Nearly three hundred and fifty years ago, Isaac Newton was trying to explain the motion of the planets and the
Moon. He had already established his three laws of motion. Newton realised if all masses are attracted to each
other, there is an attractive force that can explain the motion of Earth around the Sun, the motion of the Moon

around Earth and even the motion of a dropped ball.

Newton’s Law of Universal Gravitation says that all masses attract each other and that the strength of the
gravitational force of attraction between any two masses is proportional to the magnitude of each of the masses.

3.2.2 The inverse square law

The force due to gravity between two masses gets weaker as the distance between inverse square law relationship
them increases. It is inversely proportional to the square of the distance between in which one variable is

A . roportional to the reciprocal
the centres of the two masses. This is an inverse square law. prop proce
of the square of another variable

EXTENSION: Standing on the shoulders of giants

Newton was preceded by the brilliant Johannes Kepler (1571-1630). Kepler’s study of astronomical data obtained
by his teacher and master, the remarkable Danish astronomer Tycho Brahe, led him to discover Kepler’s first law,
namely that planets move in elliptical orbits with the Sun at one focus. Newton’s laws of motion show that an
object moving in a circle, or an ellipse, experiences an overall force directed towards the focus, a force whose
magnitude is inversely proportional to the square of the radius from the focus. Newton’s genius was to realise
that the force came from the attraction between the masses of the planets and the mass of the Sun, a force
which he called gravitation.

The inverse square law explained

Imagine Earth as a perfect sphere. A ball placed on the surface of Earth is approximately 6400 km from Earth’s
centre (Rg is the radius of Earth) and is attracted to Earth by all of Earth’s mass. The ball could be placed at any
point on the surface and experience the same size of attraction towards Earth’s centre.

At Earth’s surface, the attraction towards the Earth’s mass is spread over a surface area of 47TR§. Imagine

now that the ball is moved to a position Rg above Earth’s surface, 2R from Earth’s centre. The amount of

mass attracting the ball has not changed; however, the area that the attractiveness is spread over is now

A7 (2R)? = 1671.‘?2. As a result, the attractive force on a ball placed a distance of 2R from the centre is four
times weaker than the force experienced at a distance of R from the centre. At a distance of 3R from Earth’s
centre, the attractiveness is spread over an area of 471'(3/31’,5)2 = 367TF?§, so the force on ball is nine times weaker
than the force experienced at a distance of R from Earth’s centre.
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The attraction is not affected by the radius of either mass, so the masses can be modelled by point particles
located at the centre of each mass.

FIGURE 3.2 The inverse square law illustrated. As the distance from a mass increases, the attraction is
spread over an increasingly large area. The strength of attraction to the mass is inversely proportional to
the square of the distance from the centre of the mass.

Putting it all together, Newton’s Law of Universal Gravitation states that the magnitude of the force on a point
mass, m,, by another point mass, m,, where the centres of the masses are separated by a distance r is given by:

F =Gm1m2

BT

where: F, is the gravitational force on m; by m,, in N

G is the gravitational constant (6.67 x 107! N kg™ m?)
m; is the mass of object 1, in kg
my, is the mass of object 2, in kg

r is the distance between the masses, in m

Note that the direction of the attractive force experienced by m, points towards m,, along an imaginary line
connecting the centres of the two masses.

The value of G is very small, and over short distances, gravitational forces are generally weaker than electrical
and magnetic forces.

EXTENSION: Measuring the gravitational constant

The value of G could not be determined at the time of Newton because the mass of Earth was not known.
Another 130 years passed before Henry Cavendish was able to measure the gravitational attraction between
two known masses and calculate the value of G.
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8968 SAMPLE PROBLEM 1 Calculating the force due to gravity between two objects
vd-

Calculate the force due to gravity of the following:
a. Earth (with a mass of 5.97 x 10** kg) on a 70-kg person standing on the equator
b. a 70-kg person standing on Earth’s equator

THINK WRITE

a. Recall the formula for Newton’s Law of a. Assume that the direction towards Earth is positive.
Universal Gravitation. r __MEarthMperson
The distance r is the separation of the on person by Earth = 2
centres of the two masses. _ 6.67%x 10711 x5.97x 10% x 70

(6.37x 106)°
= 6.9 X 10? N to two significant figures
The force due to gravity of Earth on a 70-kg person
standing on the equator is 6.9 X 10*> N towards the
centre of Earth.

b. Remember Newton’s Third Law: The force  b. F, garih by the person = —Fon person by Earth

on A by B is equal in magnitude and — —69%10°N
opposite in direction to the force on The negative value means that the direction of the
B by A. force is in the opposite direction to the force on the

person by Earth.
The force due to gravity of a 70-kg person standing
on Earth’s equator is 6.9 X 10> N towards the person.

PRACTICE PROBLEM 1

Use the following data to calculate the force due to gravity by Earth on the Moon and the force due to
gravity by the Moon on Earth:

mass of Earth = 5.97 x 10* kg
mass of Moon = 7.35 x 10** kg
distance between Earth and the Moon = 3.84 x 10® m.
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3.2 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

3.2 Quick quiz J 3.2 Exercise u 3.2 Exam questions

3.2 Exercise

1. The gravitational force experienced by an object is known as the force due to gravity. Using the data in the
table below, calculate the magnitude of the force due to gravity Fy experienced by a 70.0-kg person at the
surface of Mars and at the surface of Jupiter.

Give your answers to 3 significant figures.

[Planet | Massika) Racius (m)
Mars 6.39 x 10%° 3.39x 10°
Jupiter 1.90x 10" 6.69x 107

(G =6.67x107"" Nm? kg"z)

2. Using the data below, calculate the magnitude of the force of attraction between Earth and the Sun.
Give your answer to 3 significant figures.
Massg,, = 5.97 x 10%* kg

Massg,, = 1.99 x 10’ kg
Distanceg sy, = 1.49x 10" m

(G =6.67x107"" Nm? kg"2>

3. If Earth expanded so that its radius is multiplied by 3, without any change in its mass, determine what would
happen to the magnitude of the force due to gravity on an individual on the surface of Earth and thus copy
and complete the following sentence.

The magnitude of the force due to gravity would be ___ of the initial force.

4. Using the data below, calculate the ratio of the magnitude of the gravitational force on a ball at the surface of
Mercury to the magnitude of the gravitational force on the same ball at the surface of Earth. Give your answer
to 3 significant figures.

Pinet 1" iass ko) | Radusm

Mercury 3.29x10% 2.44x10°
Earth 5.97 x 10** 6.37 x 10°

5. A 100-kg satellite S; orbits Earth at a distance of one Earth radius (rz) above Earth’s surface.
A 200-kg satellite S, orbits Earth at a distance of two Earth radii above Earth’s surface.
a. Calculate the ratio of the magnitude of the gravitational force experienced by satellite S, to S,.
b. How far above Earth should S, orbit so that the magnitude of the gravitational force experienced by satellite
S, is two times larger than that experienced by S,? Give your answer in terms of Earth radii (rz) above
Earth’s radius.

6. Using the data below, determine how many Earth radii (rz) from the centre of Earth an object must be
positioned for the magnitude of the gravitational force by Earth on the object to equal the magnitude of the
gravitational force that would be exerted by the Moon on the same object if the object was on the Moon’s
surface. Give your answer to 3 significant figures.

Celestial object Mass (kg) Radius (m)

The Moon 7.35x10% 1.74%10°
Earth 5.97 x10* 6.37 x10°
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3.2 Exam questions

Question 1 (1 mark)
Source: VCE 2017 Physics Sample Exam, Section A, Q.3; © VCAA

I Students measure the gravitational force between two masses of 1.0 kg and 100 kg, placed 10 cm apart.
The universal gravitational constant, G, is 6.67 x 107" N m? kg'z. Which one of the following best gives the
gravitational force of attraction between the two masses?

A. 1.0x10°N
B. 6.7x10°N
C. 6.7x107N
D. 1.0x10°N

Question 2 (1 mark)

I An astronaut arriving on the Moon feels lighter than on Earth. Which of the following gives the correct reason

for this?

A. The gravitational field strength of the Moon is smaller than that of Earth; therefore, the force experienced by
the astronaut is less than on Earth.

. The astronaut is a long way from Earth, so the force due to gravity is smaller.

. The diameter of the Moon is smaller than the diameter of Earth, so the gravitational field strength is smaller.

. The gravitational field strength of the Moon is smaller than that of Earth; therefore, the masses are smaller on
the Moon.

OO0 w

Question 3 (1 mark)

Il Mass A and Mass B are placed in a gravitational field, at exactly the same distance from a central body.

Mass A is 1000 times larger than Mass B. There are no other forces acting on the masses. Which of the following

is correct?

A. The force on mass A is the same as the force on mass B.

B. The acceleration of mass A is 1000 times larger than the acceleration of mass B.

C. The gravitational field experienced by mass A is 1000 times larger than the gravitational field strength
experienced by mass B.

D. The acceleration of mass A is the same as the acceleration of mass B.

Question 4 (2 marks)
A 300-kg terrestrial satellite has a circular orbit 10 000 km above the surface of Earth.

Using the information below, calculate the magnitude of the gravitational force experienced by the satellite. Give
your answer to 3 significant figures.

G =6.67x10""Nm2kg™
mg =5.97x10% kg

re =6.37x10°m

Question 5 (2 marks)

Using the information below, calculate the magnitude of the gravitational force of Earth on a 50-g hailstone
formed at an altitude of 6000 m. Give your answer to 3 significant figures.

G =6.67x10"" Nm2kg™
mg = 5.97 x 10** kg

re =6.37x10°m

More exam questions are available in your learnON title.
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3.3 The field model

KEY KNOWLEDGE

® Describe gravitation using a field model

* Investigate theoretically and practically gravitational fields about a point mass with reference to:
« the direction of the field
« the shape of the field
« the use of the inverse square law to determine the magnitude of the field

¢ Describe the interaction of two fields, allowing that masses only attract each other

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA,; reproduced by permission.

3.3.1 The field model

Imagine a probe travelling through our solar system. At any point, the probe is

. . . ravitational field vector field
attracted towards the Sun, planets and even asteroids, each of which is much more 2

describing the property of space

massive than the probe. The combined attraction by the Sun, planets and other that causes an object with mass to
massive bodies can be described as a gravitational field. experience a force in a particular
direction

The gravitational field, g, is defined as the gravitational force experienced by the probe,
F,, divided by the mass of the probe, m. The force, field and probe mass are related by the equation:

F,=mg

where: F, is the force on an object due to gravity, its magnitude is expressed in N
m is the mass of the object, in kg

g is the gravitational field, and its magnitude, the gravitational field strength,
isin N kg™! (or m s72)

Note that for a body on Earth, the gravitational force Fy is also denoted as F, pody by Earth-

A field is defined as a physical quantity that has a value at each point in space. There are different types of
fields. The gravitational field is a vector field as it also has a direction at every point in space. A field is often
represented by a diagram.

In a gravitational field diagram:
e arrows show the direction of force that a mass at that point would experience
e the spacing of the lines indicates field strength: more closely spaced lines indicate a stronger field
e field lines never touch or intersect, because the force on an object cannot have multiple magnitudes or
directions at the same time.

In a diagram of Earth’s gravitational field (see figure 3.3) the arrows point towards Earth, indicating that any
mass placed in Earth’s gravitational field will experience a force towards Earth. The field lines become further
apart as the distance from Earth increases, showing that the field is weakening and is non-uniform (in a uniform
field, the value of the field strength remains the same at all points). In addition, Earth’s gravitational field does
not change with time, it is static.
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FIGURE 3.3 Diagram of Earth’s gravitational field

Lines of equal field strength

\‘__A — -

3.3.2 The gravitational field from a point mass

We have seen that the gravitational force on a mass m due to the attraction to a point mass M is given by

Mm . . o
F,= 67 towards the point mass M. This means that, as F, = mg near Earth’s surface, the gravitational field
M

strength, g, of the point mass M is simply g=G =

M
=G—
5T

where: g is the gravitational field strength, in N kg!
G is the gravitational constant (6.67 x 107" N m? kg2)
M is the mass of the point source, in kg

r is the distance to the point source, in m

The direction of the gravitational field is radially inwards, towards the point mass M. This can be used as a
model for the gravitational field from objects such as Earth, the Moon, other planets and the Sun. The larger the
mass source, the greater the magnitude of the gravitational field.
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Graphing the gravitational field

Graphing the gravitational field shows clearly that the field strength is inversely proportional to the square of
the distance from the mass. As the distance increases, the gravitational field decreases. The gravitational field is
non-uniform.

FIGURE 3.4 Graph of Earth’s gravitational field strength versus distance from the centre of Earth

Gravitational field strength (N kg™)

3Re

Distance from the centre of Earth

5960 SAMPLE PROBLEM 2 Calculating gravitational field strength

Calculate the gravitational field strength of the Moon at the surface of the Moon if its mass is
7.35 x 10** kg and its radius is 1.74 x 10° m.

THINK WRITE

M
Recall the formula g = G%, where: g= G—2

E
G=6.67x10"""Nm? kg™> 6.67x 10711 x 7.35 x 10?2

_ 22 =
M—7.35><106 kg and (1.74><106)2
r=1.74%x10°m -1
= 1.62N kg

PRACTICE PROBLEM 2
Calculate the gravitational field strength of the Sun at the centre of Earth, given the following:

Mgyn = 1.99 x 103 kg

distance from the centre of Earth to the centre of the Sun = 1.50 x 10! m.
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EXTENSION: The gravitational field inside Earth
What does the gravitational field look like inside Earth? Newton showed that the gravitational field inside a hollow
spherical shell is in fact zero. This means that, closer to the centre of Earth, only the mass inside that radius

contributes to the gravitational field at that point. The overall effect is that the gravitational field decreases linearly
from the outside of Earth towards the centre.

FIGURE 3.5 Graph of Earth’s gravitational field strength, including the strength inside Earth

9.8 f-----

Earth

3.3.3 The gravitational field close to the surface of Earth

You have just learned that the gravitational field of Earth decreases as the square of the distance from the centre
of Earth. The strength of the gravitational field at Earth’s surface can be estimated using the values for the mass
and radius of Earth, M = 5.97 x 10?** kg; R =6.38 X 10° m:

g= 6.67x 10711 x5.97 x 10**

(6.38 x 106)
=9.80NKg™!

However, Earth is huge compared to the scale of ordinary human actions. For a distance of 1000 m from the
surface of Earth, the gravitational field has decreased by a mere 0.03%, from 9.805 N kg~! t0 9.802 N kg~'. The
gravitational field strength experienced by a ball dropping from an initial height of a couple of metres above the
surface of Earth is effectively constant or uniform with strength 9.8 N kg~! vertically downwards towards the
surface of Earth. A field that has the same magnitude and same direction everywhere in a given space is called a
uniform field.
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FIGURE 3.6 Zooming in on the gravitational field very close to the surface of Earth, from a human perspective, the
gravitational field appears to be constant and uniform. A mass placed at any point in this field would experience
the same magnitude and direction of force: F = mg.

Lines of equal field strength

3.3.4 Gravitational fields from two masses

When a rocket travels from Earth to the Moon, we need to take into account both the gravitational attraction to
Earth and to the Moon. The gravitational field, g, experienced by the rocket is the vector sum of the field from
Earth and the field from the Moon.

£§= gEarth + gMoon

Because the two fields are in opposite directions, to find the magnitude of the total field we subtract one
field from the other. Taking the positive direction towards the Moon, as illustrated in figure 3.7, the magnitude
of the gravitational field experienced by the rocket is given by:

M,
g =—G Earth +G

rocket — earth rocket — Moon

M, Moon

Initially, the overall field is towards Earth. As the rocket approaches the Moon, the size of Earth’s field decreases
and the size of the Moon’s field increases, so the overall field will become smaller. The rocket will pass through
a point where the field is zero. From there, the overall field will be towards the Moon and its size increases as the
rocket approaches the Moon’s surface.
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FIGURE 3.7 A rocket travelling from Earth to the Moon experiences the gravitational pull from both Earth and
the Moon.

Positive direction

B — e
Earth
Moon
grooket»Earth- _ Grocket-Moon °

I'ocket-Earth I'rocket-Moon

SAMPLE PROBLEM 3 Calculating the magnitude of the gravitational field on a rocket

halfway between Earth and the Moon

A rocket travels in a straight line from Earth to the Moon. What is the magnitude and direction of the

gravitational field experienced by the rocket at the halfway point?
Use the following information:

Earth’s mass is Mgarn = 5.97 X 10*# kg

The Moon’s mass is Mygoon = 7.35 X 10% kg

and the distance between Earth and the Moon is 384 400 km.

THINK WRITE

e Earth and the Moon can be modelled as e Take towards the Moon as the positive
point masses. direction.

e The gravitational field from a point mass is g=— GMEarth + GM Moon
directed towards the centre of the mass. r r

* This means the gravitational field from 5.97 x 10%

_ —11
Earth and the Moon act in opposite = el (] 922 % ]08)2
directions on the rocket. '

. : : _ 7.35%x10%
At the halfway point, the distance to centre +667x10- 1122272
of Earth and the distance to the centre of the ( 1.922 % 1()3)2

o 8
Moonis r=1.922 10" m. =—1.06x 10> N kg™ to three significant

figures

e The negative value for g means that at the
point halfway between Earth and the Moon,
the direction of the overall gravitational field
is towards Earth.

PRACTICE PROBLEM 3

Consider the situation where Mercury is directly on a line between the Sun and Venus. How much
does Venus’s gravitational field affect the gravitational field experienced by Mercury?

Use the following information:
 The Sun’s mass is Mgu,= 1.99 x 10* kg
* Venus’s mass is Myenus = 4.87 x 10** kg
* The distance Mercury—Sun is rsyn-Mercury = 5.79 x 10'* m
* The distance Mercury—Venus is F'venys-Mercury = 5.01 x 10* m
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3.3 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

3.3 Quick quiz ‘ 3.3 Exercise U 3.3 Exam questions

3.3 Exercise

1. a. Calculate the gravitational field strength on a 1.50-kg ball held at a height of 2.00 metres above the surface
of Earth (the radius of Earth is rg = 6.37 x 10° m; its mass is mg = 5.97 x 10%* kg).
Give your answer to 3 significant figures.
(G=6.67x10""Nm?kg™?)

b. The ball is dropped. Calculate the magnitude of the net force on the 1.50-kg ball as it falls to the surface of
Earth. Give your answer to 3 significant figures

2. Answer the following.

a. Compare the magnitude of the force on an object that is positioned one Earth radius above the surface of
Earth to the magnitude of the force on the same object if it was positioned two Earth radii above the surface
of Earth.

b. Copy and complete the diagram below to sketch the gravitational field of Earth: draw a few vectors, every
30° for instance, indicating the force on an object that is positioned one Earth radius above the surface of
Earth, and a few vectors indicating the force on the same object if it was positioned two Earth radii above
the surface of Earth.

c. Is the gravitational field uniform or non-uniform? Explain how this is indicated in your sketch.
3. Using the data provided in the table below, and G = 6.67 x 10~"' Nm? kg2, calculate the gravitational field
strength at the surface of Earth, Mars, Venus and Pluto. Give your answers to 3 significant figures.

Planet/dwarf planet Mass (kg) Radius (m)

Earth 5.97 x 10%* 6.37 x10°
Mars 6.39 x 10% 3.39%x10°
Venus 4.87x10* 6.05x 10°
Pluto 1.31x10% 1.19%x 108
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. Explain why the gravitational field lines for an isolated mass always point radially inwards towards the centre
of the mass.
. Answer the following.
a. Using the data provided below, calculate the gravitational field strength at the distances d of 10000 km,
20000 km and 30000 km from the centre of Earth.
Give your answers to 3 significant figures.

G=6.67x10"""Nm? kg2

Earth’s mass: mg = 5.97 x 10 kg

b. Calculate the following ratios of the field strengths at 10 000 km, 20 000 km and 30 000 km from the centre
of Earth.

i. Field strength at 20 000 km : Field strength at 10 000 km
ii. Field strength at 30 000 km : Field strength at 10 000 km
iili. Field strength at 30 000 km : Field strength at 20 000 km

c. Compare the ratios and explain the pattern you observe.

. A gravitational field strength detector is released into Earth’s atmosphere and reports back a reading of

9.73N kg™".

a. If the detector has a mass of 10.0kg, calculate the magnitude of the force of gravity acting on it.

b. If the detector is to remain stationary at this height, what is the magnitude of the upward force that must be
exerted on the detector?

c. Use the information below to calculate how far the detector is from the centre of Earth. Give your answer to
3 significant figures.

G=6.67x10"""Nm? kg2
Earth’s mass: mg = 5.97 x 10 kg

. Answer the following.

a. Use the information below to calculate gg, the gravitational field strength experienced by the Moon from the
Sun, and gg, the gravitational field strength experienced by the Moon from Earth. Give your answers to 3
significant figures.

G=6.67x10""Nm?kg~?

Earth’s mass: mg =5.97 x 10%* kg

Sun’s mass: mg = 1.989 x 10% kg

Average distance Earth-Moon (centre to centre): re_y = 3.84 X 10% km
Average distance Sun-Moon (centre to centre): rg,, = 1.50 X 108 km

b. Compare the gravitational field strength experienced by the Moon from the Sun with that from Earth and
discuss whether this result is surprising. Comment on its significance in regard to the motion of the Moon.

. A spacecraft leaves Earth to travel to the Moon.

a. Use the following data to determine how far from the centre of the Earth the spacecraft is when it
experiences a net force of zero. Give your answer 3 significant figures.

Earth’s mass: m; = 5.97 x 10** kg
Moon’s mass: m,, = 7.35 x 10?? kg
Average distance Earth-Moon (centre to centre): rg , = 3.84 x 10° km

b. Copy and complete the diagram below to show the location (to scale) of the spacecraft when the net force

it experiences is zero.

3.84 x 108m

@
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9. Meredith and Julian are interested in determining whether the alignment of the Sun and the Moon on the same
side of Earth, or on opposite side of Earth, has a noticeable effect on the gravitational field strength on
opposite points on Earth’s surface.

They gathered the information below.

G =6.6743x10"""Nm? kg~

Earth’s radius: ry =6.3781x10°m

Moon’s mass: m,, = 7.3460 x 102 kg

Sun’s mass: mg = 1.98847 x 10%° kg

Average distance Earth-Moon (centre to centre): rg , = 3.84400 x 10° km
Average distance Sun-Earth (centre to centre): rg , = 1.4742 x 108 km
They consider the following two scenarios (not drawn to scale):

(a) (b)

Meredith makes the hypothesis that the gravitational field would be significantly greater at the red dot location
in scenario (b) than in scenario (a) while Julian makes the hypothesis that the gravitational field would be
approximately the same at both dot locations in both scenario (a) and scenario (b).

a. Using the information gathered by Meredith, calculate the combined gravitational field strength g from the
Sun and the Moon at the point on the surface of the Earth indicated by the red and orange dots for both
scenarios illustrated on the figure and complete the table below.

Give your answer to 5 significant figures and take towards the centre of the Sun to be the positive direction.

Focenaro e o i)

(a) red
(a) orange
(b) red
(b) orange

b. Using your results to part a, evaluate the two students’ hypotheses.
3.3 Exam questions
Question 1 (1 mark)

1 1
A The planet Jupiter has a mass approximately m that of the Sun and its radius is approximately E that of
the Sun.
If g, is the acceleration due to gravity at the surface of Jupiter, and g is the acceleration due to gravity at the

surface of the Sun, which of the following gives the best approximation for the ratio &?
9s

A — B. — C.10 D. —
10 100 1000
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Question 2 (2 marks)
The gravitational field strength on Jupiter’s second largest moon, Europa, is 1.31 Nkg™". Its radius is 1.56 x 10° m.
Calculate its mass. Give your answer to 3 significant figures.
(G=6.67x10""Nm*kg~?)

Question 3 (2 marks)
The asteroid Icarus has a mass of 10" kg and a radius of 1400 m. Calculate the gravitational field strength on its
surface. Give your answer to 3 significant figures.
(G=6.67x10""Nm*kg~?)

Question 4 (2 marks)
A new planet has been discovered that has exactly the same mass as Earth, but a radius half that of Earth. What
would be the gravitational field strength on the surface of this new planet? Assume that the gravitational field
strength on the surface of Earth can be taken as g =9.8 Nkg ™.

Question 5 (2 marks)
The force due to gravity on a space capsule before launch has a magnitude of 110000 N. The capsule reaches an
altitude 3 times the radius of Earth. Calculate magnitude of the force due to gravity on it at this altitude.

More exam questions are available in your learnON title.

3.4 Motion in gravitational fields, from projectiles to
satellites in space

KEY KNOWLEDGE

* Apply the concepts of force due to gravity and normal force including in relation to satellites in orbit where
the orbits are assumed to be uniform and circular
* Analyse the use of gravitational fields to accelerate mass, including:

. ) . M mym,
« gravitational field and gravitational force concepts: g = GF and Fy = GT
, _ - ) , , , v Amr
* Model satellite motion (artificial, Moon, planet) as uniform circular orbital motion: a = — = =
.

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

How do apples, satellites and planets move in gravitational fields?

When the gravitational force, F, is the only force acting on a mass, the mass is in ‘free fall’. Applying Newton’s
Second Law, F ., = mg = ma, it is clear that in free fall, the acceleration a, experienced by the mass, is equal to
the gravitational field g at that point in space.

You will now look at what this means for masses close to the surface of the Earth and what it means for those
further away.
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3.4.1 Motion close to Earth’s surface

FIGURE 3.8 Position of an object in free fall

in Earth’s gravitational field, a. with no initial

velocity and b. with an initial velocity

b. g® 000 P
°

Close to Earth’s surface the gravitational field is constant

with a value of 9.8 N kg™! (see calculation in section 3.3.3).
Things that fall with little air resistance experience an a.
acceleration of 9.8 m s, increasing their vertical velocity

by 9.8 m s~! every second.

Using the familiar constant acceleration equations, you can
find how high a ball will go when launched with a particular
velocity, or how long it will take for an object dropped from

tlvd-8971

elog-1916

tlvd-10438

a height to hit the ground.

SAMPLE PROBLEM 4 Determining the height of an object thrown close to Earth’s surface

A ball is thrown vertically into the air with a speed of 20.0 m s~'. How high does it go? (Ignore air

resistance.)

THINK

After leaving the hand of the person throwing

the ball, the only force on the ball is the

gravitational attraction of the ball to Earth:
F,=mg

This means that the net force,

F .. = ma =mg and the acceleration of the

WRITE

Take upwards as the positive direction.
a=g=-98u=200ms",y=0ms"
v =u’+2as

0% =20% + (2 X —9.8 X 5)
0> —20>=2x-9.8Xs

1

ball is simply g = 9.8 m s> downwards. This Vi
is motion under constant acceleration in a 2x-9.8
straight line, so the equation v?> = u” + 2as =20m
can be used to determine the maximum height The maximum height reached by the ball
reached by the ball. is 20 m.
v —u®
2

PRACTICE PROBLEM 4

A ball is dropped from a bridge. The initial speed of the ball is 0 m s~'. How fast is the ball travelling

after falling 20 metres?

INVESTIGATION 3.1

Using a pendulum to determine the strength of the gravitational field

AIM

To determine the rate of acceleration due to gravity using the motion of a pendulum
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3.4.2 Orbital motion

Not all objects affected by Earth’s gravitational field fall to Earth’s surface. The
Moon and other artificial satellites such as the International Space Station circle
Earth at constant speeds.

Figure 3.9 shows how the constantly changing direction of the velocity of an

object moving in a circle is due to an acceleration towards the centre of the circle.

This kind of acceleration is called centripetal acceleration. When an object
moves along a circular path with a constant speed, the direction of the change

in the velocity always points along a line towards the centre of the circle, causing
the acceleration to point in the same direction.

satellite an object that is orbiting
a larger central mass. Satellites
can be natural (such as the

Moon) or man-made (such as

the International Space Station)
centripetal acceleration the
acceleration towards the centre of
a circle experienced by an object
moving in a circular motion

Determining the orbital acceleration

In figure 3.9, it can be deduced from the similar triangles that:

FIGURE 3.9 The acceleration
Av _ vAt of an object moving in a circle
v r at a constant speed always

t
=>Av=——n
r

The acceleration of the object towards the centre of the circle (centripetal
acceleration) is:

_Av V2AtL _ v

a= =
At rAt r

The speed of the satellite, v, is constant and can be expressed in terms of
the radius, r, and period, T, of the orbit:

_ distancetravelled _ 27r

time taken - T

points inwards towards the
centre of the circle.

Av

The magnitude of the centripetal acceleration of a satellite is given by:

where: v is the speed of the satellite, in m s™!

r 1s the radius of the circular orbit, in m

T is the period of orbit, in s

The magnitude of the net (centripetal) force on the satellite then becomes:

2
Fo(or2F)=ma=""

r
where: m is the mass of the satellite, in kg
v is the speed of the satellite, in m s7!

r is the radius of the circular orbit, in m
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Newton had already shown that objects moving in a circle with a constant speed experience a net force pointing
radially inwards towards the centre of the circle. His great achievement with the Law of Universal Gravitation
was to realise that the gravitational field from a large mass, such as that of Earth, could be the source of the
radially inward net force on a satellite, such as the Moon.

Newton equated the gravitational force on a satellite of mass m, orbiting a central mass m; with the net force on
a satellite experiencing circular motion.

2
mini, myy
F,=G =—

ST T

where: r is the distance between the centres of the central mass and the satellite’s mass

m is the central mass, in kg
m, (or my) is the mass of the satellite, in kg
G is the gravitational constant, 6.67 x 107! N m? kg >

v is the speed of the satellite, in m s~

S 27y . . . L .
Substituting v = e into this equation, the following is obtained:

mym, _ 4mg’r

r T

To simplify this, m;, or the central mass can be shown as M, and the mass of the satellite m, as m;. This allows
us to more easily rearrange the equation and show the relationship:

M P
4?2 T?
where: r is the distance between the centres of the two bodies (orbital radius), in m
M is the central mass, in kg

G is the gravitational constant, 6.67 X 10~'! N m? kg >

T is the orbital period, in s

This expression reveals the profound insight that the ratio of the cube of the radius of orbit of a satellite to
the square of the period of the orbit has a constant value and does not depend on the value of the mass of the
satellite. This had already been discovered by the exceptional astronomer Johannes Kepler in his work on
explaining the motion of the planets around the Sun and is known as Kepler’s Third Law.

tdge72 SAMPLE PROBLEM 5 Calculating speed, mass and acceleration of satellites in orbit

The Moon orbits Earth with a period of 2.36 x 10°s. The distance from the centre of Earth to the
centre of the Moon is 3.84 x 10° m.

a. Calculate the speed of the Moon as it orbits Earth.

b. Calculate the acceleration experienced by the Moon.

c. Use the provided data to calculate the mass of Earth.
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THINK

a. Recall that, for an object moving in a circle

2rr
at a constant speed, v = T

WRITE

L 2rx3.84x 10

2.36 x 109
= 1020 ms~! (to 3 significant figures)

L _ Am X384 10°

b. Recall that, for an object moving in a circle b. 5
v:  4mr (2.36x 10°)
at a constant speed, a = — = . 7
ro T =0.00272ms?
Ensure you use the non-rounded value if or
using the velocity from part a. 10202
a=———
3.84x 108
=0.00272ms ™2
M P \
c. Use the relationship G— = — to c. G M _Z
4?2 T 4l T2

determine the mass of Earth. )
6.67x 10~ "My, (3.84x10%)

47? ;

(236%10°)°

47 x (3.84x 10%)°
= MEurlh =

(6.67x10711) x (236 x 10°)*
= 6.02x 10% kg

PRACTICE PROBLEM 5

Mars’s moon, Phobos, orbits Mars with a period of 2.76 x 10* s. The distance from the centre of Mars
to the centre of Phobos is 9.38 x 10° m.

a. What is the speed of Phobos as it orbits Mars?

b. What is the acceleration experienced by Phobos?

c. Use the provided data to calculate the mass of Mars.

EXTENSION: Period of the Moon

The orbit of the Moon is slightly elliptical, but the average radius of the Moon’s orbit is about 384 000 km or about
60 Earth radii.

The period of the Moon in relation to the stars is called the sidereal or orbital period and has been measured at
27.321582 days (or approximately 2.36 x 10° seconds). As a close approximation, 27.3 days can be used. The
period of the Moon in relation to the Sun, that is the time between full moons, is 29.5 days; this is longer than the
sidereal period because during this time Earth has moved further around the Sun.

orbital period the time it takes for
a satellite to complete one orbit
around a central object
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TABLE 3.1 The solar system: some useful data

Mean radius of orbit Orbital period

Equatorlal
(years) radius (m)

6.96 x 108 1.99 x 10%°
Mercury 0.387 5.79 x 10'° 0.241 7.60 x 10° 2.44 x 10° 3.30 x 10%°
Venus 0.723 1.08 x 10" 0.615 1.94 x 107 6.05 x 10° 4.87 x 10%
Earth 1.00 1.50 x 10" 1.00 3.16 x 107 6.37 x 10° 5.97 x 10%*
Moon 2.57 x 107 3.84 x 10® 27.3 days* 2.36 x 10%* 1.74 x 108 7.35 x 10?2
Mars 1.52 2.28 x 10" 1.88 5.94 x 107 3.39 x 10° 6.42 x 10%°
Jupiter 5.20 7.78 x 10" 11.9 3.74 x 108 6.99 x 107 1.90 x 10%’
Saturn 9.58 1.43 x 10'? 29.5 9.30 x 108 5.82 x 107 5.68 x 10%°
Titan 8.20 x 107° 1.22 x 10° 15.9 days* 1.37 x 10%° 2.57 x 10° 1.35 x 10%°
Uranus 19.2 2.87 x 102 84.0 2.65 x 10° 2.54 x 107 8.68 x 10%°
Neptune 30.1 4.50 x 10" 165 5.21 x 10° 2.46 x 107 1.02 x 10%°
Pluto 39.48 5.91 x 10" 248 7.82 x 10° 1.15 x 10° 1.31 x 10%

*The orbital period for the Moon and Titan is the time it takes to complete one orbit around Earth and Saturn respectively. All other
listed measurements is the time to orbit the Sun.

iva.8073 SAMPLE PROBLEM 6 Confirming Kepler’s Third Law

3
Use the data in table 3.1 to calculate the value of - for Mercury, Venus and Mars, and therefore

confirm Kepler’s Third Law.

THINK

1.

For Mercury, substitute the values
r=5.79%10'"" m and T=7.60 X 10° s into

the expression P

T

WRITE

A (5.79%1010)°

T (7.60%106)

=3.36x10'®
A (1.08x10M)’
2. For Venus, substitute the values — =
r=1.08><10“1:31andT=1.94><107sinto " (1.94%107)
the expression = =3.35% 10"
S (228x101)’
3. For Mars, substitute the values —=—
r=228x10" rr131and T=5.94%107 s into " (594x107)
the expression = =3.36x 10"
s s
4. Compare the values of o) for the three The values of — for the three planets are
planets. approximately the same, confirming
Kepler’s Third Law.
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PRACTICE PROBLEM 6

3
r

Use the data in table 3.1 to calculate the value of - for Saturn, Uranus and Neptune, and therefore
T

confirm Kepler’s Third Law.

3.4.3 Method of ratios

Newton used his Law of Universal Gravitation to show that Kepler’s Third Law applies to all satellites going
around the same central mass.

In the context of Earth, this means that the ratio — is the same for every single artificial satellite, regardless of

the orientation of its orbit, as well as for the Moon itself. If the period and the radius of one satellite’s orbit is
known, the method of ratios can be used to calculate the characteristics of any other satellite:

|

~

S
N’T]ulw‘!»

r _ Ty ?
2 T,
where: ry is the distance between the central mass and satellite 1
1, is the distance between the central mass and satellite 2

T is the period of orbit of satellite 1

T, is the period of orbit of satellite 2

The benefit of this method is that, because you are working with ratios, you don’t need to use metres and
seconds for your data. However, it is important that you are consistent. (If you are using metres for the distance
for one satellite, you must use metres for the other satellite.) Earth radii (1 Earth radius = 6.37 x 10° m) and days
can be used, making for simpler calculations.

SAMPLE PROBLEM 7 Determining the orbital radius using ratios

The communications satellite Intelsat has an orbital period of 24.54 hours and an orbital radius of
4.25 x 10° m. The International Space Station (ISS) has an orbital period of 92.75 minutes. Use the
method of ratios to find the orbital radius of the ISS.

THINK WRITE

1. Convert all time periods to the same unit. Tiss = 92.75 minutes = 5565 seconds
Tintelsar = 24.54 hours = 88 344 seconds

3 3

2. A s : . "Iss _ Mntelat
. Apply Kepler’s Third Law: — =—
7> >
ri”SS r? ' 1SS Innelat 3
ntelsat 3 -
T P _ (4.25x10%)
ISS Intelsat 55652 88 3442
55652 % (4.25x 106)°
> =
159 88 3442
=3.046x 10"
Fiss =+/3.046 X 1017
=6.73x10°m
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PRACTICE PROBLEM 7

Mars has two moons, Phobos and Deimos. The orbital period of Phobos is 7.66 hours, whereas the
orbital period of Deimos is 36.75 hours. If the orbital radius of Phobos is 9.38 x 10° m, calculate the

orbital radius of Deimos using the method of ratios.

3.4.4 Artificial satellites

Artificial satellites are used for communication and exploration. Some transmit telephone and television
signals around the world, some photograph cloud patterns to help weather forecasters, some are fitted with
scientific equipment that enables them to collect data about X-ray sources in outer space, whereas others spy
on neighbours! The motion of an artificial satellite depends on what it is designed to do.

Those satellites that are required to stay constantly above one place on Earth’s surface
are called geostationary satellites and they are said to be in geostationary orbit.

In order to stay in position, a geostationary satellite must have an orbital period

that is the same as the time for the central mass to complete one rotation about its
axis. Therefore, geostationary satellites have a period of 24 hours, or 1 day, with the

geostationary stationary relative to
a point directly below it on Earth’s
surface. A geostationary orbit has
the same period as the rotation of
Earth

movement of the geostationary satellite corresponding to the rotation of Earth about its axis.

SAMPLE PROBLEM 8 Determining the altitude at which a geostationary satellite orbits

Earth

A geostationary satellite has a period of 24.0 hours. The mass of Earth is 5.97 x 10?* kg. The radius of
Earth is 6.37 x 10° m. Determine the altitude at which the geostationary satellite orbits Earth.

THINK WRITE
1. Convert the orbital period of the

satellite to seconds.

T =24.0 hours = 86 400 seconds

M. 3
2. Apply Kepler’s Third Law: GE—“';h = r_7
M 7.3 Y T

m=ﬁ 6.67x1071'x597x10* 1

47 86 4002
NN 6.67x 107! x 5.97 x 10** x 86 400°
47°
B </6.67 x 1071 % 5.97 x 10** x 86 400?
472

3. The question asks for the altitude
of the satellite, which is the
height above the surface of Earth.
Subtract the radius of Earth from
the radius of the satellite’s orbit to
determine the altitude.

=3.58%x10"m

=4.22x10"m

altitude = radius of orbit — radius of Earth
=422x%x10" —6.37 x 10°

PRACTICE PROBLEM 8

A satellite is placed into a geostationary orbit above Mars. A day on Mars lasts for 24 hours and
37 minutes. The mass of Mars is 6.42 x 10 kg and the radius is 3.39 x 10° m. Calculate the altitude

of the satellite.
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3.4.5 ‘Floating’ in a spacecraft

The appearance of an astronaut floating around inside a
spacecraft suggests that there is no force acting on them,

lp di £g 1 istakenlv think th i . International Space Station. Both the

ca 1.ng .some people to mistakenly think that there 1s no astronaut and the station are in orbit around
gravity in space. In fact, both the astronaut and the spacecraft Earth.

are in a circular orbit about Earth. >

FIGURE 3.10 An astronaut inside the

However, you also know that if an object is moving in a
curved path, therefore changing its direction, there must

be acceleration. If the path is circular, the acceleration is
directed towards the centre of that path. The astronaut and
the spacecraft are in the same gravitational field. They are
at the same distance from the centre of Earth. They are
travelling at the same speed, taking the same time to orbit
Earth. Therefore, their centripetal accelerations provided by
the gravitational field are the same.

TABLE 3.2 Comparing the gravitational fields experienced by an astronaut and spacecraft

For the spacecraft: For the astronaut:

Mean MSPECECTﬂfT -M % 4Lzr GM Earth Mastronaut -m % 4L2r
2 = WMspacecraft 72 2 = IMastronaut 7
GM = 4L2r GME_a”h - 4L2r
ERE ER

There is no need for a normal force by the spacecraft on the
astronaut to explain the astronaut’s motion. The astronaut

inside the spacecraft circles Earth as if the spacecraft was not
there. Indeed, if the astronaut is outside the spacecraft doing a
spacewalk, the astronaut’s speed and acceleration around Earth
will be unchanged as they ‘float’ beside the spacecraft. Once
back inside, their speed and acceleration are still unchanged, and
this time they are ‘floating’ inside the spacecraft.

FIGURE 3.11 The cloth-covered stretched
springs are pulling the astronaut down so
he can exercise on the treadmill.

If the astronaut steps onto a set of bathroom scales, they will

give a reading of zero. As shown in figure 3.11, an astronaut

running on a treadmill needs stretched springs attached to his
waist to pull him down to the treadmill.
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a-8976 SAMPLE PROBLEM 9 Explaining the reading on scales in a spacecraft

An astronaut on the International Space Station stands on a set of bathroom scales. Explain what the
expected reading would be.

THINK WRITE
The only force acting on the astronaut is the =~ The net force on the astronaut is equal to the force due to
gravitational force from Earth. gravity on the astronaut, because the astronaut is in circular

motion around Earth with acceleration g. The bathroom scales
are also in circular motion around Earth with acceleration g.
This means that the normal force experienced by the astronaut
from the bathroom scales is 0 N.

The only force acting on the bathroom scales
is the gravitational force from Earth.

PRACTICE PROBLEM 9

In an attempt to increase the reading on the bathroom scales, the astronaut on the International Space
Station holds a 10-kg mass. What difference will this make to the reading on the bathroom scales?

Resources

Interactivity How the speed and period changes with the radius of a satellite’s orbit (int-0062)

Digital document Kepler’'s Laws (doc-39320)

3.4 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C)

3.4 Quick quiz J 3.4 Exercise u 3.4 Exam questions L

3.4 Exercise

1. The Moon orbits the Earth with a period of 27.32 days. The orbital radius is 3.84 x 108 m. Calculate the orbital
speed of the Moon. Give your answer to 3 significant figures.

2. The asteroid 243 Ida was discovered in 1884. The Galileo spacecraft, on its way to Jupiter, visited the
asteroid in 1993. The asteroid was the first to be found to have a natural satellite, that is, its own moon, now
called Dactyl. Dactyl orbits Ida at a radius of 100 km and with a period of 27.0 hours. Calculate the mass of
the asteroid.

(G=6.67x10""Nm?kg~?)

3. Answer the following.

a. Using the information below, calculate the magnitude of the centripetal acceleration of a person standing
on Earth’s equator due to Earth’s rotation about its axis. Give your answer to 3 significant figures.

re =6.37x10°m
T =24.0hours

b. Would the centripetal acceleration be greater or less for a person standing in Victoria? Justify your answer.

168 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



4,

10.

A space station orbits at a height of 355 km above Earth and completes one orbit every 92.0 minutes.

(Earth’s radius is rg = 6.37 x 10° m and Earth’s mass is mg = 5.97 x 10?* kg.)

a. Calculate the orbital speed of the space station. Give your answer to 3 significant figures.

b. Calculate the magnitude of centripetal acceleration of the space station. Give your answer to 3 significant
figures.

. What gravitational field strength does the space station experience? Give your answer to 3 significant
figures.
(G=6.67x10"""Nm?kg™?)

. Compare your answers to parts b and c; should they be the same? Explain your reasoning and account
for discrepancies.

. If the mass of the space station is mgg = 1200 tonnes, calculate the magnitude of the centripetal force on
the space station. Give your answer to 3 significant figures.
The mass of an astronaut and the special spacesuit they wear when outside the space station is 270 kg. If
they are a distance of 10 m from the centre of mass of the space station, what is the force exerted on the
astronaut by the floor of the space station?

A spacecraft of mass 470Kkg is orbiting Earth with a period of 2.50 hours. Using the information below,

calculate its altitude. Give your answer to 3 significant figures.
G =6.67x107""Nm?kg

mg = 5.97 x 10** kg

re =6.37x10°m
A geostationary satellite remains above the same position on Earth’s surface. Once in orbit, the only force
acting on the satellite is that of gravity towards the centre of the Earth. Explain why the satellite doesn’t fall
straight back down to Earth.
A spacecraft orbits Earth with an orbital radius of r, =20 000 km. If its orbital radius were doubled, calculate
the expected change in the period of orbit.

(2]

o

o

=h

Venus and Saturn both orbit the Sun. Using the information about the Sun and the periods of the two planets
from table below, calculate the value of the following ratio:

distance of Saturn from the Sun

distance of Venus from the Sun

Give your answer to 3 significant figures.

Mean radius of orbit Orbital period __‘

| (@ | (m | (vears) | (seconds) | Equatorial radius (m) | Mass (ko)
Sun

6.96x 108 1.989 x 10%°
Venus 0.723 1.08 x 10" 0.615 1.94% 10" 6.05x 10° 4.87 x 10%
Saturn 9.58 1.43x 10" 29.5 9.30x 108 5.82x 107 5.68x 10%

An astronaut is living on the International Space Station. When the astronaut sits down, they need to strap
themselves in so that they do not float away.
Explain why they need to do this.
In the future, it is predicted that space stations may rotate to simulate the gravitational field of Earth and
therefore make life more normal for the occupants.
a. Draw a diagram of such a space station. Include on your diagram:
* the axis of rotation
¢ the distance of the occupants from the axis
* arrows indicating the direction the occupants would consider as ‘down’.
(Remember to consider the frame of reference of the occupants!)
b. Make an estimate of the period of rotation your space station would need to simulate Earth’s
gravitational field.
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3.4 Exam questions
Question 1 (7 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.2; © VCAA
o . . L GM . .
The speed of a satellite in a circular orbit around a planet is given by v = 1/ —, where G is the universal
r
gravitational constant, M is the mass of the planet and r is the orbital radius of the satellite.

Titan is the largest moon of Saturn and has an orbital radius of 1.2 x 10° m. The mass of Saturn is 5.7 x 10?® kg.
Assume that Titan’s orbit is circular.

a. Calculate Titan’s orbital speed. (2 marks)
Another moon of Saturn is Rhea. Rhea is in a circular orbit of radius 5.3 x 108 m.
b. Does Rhea travel faster than, at the same speed as or slower than Titan? Explain your answer. (2 marks)
c. Titan’s period around Saturn is 16 days.

Calculate Rhea’s period around Saturn. Show your working. (3 marks)

Question 2 (6 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.8; © VCAA

A satellite is moving in a stable circular orbit 25 Earth radii from the centre of Earth, as shown in Figure 5. The
period of the satellite is T.

\
/ :4---25><RE-—4\\>E
/ : \I
]

l [ []

i

| @ 4+— % satellite
\

Figure 5
a. Calculate the magnitude of the acceleration of the satellite. Show your working. (2 marks)
b. Indicate the direction of the acceleration of the satellite by drawing an arrow on the satellite shown in
Figure 5. (1 mark)

c. Another identical satellite is placed in a stable circular orbit 30 Earth radii from the centre of Earth.
Using the terms ‘less than’, ‘same as’ or ‘more than’, copy and complete the table below to describe the
magnitude of the acceleration, the kinetic energy and the period of this satellite compared to those of the
satellite that is orbiting at 25 Earth radii. (3 marks)

Magnitude of acceleration

Kinetic energy
Period

Question 3 (3 marks)
Source: VCE 2021 Physics Exam, Section B, Q.3; © VCAA

To calculate the mass of distant pulsars, physicists use Newton’s law of universal gravitation and the equations
of circular motion.

The planet Phobetor orbits pulsar PSR B1257+12 at an orbital radius of 6.9 x 10'® m and with a period
of 8.47 x 10%s.

Assuming that Phobetor follows a circular orbit, calculate the mass of the pulsar. Show all your working.
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Question 4 (6 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.3; © VCAA

The motion of Earth’s moon can be modelled as a circular orbit around Earth, as shown in Figure 3.

moon
/”—.-s\\\
// \\\
/ \
/ \
// \\
I |
|‘ . Earth I|
\\ /I
\ /
\\ //
Figure 3
Data
Mass of Earth 5.98 x 10%* kg
Mass of the Moon 7.35%x 10% kg
Radius of the Moon’s orbit around Earth 3.84x10%m
Universal gravitational constant (G) 6.67 x 107" Nm? kg2

a. Calculate the magnitude of the gravitational force that Earth exerts on the orbiting moon. Give your answer

correct to three significant figures. Show your working. (3 marks)
b. The average orbital period of Earth’s moon is 27.32 days. The moon is moving slightly further away from Earth
at an average rate of 4 cm per year. (3 marks)

Given this information, will the average orbital period of Earth’s moon decrease, stay the same or increase?
Explain your answer.

Question 5 (4 marks)
Source: VCE 2018, Physics Exam, Section B, Q.10; © VCAA
Members of the public can now pay to take zero gravity flights in specially modified jet aeroplanes that fly at an
altitude of 8000 m above Earth’s surface. A typical trajectory is shown in Figure 12. At the top of the flight, the
trajectory can be modelled as an arc of a circle.

S
Figure 12
a. Calculate the radius of the arc that would give passengers zero gravity at the top of the flight if the jet is
travelling at 180ms~". Show your working. (2 marks)
b. Is the force of gravity on a passenger zero at the top of the flight? Explain what ‘zero gravity
experience’ means. (2 marks)

More exam questions are available in your learnON title.
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3.5 Energy changes in gravitational fields

KEY KNOWLEDGE

* Analyse the use of gravitational fields to accelerate mass, including:
« potential energy changes in a uniform gravitational field: E; = mgAh

* Analyse the change in gravitational potential energy from area under a force vs distance graph and area
under a field vs distance graph multiplied by mass

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA,; reproduced by permission.

On 15 February 2013, an asteroid approached Earth, gaining speed in Earth’s gravitational field. By the time

it reached the atmosphere and vaporised into a meteor, it was travelling at a speed of 19 km s~'. With a mass

of approximately 1.2 x 107 kg, its kinetic energy was approximately 2.2 x 10'> J. It exploded about 30 km
above Chelyabinsk, in Russia. This caused a large shock wave that damaged buildings and injured over 1000
individuals. Smaller meteorite fragments fell to the ground after this explosion (with one fragment being found
to be over 600 kg). The Chelyabinsk asteroid gains speed as it approaches Earth. Its kinetic energy increases.
Where does this energy come from? The asteroid is experiencing a force from Earth’s gravitational field, which
causes the asteroid to accelerate. The work done by the gravitational force is transferred into kinetic energy of

the asteroid.

. . kinetic energy the energy
However, the total energy of the asteroid—Earth system must remain the same. The associated with the movement of

kinetic energy of the asteroid increases but the gravitational potential energy of the an object. Like all forms of energy, it

asteroid—Earth system decreases. is a scalar quantity.
gravitational potential energy

In a similar way, as Halley’s Comet orbits the Sun, it has a speed of 38 km s ™! at the energ){ St]?red inan Obielct as

. -1 . a result of its position relative
point of closest approach, but slows to 0.64 kms™" at the point furthest away. T S T s
attracted by the force of gravity

3.5.1 Force—distance graphs

The asteroid and Halley’s Comet both experience gravitational forces that change in size. The change in
gravitational potential energy in each case is due to work done by and against the gravitational force and can

be found by calculating the area under the graph of gravitational force versus the displacement in the direction of
the force.

The change in gravitational potential energy can be obtained from the area under a
force—distance graph.

FIGURE 3.12 The total energy of the asteroid at B equals the total energy of the asteroid at A.

A

Increase in kinetic energy

of the Chelyabinsk asteroid as
it moves from position A

F4 (N) to position B above the
surface of Earth.

This equals the decrease

in gravitational potential
energy of the asteroid.

B A r(m)
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Note: Sometimes you may be given a negative value for the gravitational force rather than a positive value, and
so the graph will be inverted vertically. It is important that you are calculating the area between the graph and
the horizontal axis in this case when calculating the change in kinetic energy.

SAMPLE PROBLEM 10 Calculating the change in gravitational potential energy of a falling

tlvd-8977 . q
mass using force-distance graphs

A mass of 10 kg falls to the surface of Earth from an altitude equal to two Earth radii (or
1.27 x 10’m). What is the change in gravitational potential energy?

120
100
80

60

by Earth (N)

40

20

Gravitational force on 10 kg mass

0 T T T T T T T T T T
1 2 3 4 5 6 7 8 9 10

Distance from the centre of Earth (in Earth radii)

THINK
1. The gravitational field

=
=
5
m

Z
does the work on the -E
mass, and the change in S 120 4
gravitational potential 2
energy can be found § 100
from the area under E,
the force—displacement = 807
graph. (Remember that ‘é 60
the surface of Earth is 1 g
Earth radius away from S 40-
the centre of Earth. So T
an altitude of 2 radii '% 20 +
from the surface is in E 2
fact 3 Earth radii from S ¢ 1 é é "1 é é ; é é 1'0
the centre, as given in the Distance from the centre of Earth (in Earth radii)

graph.)
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There are two methods Area 1l (blue) = 40x 0.5

you can use to determine = 20 energy units
the area. For these Area? (green) = 10 X 1.5
questions, VCAA = 15 energy units

will accept a range

1
] Area 3 (purple) = — xX24 X% 1.5
of answers, so either 2

technique may be used, = 18 energy units
depending on the grid ) ) 1
you are given. How to (Note: The triangle with area > X 30 % 1.5 would be larger than
find the area under a the purple area, so the height of 30 was reduced to a level where
curved graph: the areas matched.)
Metl.lo.d L Area 4 (orange) = ! X 53%x0.5
1. Divide the area under the 2
graph into simple shapes = 13.25 energy units
and estimate the area in Total area =20+ 154+ 18 + 13.25
terms of the sum of the = 66.25 energy units
areas of the shapes. l energy unit = 1 N X 1 Earth radius
2. If the graph is drawn on =1NX6.37%10°m

a fine grid, count the grid

= 0. 1 6
squares under the graph. 0.37x10°]

Therefore, the gravitational potential energy
3. Convert the grid areas to the i — 66.25 % 6.37 % 10°

correct units.

=4.22x108]
Method 2: Use this 3
method when the graph £
has a relatively fine M 120
grid. Ky
@100 -
1. Count the number of g
small squares between D2 go-
the graph and the zero- =)
value line or horizontal S 60
axis. Tick each one as 8
you count it to avoid £ 40+
counting squares twice. g
- 2 204
For partial squares, find I
two that add together o
6 0 T T T T T T T T T T

to make one square and 1 2 3 4 5 6 7 8 9 10
tick both Distance from the centre of Earth (in Earth radii)

Number of small squares = 80.5
Area of one small square = 4 N X 0.2 X 1 Earth radius

3. Multiply the area of one =4Nx02x6.37x10°m
small square by the =5.1x10°]
number of small squares.  Therefore, the loss in gravitational potential = 80.5x 5.1 x 10°]

=4.11%x108)

2. Calculate the area of
one small square.
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PRACTICE PROBLEM 10

a. Use the following graph of the gravitational force on the Chelyabinsk asteroid to show that, in
moving from an altitude of two Earth radii to an altitude of one Earth radius, the asteroid lost
1.25 x 10 joules of gravitational potential energy.

Gravitational force (106N)
B ()] [ee) 8
o o o o
| | | |

N
o
|

T T T T T T T T T T -
0 1 2 3 4 5 6 7 8 9
Distance from the centre of Earth (in Earth radii)

b. Use the graph to find, to the nearest whole number, approximately how much gravitational
potential energy was lost by falling from an altitude of one Earth radius to Earth’s surface.
Compare this value with your answer to part a.

Note: Sometimes you may be given a negative value for the gravitational force rather than a positive
value, and so the graph will be inverted vertically. It is important that you are calculating the area
between the graph and the horizontal axis in this case when calculating the change in energy.

3.5.2 Field-distance graphs

The graph of the force versus distance experienced by a 10-kg mass falling to Earth’s surface and the
Chelyabinsk asteroid have the same shape, but very different scales. However, the gravitational fields
experienced by the 10-kg mass and the Chelyabinsk asteroid are identical. An alternative approach to finding
the change in gravitational potential energy of an object is to find the area under the gravitational field versus
distance graph and multiply that value by the mass of the object.

The change in gravitational potential energy for an object that moves from one point to another can be
obtained by multiplying the area under the graph of the gravitational field against distance by its mass.

The unit for gravitational field is newtons per kilogram. The unit for the area under a graph of gravitational
field against distance is (newtons per kilogram) x metre, hence newton metre per kilogram or simply joule

per kilogram. The change in energy can be obtained from this area by multiplying by the mass of the

object. Sometimes, instead of being given the distance in metres, you may be given the distance in Earth radii
(as seen in figure 3.13). In this case, you need to ensure you convert into metres before multiplying by newtons
per kilogram.
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FIGURE 3.13 Graph of the Earth’s gravitational field strength

=)}
!

Gravitational field strength (N kg~! or m s73)
w

0 1 2 3 4 5 6 7 8 9 10
Distance from the centre of Earth (in Earth radii)

SAMPLE PROBLEM 11 Determining the work done using field-distance graphs

tlvd-8978

Determine the decrease in gravitational potential energy for a 100-kg mass that falls from a distance
of 4 Earth radii from the centre of Earth to 2 Earth radii using figure 3.13.

WRITE
THINK

1. Determine the area between the curve and the The area under the curve between 2 Earth radii and 4
axis between the distance of 2 and 4 Earth radii Earth radii is 29 squares, with each square having an
and convert the units to SI units. (Remember, area of 0.2 N kg_' % 0.2 Earth radii.
there are two methods you can use for these One Earth radius = 6.37 X 10® m
questions. You may count the squares or split A .o under curve = 0.2 % 0.2 X 6.37 X 10° X 29
them into smaller areas. Due to the provision
of small squares, the method of counting
squares has been used.)

=7.39%10° Nmkg™

2. Remember that F, =mg. Change in energy = 100 kg x 7.39 X 10° N mkg_1
Multiply the area by the mass to obtain the —739% 108 Nm

change in energy. =739%10%7J

PRACTICE PROBLEM 11

Calculate the decrease in gravitational potential energy for a 20-kg mass that falls from a distance of
3 Earth radii from the centre of Earth to 2 Earth radii from the centre of Earth.

3.5.3 Energy changes close to Earth’s surface

You have learned that the gravitational field of Earth decreases as the square of distance from the centre of Earth.
However, Earth is huge compared to the scale of ordinary human actions. For a distance of 1000 m from the
surface of Earth, the gravitational field has decreased by a mere 0.03%, from 9.805 N kg~! to 9.802 N kg~!. The
gravitational field strength experienced by a ball dropped from an initial height of a couple of metres above the
surface of Earth is effectively constant.
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tlvd-8979

What about the energy transformations experienced by the ball? As the ball falls, work is done on the ball by
the gravitational field, and the ball speeds up. Energy is transferred from the gravitational field into the kinetic
energy of the ball.

Because the force of gravity, F, is constant (F, = mg), the area under the force versus distance graph is simply
the product of the force and the change in height of the object (Ah).

The change in gravitational potential energy is:

AE, = mg X change in height = mg Ah

where: AE, is the change in gravitational potential energy, in J
m is the mass of the object, in kg
g is the gravitational field strength, in N kg~!

Ah is the change in height, in m

AE=W=Fs

where: AE is the change in gravitational potential energy, in J
W is the work done, in J
F is the force of gravity, in N

s is the displacement in the gravitational field, in m

SAMPLE PROBLEM 12 Calculating the work done by gravitational fields (extending)

a. Determine the work done by the gravitational field on a 30-kg ball that is dropped from the top of a
150-m building.

b. Calculate the change in kinetic energy of a 30-kg ball that is dropped from the top of
150-m building. Assume that air resistance is negligible.

THINK WRITE
a. 1. Determine the magnitude of the force due to a. F=mg
gravity acting on the ball. =30x%9.8
=294N
2. The work done can be calculated using W =Fss. W =Fs
=294 x 150
=44100]
b.  The change in kinetic energy is equal to the work b. AE, = work done by field
done by the field. =441001J
=4.4%x10%J
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PRACTICE PROBLEM 12

A 2.0-kg ball is thrown vertically upwards from a height of 1.0 m, with an initial speed of 5.0 m s~
What is the Kinetic energy of the ball just before it hits the ground?

INVESTIGATION 3.2

elog-1917
Exploring the relationship between gravitational potential energy and kinetic energy
AIM
To calculate the gravitational potential energy and kinetic energy of a falling ball and determine if the change in
gravitational potential energy is equal to the kinetic energy
3.5 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS (C)

3.5 Quick quiz J 3.5 Exercise u 3.5 Exam questions L

3.5 Exercise

1. A 2000-kg satellite falls from a distance of 3.5x 10" m to 1.0x 10" m.
Using the force-displacement graph below, estimate the change in the kinetic energy of the satellite. Give your

estimate to 1 significant figure.
25000
20000
15000

10000

Gravitational force (N)

5000 -

T T
0.00 1.00 2.00 3.00 4.00
Distance (x 107m)
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2. Using the force-displacement graph below, estimate the change in gravitational potential energy in moving
a 150-kg mass from a distance of 1 Earth radius to 3 Earth radii from the centre of Earth. Give your estimate
to 1 significant figure.

1600
1400 ~
1200
1000
800
600
400
200

Gravitational force (N)

1 2 8 4 5
Distance (Earth radii)

o -

3. Explain why the area under a gravitational force—distance graph gives the energy needed to launch a satellite,
but the area under a gravitational field strength—distance graph gives the energy per kilogram needed to
launch a satellite.

4. A space probe traverses an elliptical orbit as it passes around a distant unknown planet, Planet Q. Explain
how the kinetic energy of the space probe changes as it moves from X to Y and how the total energy of the
space probe changes as it moves from X to Y.

The change in in gravitational potential energy is approximately AE; = J.

Planet Q

5. Using the gravitational field strength—distance graph below, estimate the change in gravitational potential
energy of a 300-kg satellite carried from the surface of Earth (radius 6.37 x 10° m) to an orbit at an altitude of
1.4 x 10" m. Give your estimate to 1 significant figure.

=

()]

X

=

> 0 -

=

2

s 81

47

3 61

=

S 4-

s

s

8 24

(O]
0 T T T T
0.00 1.00 2.00 3.00 4.00

Distance from the centre of the Earth (x 10" m)
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6. A space shuttle, orbiting Earth once every 93 minutes at a height of

400 km above the surface, deploys a new 800-kg satellite that is to Z? 10
orbit a further 200 km away from Earth. z \
a. Use the following gravitational field strength—distance graph to > 8-
estimate the work needed to deploy the satellite from the shuttle. ﬁ,
Give your answer to 1 significant figure. § 6 -
b. Use the mass mg = 5.97 x 10** kg and radius ry = 6.37 x 10 m of ]
Earth to assist you in determining the period of the new satellite. E 4
Give your answer to 3 significant figures. "_;
(G=6.67x10"""Nm?kg?) s 24
c. Explain how the period of the new satellite can be determined E
without knowledge of the mass of Earth. g 6 T T T T T

d. If the new satellite was redesigned so that its mass was halved, 2 4 6 8 10
how would your answers to (a) and (b) change? Distance above the
surface of the Earth (x 10°m)

7. A disabled satellite of mass 2400 kg is in orbit around Earth at a height of 2000 km above sea level. It falls to a
height of 800 km before its built-in rocket system can be activated to stop the fall.
a. Calculate the magnitude of the gravitational force on the satellite while it is in its initial orbit. Give your
answer to 3 significant figures.

G =6.67x10"""Nm? kg™
mg = 5.97 x 10%* kg

re =6.37x10°m
b. Using the gravitational field strength—distance graph below, calculate the loss of gravitational
potential energy of the satellite during its fall. Give your answer to 1 significant figure.

10

Gravitational field strength g (N kg™)

T T T
6.0 7.0 8.0 9.0
Distance from Earth’s centre (x 10°m)

8. Close to the surface of Earth, the magnitude of the gravitational field can be approximated as a constant
(g =9.8Nkg™"). Calculate the change in kinetic energy of an 85-g apple as it falls to the ground from a branch
at a height of 3.0 m above the ground. Give your answer to 1 significant figure.

9. A 4.50-kg cannonball is launched from the deck of a ship with an initial velocity of 100ms™". It misses
its target and splashes into the sea, 30.0 metres below the deck of the ship. Ignore air resistance and estimate
the speed of the cannonball just before it hits the sea. Give your answer to 3 significant figures.
Useg=9.81Nkg™".
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3.5 Exam questions

Question 1 (1 mark)

I3 The change in kinetic energy of a space probe in a gravitational field as it moves further away from a planet
can be calculated from:

OO w>

. the area under a gravitational force versus distance graph.

. the area under a gravitational field strength versus distance graph.

. the area under a gravitational force versus distance graph multiplied by the mass of the space probe.

. the area under a gravitational field strength versus distance graph divided by the mass of the space probe.

Question 2 (1 mark)

I A space probe can use the gravitational fields of planets that it is passing to change its speed. Which of the
following is not possible?

OO w>»

. Gravitational potential energy can be converted into kinetic energy.

. Work can be done on the space probe by the gravitational field, increasing its kinetic energy.

. Kinetic energy can be converted into gravitational potential energy.

. The gravitational field can do work on the space probe, increasing its gravitational potential and kinetic

energy.

Question 3 (11 marks)

Source: VCE 2021 Physics Exam, Section B, Q.8; © VCAA

On 30 July 2020, the National Aeronautics and Space Administration (NASA) launched an Atlas rocket (Figure 7a)
containing the Perseverance rover space capsule (Figure 7b) on a scientific mission to explore the geology and
climate of Mars, and search for signs of ancient microbial life.

a.

S\
>
— ’
=
Figure 7a Figure 7b

At lift-off from launch, the acceleration of the rocket was 7.20 m s=2. The total mass of the rocket and capsule
at launch was 531 tonnes.

Calculate the magnitude and the direction of the thrust force on the rocket at launch. Take the gravitational
field strength at the launch site to be g =9.80 Nkg™". Give your answer in meganewtons. Show your

working. (3 marks)

On 18 February 2021, the Perseverance rover space capsule, travelling at 20000 km h~", entered
Mars’s atmosphere at an altitude of 300 km above the surface of Mars. The mass of the capsule was 1000 kg.

b.

Calculate the kinetic energy of the capsule at this point. Show your working. (2 marks)
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Figure 8 shows the gravitational field strength of Mars g versus altitude h.

g (Nkg™h

4.0

3.0 —~

2.0

1.0

0 » £ (km)
200 400 600

Figure 8

c. Calculate the gravitational potential energy of the capsule relative to the surface of Mars at an altitude of
300 km. Show your working. (3 marks)
d. The capsule used aerodynamic braking as it descended through Mars’s atmosphere to reduce its
speed from 20000 kmh™" to 1600 km h~". The capsule was then at an altitude of 10 km above the surface of
Mars and had ~1% of its original combined gravitational potential energy and kinetic energy remaining.
Describe how ~99% of the gravitational potential energy and kinetic energy of the capsule was transformed
and dissipated as the capsule descended from an altitude of 300 km above the surface of Mars to an altitude
of 10 km above the surface of Mars. No calculations are required. (3 marks)

Question 4 (3 marks)
Planet P in a distant solar system is observed moving in an elliptical orbit around the central star, Peres.

Planet P
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The gravitational force experienced by the planet is shown in the following graph.

Fg on planet P versus distance from Peres

0.025
0.02
0.015

0.01

Gravitational force (N)

0.005

0 T T T
0 10 20 30 40
Distance (10°km)

Calculate the change in kinetic energy as the planet moves from the point X, 30 x 10° km from Peres, to point Y,
10 x 108 km from Peres.

Question 5 (3 marks)

A 1.5-kg weather balloon is placed 50 km above the surface of the Earth. Use the following graph to calculate the
energy required to move the balloon from the Earth’s surface to its new position.

Gravitational field of Earth
9.8

9.7 +
9.6
9.5

9.4

g (Nkg™)

9.3

9.2 +

9.1

o__/\/

T T T T 1
50 100 150 200 250
Distance above surface of Earth (km)

More exam questions are available in your learnON title.
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3.6 Review

Hey students! Now that it's time to revise this topic, go online to:

Practise past VCAA
exam questions

Access the Review your

b Watch teacher-led b
results

videos

topic summary

Find all this and MORE in jacPLUS @

3.6.1 Topic summary

-

Gravitational
fields and their

applications

Newton’s Universal Law

Masses attract

Fy « masses

of Gravitation and the

inverse square law

1
(distance between masses)?

Fqx

Direction of Fyn m by v is towards M

Point mass M, gravitational field
strength at distance r:
)

,.2

The field model —

Gravitational field directed
towards M

L

Gravitational field is attractive,
non-uniform, static

T

Motion in gravitational

Fy=mg
Freefal @a=g

fields, from projectiles
to satellites in space

Close to Earth’s surface,

gravitational field can be

considered uniform and
g=9.81Nkg™

Obiject in circular orbit at
a constant speed: centripetal
acceleration (towards the
centre of the circle)

Multiple masses:

gr=91+9g;+..+ g
(Sum of vectors)

v

\

m

3
£ _CM_ onstant
472

T2

Satellite and objects in
satellites are in free fall (no other
forces than that of gravity)

Energy changes in
gravitational fields

Change in gravitational potential
energy = area under force
versus distance graph

Change in gravitational potential
energy = mass times area under
field versus distance graph

The gravitational field can do
work on a mass and move it to a
position of lower gravitational
potential (Ey increases)

4
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A rocket or space probe can do
work against the gravitational field
and move to a position of higher
gravitational potential energy
and/or increase its kinetic energy.

Orbital speed: v = %: GM
V=

Magnitude of centripetal acceleration:
Y]

ror

Close to Earth, g is constant, so
change in gravitational potential
energy = mgah




3.6.2 Key ideas summary only
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feedback and access additional results and
sample responses questions progress

iFind all this and MORE in jacPLUS

3.6 Review questions

1. Which of the following correctly describes the gravitational field of Earth at large distances from
Earth’s surface?

A. The shape of the field is uniform, it attracts other masses, and the strength of the field is
inversely proportional to the square of the distance from the surface of Earth.

B. The shape of the field is non-uniform, it attracts other masses, and the strength of the field is inversely
proportional to the square of the distance from the surface of Earth.

C. The shape of the field is uniform, it attracts other masses, and the strength of the field is
inversely proportional to the square of the distance from the centre of Earth.

D. The shape of the field is non-uniform, it attracts other masses, and the strength of the field is inversely
proportional to the square of the distance from the centre of Earth.

2. Using the data below, calculate the ratio of the magnitude of the gravitational force on a ball at the surface
of Mars to the magnitude of the gravitational force on the same ball at the surface of the Moon. Give your
answer to 3 significant figures.

[ ass (ko) | Ralus (m)

Mars | 6.39x10% | 3.39x10°
Moon | 7.35x10% | 1.74x10°

3. If a rocket travels in a straight line from Earth to the Moon, the gravitational field experienced by the rocket
is initially pointing towards Earth. As the rocket journeys, the field strength becomes weaker, until it is
finally zero, before increasing again, but with a direction pointing towards the Moon. Explain the change
in magnitude and direction of the gravitational field.
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4. Callisto is one of the many moons of Jupiter. Use the data provided below to calculate the mass of Jupiter.
Give your answer to 3 significant figures.

G=6.67x10"""Nm?kg >

Radius if the orbit of Callisto around Jupiter: 7 = 1.88 x 10° m
Period of orbit of Callisto around Jupiter: 7 =400 hours

5. A spacecraft of mass 470 kg is orbiting Earth (rE =6.37x10° m) at an altitude / and with a period
of 150 minutes. The Hubble Space Telescope orbits Earth at an altitude of 535 km and with a period
of 95 minutes. Use this information to calculate the altitude % of the spacecraft and give your answer to
2 significant figures.

6. A spacecraft orbits Earth with an orbital radius of r, =42 170 km. If the orbital radius were decreased by a
factor 16, calculate the expected change in the period of orbit.

7. On 24 January 2022, the James Webb Space Telescope, which was successfully launched on 25 December
2021, reached its destination, and is now orbiting the Sun, with an orbit radius of 9.45 X 108 m.
Earth also orbits the Sun, with an orbit radius of 1.50 X 10° m.

a. It takes 365 days for Earth to complete a revolution around the Sun. Determine the orbital period of the
James Webb Space Telescope. Give your answer to 3 significant figures.
b. Calculate the orbital speed of the James Webb space Telescope. Give your answer to 3 significant figures.

8. Lakshmi has read in her VCE Physics textbook that near Earth’s surface, the gravitational field is uniform.
She decides to check this information by calculating the gravitational field strength at different altitudes
above Earth’s surface.

a. Using the information below and a calculator or a spreadsheet, calculate the gravitational field strength for
the different altitudes 4 listed in the table. Give your answers to 3 significant figures.

G=6.67x10""Nm?kg™>
my = 5.97x 10* kg
rg = 6.37x10°m

Altitude h(m) | g (Nkg)™'
0

10°
10*
10°
10°
- 6.37 x 10°

b. Based on those results, Lakshmi considers that using g = 9.8 N kg™ for any altitude between sea level
and 10 km is acceptable. Do you agree with her? Justify your answer.

9. Using the information below, calculate the change in gravitational potential energy of a 25-kg object
dropped from 10 metres above the surface of the Moon. Give your answer to 3 significant figures.
Mass of the Moon: my = 7.35 X 10%? kg.

Radius of the Moon: ry = 1.74 X 10° m.
G=6.67x10"""Nm?kg™*
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10. The following graph shows how the gravitational field strength, g, varies with distance from the centre of the
Moon. An artificial satellite of mass 150 kg orbits the Moon at a distance of 2.0 X 10® m.

A
6.0 4

5.0
4.0 4
3.0 4
2.0 4

1.0 A

Gravitational field strength g (N kg™)

0 T T >

T
0 1.0 2.0 3.0

Distance from centre of the Moon (x 10°m)

Estimate the change in the satellite’s gravitational potential energy if it is moved to a new orbit with a radius
of 3.0 x 10° m. Give your answer to 1 significant figure.

3.6 Exam questions

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VVCE 2021 Physics Exam, Section A, Q.4; © VCAA

The planet Phobetor has a mass four times that of Earth. Acceleration due to gravity on the surface of Phobetor

is 18 ms™2.

If Earth has a radius R, which one of the following is closest to the radius of Phobetor?
A. R

B. 1.5R
C. 2R
D. 4R

Question 2

Source: VCE 2020 Physics Exam, Section A, Q.2; © VCAA

Jupiter’'s moon Ganymede is its largest satellite.

Ganymede has a mass of 1.5 x 102 kg and a radius of 2.6 x 10® m.

Which one of the following is closest to the magnitude of Ganymede’s surface gravity?

A. 0.8ms—
B. 1.5ms™
C. 3.8ms™2
D. 9.8ms™2
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Question 3

Source: VCE 2019, Physics Exam, Section A, Q.4; © VCAA
The magnitude of the acceleration due to gravity at Earth’s surface is g.
Planet Y has twice the mass and half the radius of Earth. Both planets are modelled as uniform spheres.

Which one of the following best gives the magnitude of the acceleration due to gravity on the surface of Planet Y?
1

59

19

49

89

cow »

Question 4

Source: VCE 2018, Physics Exam, Section A, Q.7; © VCAA

At one point on Earth’s surface at a distance R from the centre of Earth, the gravitational field strength is
measured as 9.76 Nkg™".

Which one of the following is closest to Earth’s gravitational field strength at a distance 2 R above the surface of
Earth at that point?

A. 1.08Nkg™’
B. 2.44Nkg™"
C. 3.25Nkg™"
D. 4.88Nkg™"

Question 5

Source: VCE 2020 Physics Exam, Section A, Q.11; © VCAA

The International Space Station (ISS) is travelling around Earth in a stable circular orbit, as shown in the diagram
below.

LY T
—
92
95}

Which one of the following statements concerning the momentum and the kinetic energy of the ISS is correct?

A. Both the momentum and the kinetic energy vary along the orbital path.

B. Both the momentum and the kinetic energy are constant along the orbital path.

C. The momentum is constant, but the kinetic energy changes throughout the orbital path.

D. The momentum changes, but the kinetic energy remains constant throughout the orbital path.
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Question 6

Source: VVCE 2022 Physics Exam, NHT, Section A, Q.4; © VCAA

The Mars Odyssey spacecraft was launched from Earth to explore Mars. The graph below shows the gravitational
force acting on the 700 kg Mars Odyssey spacecraft plotted against its height above Earth’s surface.

7000
6000

5000

grflvitational 4000
force (N)

3000

2000
1000

t 3 6 9 12 15 18 21 24
surface height above Earth’s surface ( 10%m)
of Earth

Which one of the following is closest to the minimum launch energy needed for the Mars Odyssey spacecraft to
‘escape’ Earth’s gravitational attraction?

A.

4.0x10%J

B. 1.5x10%J
C.
D. 1.5x10"J

4.0x10'y

Question 7

Source: VCE 2021 Physics Exam, NHT, Section A, Q.4; © VCAA

A person has a mass of 60.0 kg.

Which one of the following is closest to the weight of this person on Earth’s surface?

A.

60.0kg

B. 60.0N
C.
D. 588N

588kg

Question 8

Source: VCE 2022 Physics Exam, NHT, Section B, Q.5; © VCAA

When a spacecraft orbits Earth, its orbital period is not a function of the

A.

mass of Earth.

B. mass of the spacecraft.
C.
D. height of the spacecraft above Earth.

velocity of the spacecraft.
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Question 9

Source: VCE 2018 Physics Exam, NHT, Section A, Q.2; © VCAA

Data
Mass of Mercury 3.34x 102 kg
Radius of Mercury 2.44%10°m

Universal gravitational constant, G | 6.67 x10™"" N m? kg2

The gravitational field strength at the surface of Mercury is close to

A. 9.00x10°Nkg™’
B. 9.81x10°Nkg™
C. 3.74x10°Nkg™'
D. 3.74x10°Nkg™’

Question 10

Source: VCE 2019 Physics Exam, NHT, Section A, Q.4; © VCAA
The gravitational field strength at the surface of Mars is 3.7 N kg_1 .

Which one of the following is closest to the change in gravitational potential energy when a 10-kg mass falls
from 2.0 m above Mars’s surface to Mars’s surface?

A. 3.7J
B. 7.4J
C. 37J
D. 74J

Section B — Short answer questions

Question 11 (9 marks)

Source: VCE 2022 Physics Exam, Section B, Q.2; © VCAA

There are over 400 geostationary satellites above Earth in circular orbits. The period of orbit is one day (86400 s).
Each geostationary satellite remains stationary in relation to a fixed point on the equator. Figure 2 shows an
example of a geostationary satellite that is in orbit relative to a fixed point, X, on the equator.

satellite \/

Figure 2

a. Explain why geostationary satellites must be vertically above the equator to remain stationary relative to

Earth’s surface. (2 marks)
b. Using G=6.67x10""" Nm? kg2, Mg = 5.97 x 10?* kg and Rg = 6.37 x 10° m, show that the altitude of a

geostationary satellite must be equal to 3.59 x 10" m. (4 marks)
c. Calculate the speed of an orbiting geostationary satellite. (3 marks)
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Question 12 (10 marks)

Source: VVCE 2020 Physics Exam, Section B, Q.4; © VCAA

The lonospheric Connection Explorer (ICON) space weather satellite, constructed to study Earth’s ionosphere,
was launched in October 2019. ICON will study the link between space weather and Earth’s weather at its orbital
altitude of 600 km above Earth’s surface. Assume that ICON’s orbit is a circular orbit. Use Rz = 6.37 x 108 m.

a. Calculate the orbital radius of the ICON satellite. (1 mark)
b. Calculate the orbital period of the ICON satellite correct to three significant figures. Show your
working. (4 marks)
c. Explain how the ICON satellite maintains a stable circular orbit without the use of propulsion
engines. (2 marks)
d. Figure 3 shows the strength of Earth’s gravitational field, g, as a function of orbital altitude, h, above the
surface of Earth. (3 marks)
10.00
9.80
9.60
9.40
9.20
g (ms2) 9.00
8.80
8.60
8.40
8.20
0 100 200 300 400 500 600
h (km)
Figure 3

Determine the change in gravitational potential energy of the ICON satellite as it travels from Earth’s surface to
its orbital altitude of 600 km above Earth’s surface. The mass of the ICON satellite is 288 kg.

Question 13 (5 marks)

Source: VCE 2019, Physics Exam, Section B, Q.4; © VCAA

Assume that a journey from approximately 2 Earth radii (2 Rg) down to the centre of Earth is possible. The radius
of Earth R is 6.37 x 10° m. Assume that Earth is a sphere of constant density.

A graph of gravitational field strength versus distance from the centre of Earth is shown in Figure 4.

a. What is the numerical value gravitational field strength
of Y? (1 mark) (Nkg™)

b. Explain why gravitational 4
field strength is ON kg™ .
at the centre of |
Earth. (2 marks) i

c. Calculate the increase
in potential energy for a
75-kg person hypothetically
moving from the centre
of Earth to the surface of
Earth. Show your >
working. (2 marks) R, 2R, ¥ centre of Earth (m)

distance from the

Figure 4
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Question 14 (5 marks)

Source: VCE 2019, Physics Exam, Section B, Q.5; © VCAA

Navigation in vehicles or on mobile phones uses a network of global positioning system (GPS) satellites. The GPS
consists of 31 satellites that orbit Earth.

In December 2018, one satellite of mass 2270 kg, from the GPS Block IllA series, was launched into a circular
orbit at an altitude of 20 000 km above Earth’s surface.

a. ldentify the type(s) of force(s) acting on the satellite and the direction(s) in which the force(s) must act to keep

the satellite orbiting Earth. (2 marks)
b. Calculate the period of the satellite to three significant figures. You may use data from the table below in your
calculations. Show your working. (3 marks)
Data
mass of satellite 2.27x10%kg
mass of Earth 5.98x 10?4 kg
radius of Earth 6.37x10%°m

altitude of satellite above Earth’s surface | 2.00x 10" m

gravitational constant 6.67x 107" Nm?kg—

Question 15 (8 marks)

Source: VCE 2018, Physics Exam, Section B, Q.9; © VCAA

The spacecraft Juno has been put into orbit around Jupiter. The table below contains information about the planet
Jupiter and the spacecraft Juno. Figure 11 shows gravitational field strength (N kg_1) as a function of distance
from the centre of Jupiter.

Data

mass of Jupiter 1.90x 10%” kg
radius of Jupiter 7.00x10" m
mass of spacecraft Juno | 1500 kg

a. Calculate the gravitational force acting A
on Juno by Jupiter when Juno is at a
distance of 2.0 x 108 m from the centre of 14
Jupiter. Show your working. (2 marks) 12 b
b. Use the graph in Figure 11 to estimate the \
magnitude of the change in gravitational 10 \
potential energy of the spacecraft Juno as  gravitational field \
it moves from a distance of 2.0x108m to strength (N kg™) \
a distance of 1.0 x 108 m from the centre of 6
Jupiter. Show your working. (8 marks) 4 \
c. Europa is a moon of Jupiter. It has a
circular orbit of radius 6.70 x 108 m around 2 N~
Jupiter. Calculate the period of Europa’s 0 ==¢ -
orbit. Show your working. (3 marks) 0 1 2 3 4 5 6

distance from the centre of Jupiter (x10% m)

Figure 11
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AREA OF STUDY 2 HOW DO THINGS MOVE WITHOUT CONTACT?

Electric fields and their
4 applications

KEY KNOWLEDGE

In this topic, you will:
* investigate theoretically and practically electric fields, including directions and shapes of
fields, attractive and repulsive effects, and the existence of dipoles and monopoles
* investigate theoretically and practically electric fields about a point charge (positive or
negative) with reference to:
« the direction of the field
« the shape of the field
« the use of the inverse square law to determine the magnitude of the field
o potential energy changes (qualitative) associated with a point mass or charge moving in
the field
¢ identify fields as static or changing, and as uniform or non-uniform
¢ describe the interaction of two fields, allowing that electric charges can either attract or repel
® analyse the use of electric fields to accelerate a charge, including:
4919z

r2

4
» potential energy changes in a uniform electric field: W=qV, E = c_l

- . Q
« electric field and electric force concepts: E = k,Z and F=k

« the magnitude of the force on a charged particle due to a uniform electric field: F = gE.
Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access past VCAA questions and exam-style questions and their video solutions in every
lesson, to ensure you are ready.




4.1 Overview

Hey students! Bring these pages to life online “n an
Watch Engage with Answer questions ',) 9
videos interactivities and check results /°

Find all this and MORE in jacPLUS (C)

4.1.1 Introduction

Electric forces explain the form and function of much of

our everyday environment, from nerve cell responses in the
human body to the structure of the atom. Electric forces exist
between all electrically charged objects. Like gravitational
forces between masses, charged objects experience electric
forces when they are not touching each other. Unlike masses,
charged objects can attract or repel each other, depending

on whether they are positive or negative. This topic explores
electric fields produced by one or more charged objects, the
motion of charged particles affected by electric fields and

the use of electric fields to solve technological problems. An
example is the electron gun, a key component of an X-ray
imaging system. In an electron gun, electrons are accelerated
by a uniform electric field and collided with a target metal
such as tungsten. This produces X-rays, which can be used in
medical imaging.

FIGURE 4.1 A dental X-ray tube, with an
electron gun on the left-hand side and a
tungsten target in the copper sleeve on the
right-hand side.
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4.2 Coulomb’s Law and electric force

KEY KNOWLEDGE

* |nvestigate theoretically and practically electric forces about a point charge (positive or negative) with
reference to:
« the direction of the force
« the use of the inverse square law to determine the magnitude of the force

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

4.2.1 Coulomb’s Law

Many scientists in the 1700s thought that the force between charged objects would follow an inverse square
law, like the gravitational force. The first to measure it definitively was Charles-Augustin de Coulomb, who
published his findings in 1785.

Coulomb’s Law states that the force between two point charges is directly proportional to the product of
the magnitude of each charge and inversely proportional to the square of the distance between them. This
relationship is represented by the equation:

_ kq\q>
2

where: F is the force value on each charged particle, in newtons (N)

F

k is Coulomb’s constant (8.99 x 10° N m?> C~?)
q; and g, are the signed magnitudes of the two charges, in coulombs (C)

r is the distance between the two charges, in metres (m)

EXTENSION: The Coulomb’s constant

The value of k is affected by the medium that the charges are in. If the charged particles are in a vacuum, k has a
value of 8.99 x 10° N m? C~2.The value of k is smaller than 8.99 x 10° N m? C~2 in all other media. In water, k is 80
times smaller; however, in air the reduction is negligible.

This constant is referred to by various names, such as ‘the electric force constant’ and ‘Coulomb’s constant’.

Because the signs of the charges are included in the formula expressing Coulomb’s Law, the force value can be
positive or negative. A positive force value indicates that the two charges repel each other; a negative force value
indicates that the two charges attract one another.
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SAMPLE PROBLEM 1 Using Coulomb’s Law to calculate the force between two charges

tlvd-8980

Two balloons are rubbed on a woollen jumper and each gain a charge of 2.0 nC. What force does one
balloon exert on the other when they are 10.0 cm apart? Is this an attractive or repulsive force?

THINK WRITE
8.99x 10°x2.0x 1077 x2.0x 10~°
Recall Coulomb’s Law: F=kw, Fgionpy = 9 X eUx 5 xaUx
r (0.100)
where: =3.6x107°N
k=8.99x10°Nm>C? g and g, =2.0x 107 C The force has a positive sign, so the two balloons

and r = 0.100 m repel each other. (This can also be determined by

the fact both charges are the same, and will therefore
repel.)

PRACTICE PROBLEM 1

In the hydrogen atom, the electron and proton are on average 5.3 x 10-'! m apart. An electron has
a charge of -1.6 x 10~°C, and a proton has a charge of +1.6 x 10~°C. Find the magnitude of the
electrical force between the electron and proton. Is it attractive or repulsive?

Repulsive and attractive electric forces

There are two types of charges, positive and negative.
Consider the three scenarios represented in figure 4.2.

g4 % |Q2|_
2

In the first scenario, in which one object is negatively charged while the other is positively charged, g,q, <0, and
thus the force value is negative and the force is attractive.

In these three scenarios, the magnitude of the force is |F| = k

In the other two scenarios, q,q, >0, and thus the force value is positive and the force is repulsive.

Like charges repel and unlike charges attract.

FIGURE 4.2 Unlike the gravitational force, the force between charged objects can be attractive or repulsive.

Unlike charges attract

. Fon qo by g4 ‘ﬁ
Fon g4 by ap

B it PP >
r

Like charges repel

Fon q2 by g4
F ﬂ @
>

ongq byqgs -

like charges charges with the same

F type (both positive, or both negative)

on gy by g4 . .

unlike charges charges with

F, opposite type (one negative, one
>

ongq byqgo )
< positive)
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Resources

Digital document The long road to Coulomb’s Law (doc-39341)
Interactivity Doing the twist (int-6608)

4.2 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress
4.2 Quick quiz 4.2 Exercise u 4.2 Exam questions L
4.2 Exercise

1. A 10-uC point charge is placed 30 cm to the right of a 120-uC point charge.

a. Determine the magnitude of the electric force on the 10-uC charge. Give your answer to 2 significant
figures.
b. Determine the direction of the electric force on the 10-uC charge.

2. A 5.0-uC point charge is placed 20 cm to the left of a —7.0-uC point charge.

a. Determine the magnitude of the electric force on the 5.0-uC charge. Give your answer to 2 significant
figures.
b. Determine the direction of the electric force on the 5.0-uC charge.

3. A and B are two point charges placed x m apart. Initially, each point has a charge of +q C and the force they
exert on each other has a magnitude of 1.20 x 10~% N. Determine the magnitude of the electric force in each of
the following situations.

(Consider the situations separately.)

a. The distance between A and B is doubled, to 2 x m.

b. A charge of +2qg C is added to B.

c. A charge of —3q C is added to A.

d. The distance between the point spheres is halved and the charges are changed to +0.5 Con Aand 4qC
on B.

4, If the magnitude of the electric force between two electrons is equal to 2.40 x 10~'® N, determine how far apart
they are. Give your answer to 2 significant figures.

5. Two point charges A and B are placed 20 cm apart. The charges on A and B are +4.0x 1078 C and
+9.0x 1078 C respectively. Determine the distance from A where a test charge would experience zero net
force.

(Consider the gravitational force to be negligible.)

6. [T A particle is moved along an imaginary line between two masses, m, and m,. Points A and B have a
charge g, and g, respectively. The charge on the particle is +1 nC. As the particle is moved along the line, the
force experienced by the particle changes.

Which of the following statements is not true?

A. If g, and g, are both positive, there will be a point somewhere on the line where the net electric force
experienced by the +1-nC charge will be zero.

B. If g, and g, are both negative, there will be a point somewhere on the line where the net electric force
experienced by the +1-nC charge will be zero.

C. If g, is positive and g, is negative, there will be a point on the line where the net electric force experienced
by the +1-nC charge will be zero.

D. There will be a point on the line where the gravitational attraction of the +1-nC charge to m, is equal and
opposite to the gravitational attraction of the +1-nC charge to m,.
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4.2 Exam questions

Question 1 (1 mark)

& Four charges (—2Q, —3Q, +2Q, —3Q) are placed at the vertices of a square and a test charge +Q is placed
at the centre of the square, as shown below.

-2Q -3Q

+Q-

-3Q +2Q

Which of the following arrows best represent the direction of the net electric force on the charge +Q?
/!
N
4
N

Question 2 (2 marks)

COowm>

A point charge of 2.0 C is1.5 m from another point charge of 5.0 C. Calculate the magnitude of the electric force
acting between them.

Question 3 (2 marks)
Two point charges, each of 1.0 C, experience an electric force between them of 2.0 N. Calculate the distance
between the two charges.

Question 4 (2 marks)
An electron experiences an electric force of 100 N to the right from an unknown charge placed 3.2 m to its left.
Calculate the value of the unknown charge.

Question 5 (4 marks)
In a hydrogen atom, the distance between the proton and the electron is about 5.2 x 10~"" m.
Using the data in the table below, determine how far apart an electron and a proton should be so that the

magnitude of the electrical force between them is equal to the magnitude of the gravitational force exerted by
Earth on a hydrogen atom on its surface.

Data

mass of a hydrogen atom 1.6735%x 10727 kg
charge of an electron/proton (e) (#)1.6x1071°C
Coulomb’s constant (k) 9.0x10°Nm?C2
acceleration due to gravity on Earth (g) | 9.8 ms™2

Give your answers to the appropriate number of significant figures.

More exam questions are available in your learnON title.
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4.3 The field model for point-like charges

KEY KNOWLEDGE

* Investigate theoretically and practically electric fields about a point charge (positive or negative) with
reference to:
« the direction of the field
« the shape of the field
« the use of the inverse square law to determine the magnitude of the field
* |nvestigate theoretically and practically electric fields, including directions and shapes of fields, attractive and
repulsive effects, and the existence of dipoles and monopoles
¢ |dentify fields as static or changing, and as uniform or non-uniform
* Analyse the use of electric fields to accelerate a charge, including:
919>
2

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

Q
« electric field and electric force concepts: E = k; and F=k

4.3.1 The electric field from a charged particle

Attraction and repulsion between charged objects occurs even when they are not o _

hi T lai hi . Michael Farad 1791-1867) i duced electric field vector field
touching. To explain such interactions, Michael Faraday ( 1-1 ) introduce describing the property of the
the concept of a ‘field’. He proposed that an electric field exists in the space space around a charge that
around a charged object. If another charged object is placed in that space, it causes a second charge in that

. . . t i f
experiences an electric force due to the field from the other object. space to experience a force due
only to the presence of the first

We have seen in subtopic 4.2 that the force on the test charge g by Q is given by charg(? _

Q q electric force force experienced
F=k—. by a charged particle if it is

r? placed within the electric field

Thus, the strength of the electric field E generated at a distance » from an object of a second charged particle

with a charge Q is given by:

_k0
G

where: E is the strength of the electric field due to a point charge, in N C!

E

Q is the charge of the point charge (that is causing the electric field), in C
r is the distance from the point charge, in m

k is Coulomb’s constant (8.99 x 10° N m? C2)

The unit for the electric field is newtons per coulomb, or NC™!.

The relation between the electric force and the electric field is given by:

F=qE

where: F is the force on the charged particle, in newtons (N)
q is the charge of the particle experiencing the force, in coulombs (C)

E is the strength of the electric field, measured in N C™!
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Notice the similarity of the expressions for the electric force and field from point charges to the gravitational
force and field expression for point masses. Both are inverse square laws.

TABLE 4.1 Comparison between expressions for electric and gravitational fields

Force and field between masses Force and field between charges

mM qQ
F,=G— F=—
9 ’2 ,2
Fg=mg F=qE
M kQ
=G— E=—
IR 7

However, electrical interactions are different from gravitational interactions in that electric charges can attract
and repel whereas gravitational interactions are always attractive.

SAMPLE PROBLEM 2 Determining the magnitude of an electric field from a point charge

tlvd-8981

What is the magnitude of the electric field at a point 50 cm to the left of a point charge of
+2.0 x 107 C?

THINK WRITE

. kO
Recall the formula for an electric field: E = 7
Ensure that the distance is in metres and 8.99% 10° X 2.0% 10-7
the charge is in coulombs. In this case, the E=— i a 2 X
distance of 50 cm needs to be converted (0.5) 1
o 05 =72x103NC"

The magnitude of the electric field is 7.2x 10° NC ™.

PRACTICE PROBLEM 2

What is the magnitude of the electric field at a point 30 cm to the right of a point charge of
-3.0x 107 C?

Drawing an electric field diagram

When you draw a gravitational field, the field lines indicate the direction of gravitational force on a mass in the
field. But for an electric field, it is ambiguous because the direction of the force experienced by a charge in a
field depends on whether the charge is positive or negative. A convention is needed.

In an electric field diagram, the direction of the field is the direction in
which a positive charge would experience the electrical force.

This means that the lines are directed away from positively charged sources, and towards negatively charged
sources (see figure 4.3).
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FIGURE 4.3 Fields around a. a positive charge and b. a negative charge

a. b.

Remember that the changes in the spacing of the field lines indicate changes in electric monopole single electric
the strength of the field. For the electric monopoles in figure 4.3, the field lines point charge, in which all the
spread out from the centre. The increased spacing between field lines, as the electric field lines point inward for
distance from the point charge increases, shows that the field is weakening. The a net negative electric charge or
field is not uniform everywhere in space. However, the field is unchanging or 2:;2;“ a net positive electric
static over time.

SAMPLE PROBLEM 3 Drawing forces between charged particles

tlvd-8982

Consider a particle with a charge of 1.0 pC.

a. Draw a diagram of the field of the particle.

b. Draw a vector showing the force on a 1.0-nC charge placed 2.0 cm to the right of the particle.
c. Draw a vector showing the force on a —1.0-nC charge placed 2.0 cm to the right of the particle.
d. Draw a vector showing the force on a 1.0-nC charge placed 4.0 cm to the right of the particle.

THINK WRITE
a. Recall the shape of the electric field around a a.
point charge, remembering that the direction
of the field is the direction in which a positive
charge would experience a force (away from the
charge).
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b. As the charges are both positive, they will repel  b.
each other.

c. As the charges are opposite, they will attract each c.
other.

d. As the charges are both positive, they will repel  d.
each other. As the distance between the charges
has doubled, the force between them has reduced

to 411 of the original force.

PRACTICE PROBLEM 3

Consider a particle with a charge of —1.0 pC.

a. Draw a diagram of the field of the particle.

b. Draw a vector showing the force on a 1.0-nC charge placed 2.0 cm to the left of the particle.
c. Draw a vector showing the force on a —1.0-nC charge placed 2.0 cm south-east of the particle.
d. Draw a vector showing the force on a 1.0-nC charge placed 4.0 cm north-east of the particle.
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Graphing the electric field

The direction of the electric field is the
direction in which a positive test charge
would experience a force.

For a central positive charge, the
direction of the electric field vector at
a point P is in the same direction as
the position vector of P. This means
that the graph of the electric field is
above the distance axis. This can be
further understood when you consider
the formula for an electric field, where

E= k7Q If the value of Q (the charge) is

positive, the strength of the electric field
(E) is also positive.

For a central negative charge, the
direction of the electric field vector is
in the opposite direction to the position
vector, so the graph of the electric field
around a negative charge will be below

FIGURE 4.4 The electric field at an increasing distance from a. a
positive charge, b. a negative charge

EA

Lt

P
0 r
0 r
Ey

the distance axis. This can be further understood when you consider the formula for an electric field, where

kQ

E = —_ If the value of Q (the charge) is negative, the direction of the electric field E is in the opposite direction

from the position of any test charge. A positive test charge would experience an attractive force towards the

negative charge.

EXTENSION: Electric attraction

Recent research has shown that electric attractions between bees and flowers have an important role in bees
locating flowers with pollen. Bees acquire a slight positive charge as they fly through the air. Like the surface of
Earth, flowers tend to be negatively charged. Bees are very sensitive to the shape of the electric field from the
flower, using the electric field to distinguish between different flower types.

FIGURE 4.5 Bumblebees can sense the electric field
surrounding a flower.
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4.3 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your

feedback and access additional results and

sample responses questions progress

4.3 Quick quiz J 4.3 Exercise U 4.3 Exam questions

4.3 Exercise

1. Determine the strength of the electric field 30 cm from a charge of 120 uC. Give your answer to 2 significant
figures.
2. Calculate the strength of the electric field 5.2 uC from a proton. Give your answer to 2 significant figures.
3. a. An electric force of 1.5N acts upwards on a charge of +3.0 uC. Calculate the strength of the electric field.
Give your answer to 2 significant figures.
b. What is the direction of the electric field?
4. A negative test charge is placed at a point in an electric field. It experiences a force to the right. What is the
direction of the electric field at that point?
5. a. An electric force of 3.0 N acts downwards on a charge of —1.5 uC. Calculate the strength of the electric
field. Give your answer to 2 significant figures.
b. What is the direction of the electric field?
6. I Which of the following statements is incorrect?
A. Electric fields can attract or repel charges, depending on the type of charge and nature of the field.
B. Electric fields can be uniform or non-uniform.
C. The source of an electric field can be a monopole.
D. Electric field lines must always form closed loops.
7. Answer the following
a. Explain why electric field lines can never cross.
b. If a particle is free to move, will it move along a field line?

4.3 Exam questions

Question 1 (1 mark)
Source: VCE 2018 Physics Exam, NHT, Section A, Q.3; © VCAA

LT A Van de Graaff generator, which is a piece of electric field demonstration equipment, consists of a small
sphere that is electrically charged, as shown in the diagram below.

A particular Van de Graaff generator has a sphere that has a charge of 5.0 x 10~7 coulombs on it. Take the
Coulomb’s law constant to be k= 9.0 x 10°Nm? C™2.

Which one of the following best gives the magnitude of the electric field at point X in the diagram above, 0.50 m
from the sphere?

1.8x1072Vm™

. 3.6x1072Vm™

1.8x10*Vm™

. 3.6x10°Vm™

OO wp»
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Question 2 (1 mark)
An electron is placed in an electric field and experiences a force due to the field that is in an upward direction.
What is the direction of the field at that location?

Question 3 (2 marks)
Calculate the strength of the electric field 12 cm away from a point charge of 6.0 x 10~ C.

Question 4 (2 marks)

At a distance of 15 cm from an unknown charge, the strength of the electric field is 80.5N C~'. Determine the
unknown charge in coulombs.

Question 5 (2 marks)
At what distance from a proton, of charge 1.6 x 107" C, is the strength of the electric field 5.4 N c?

More exam questions are available in your learnON title.

4.4 Electric fields from more than one point-like charge

KEY KNOWLEDGE

* Describe the interaction of two electric fields, allowing that electric charges can either attract or repel

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

4.4.1 Electric fields from two or more charges: dipoles

When two or more charged sources are present, the fields from each of the individual sources are added together
to give the total field. Remember that electric fields are vectors and obey vector addition laws.

Consider the following diagram of the electric field for two positive charges:

FIGURE 4.6 The field from two positive charges

KR

At the point halfway between the two charges, the fields from the two charges completely cancel, resulting in a
field of zero strength. Notice that at large distances from the charges, the field lines start to look more like field
lines from a point with twice as much charge.
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When a positive charge and negative charge of equal size get near to each other, they create an electric dipole,
and you obtain a very different pattern:

FIGURE 4.7 The field from a positive and a negative charge, known as an electric dipole

K-S

The field pattern from an electric dipole cannot be confused with the field from a ectric dinol ive ch

. . . . . electric dipole a positive charge
single charge. The dipole field pattern has a definite attractive end and a definite and a neg;ive chzrge that areg
repulsive end. It is also clearly non-uniform. separated by a short distance

INVESTIGATION 4.1

Investigating the electric field using an electric compass

AIM
To investigate the electric field from positive and negative sources of charge, both singly and in combination

EXTENSION: Dipole fields

When a positive charge and a negative charge are separated by a short distance, the electric field around them
is called a dipole field. This concept is also relevant to magnetic fields, where the ends of a bar magnet have
different polarities (north and south).

Electric dipoles play a very important role in atoms and molecules. For example, in a molecule of water, H,O, the
oxygen atom more strongly attracts the shared electrons than do each of the hydrogen atoms, as shown in
figure 4.8. This makes the oxygen end of the molecule more negatively charged and the hydrogen end more
positively charged. Because of this, the water molecule is called a polar molecule. It is this polarity that makes
water so good at dissolving substances.

An antenna can be described as a varying electric dipole. To produce a radio or a TV dipole field electric field
signal, electrons are accelerated up and down the antenna. At one moment, the top surrounding a positive charge and a
may be negative and the bottom positive, then, a moment later, the reverse is the case. negative charge that are separated

by a short distance
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FIGURE 4.8 A water molecule (H,0) FIGURE 4.9 Partial circuit diagram of an
displays polarity. antenna

Partial negative charge

Partial positive charge

Many fish generate and sense electric fields. Some use them to communicate, others to sense prey, and others
like electric eels can stun their prey with an electric shock.

FIGURE 4.10 An electric eel produces an electric dipole field.

1va-8953 SAMPLE PROBLEM 4 Sketching electric fields due to point charges
va-

a. Sketch the field due to the two particles shown in the following diagram, each with a charge of
—-1.0 pC separated by 4.0 cm.

©) )

A B

b. Draw a vector indicating the direction of the force on a 1.0-nC charge placed to the left of
particle A.

c. Describe how the direction of the force on the 1.0-nC charge changes as it is moved along an
imaginary line connecting particles A and B.
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THINK
Recall the shape of the electric field around two  a.

a.

b.

negative charges.

As the charge is positive, it is attracted to the b.

negative particles A and B, which are positioned
directly to the right of the 1.0-nC charge.

. The positive charge is attracted to both negative  c.

point charges A and B. The overall net force on
the charge is the sum of the forces acting on it
from particles A and B.

WRITE

When the 1.0-nC charge moves past particle A to the
right-hand side, it experiences an attractive force to
the left from particle A and also an attractive force
to the right from particle B. Because the charge is
closer to particle A than particle B, the force acting
to the left is stronger than the force to the right, so
the net (or overall) force on the 1.0-nC charge at this
point is to the left (but it is smaller in magnitude than
the force it experienced in part b). As the charge is
moved closer to particle B, the magnitude of the
leftward net force decreases to zero at the point
halfway between the two particles. When the charge
moves closer to particle B than particle A, the net
force acts to the right and becomes stronger as the
charge moves closer to particle B.

PRACTICE PROBLEM 4

Sketch the electric field that would result from particle A having a negative charge of 1 pC and
particle B (which is placed to the right of particle A) having a positive charge of 1 pnC.
Compare the force on a 1-nC charge placed to the left of particle A with one placed to the right of

a.

particle A.

Describe how the force changes on the 1-nC charge as it is moved along an imaginary line between

A and B.
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Resources

Digital document The structure of DNA and electrical attraction (doc-39342)

Weblinks Electric field line simulator
Charges and fields
Electrostatic applet

4.4 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

4.4 Quick quiz ‘ 4.4 Exercise U 4.4 Exam questions

4.4 Exercise

1. Two small spheres, A and B, are placed with their centres 10 cm apart. P is placed between A and B, at a
position 2.5 cm from A. Determine the direction of the electric field at P in the following situations.
a. A and B have the same positive charge.
b. A has a positive charge, B has a negative charge and the magnitudes are the same.

2. A +2-nC charge is placed to the right of a —2-nC charge. Sketch the electric field around those two charges.

e ©

3. Sketch the electric field around two positive charges, A and B, where the charge on A is twice that on B.
4. I For the dipole field shown, which of the following statements are true?

Y

A. The point charges at A and B have the same size.

B. The size of the charge at point B is smaller than the one at point A.

C. Both charges are positive.

D. The charge at point A is positive, and the one at point B is negative.

5. A +2.0-nC charge is placed 15 cm to the right of a +3.0-nC charge. Josh predicts there will be a point

between the two particles at which the combined electric field strength will be zero.

a. Determine the value of the combined electric field strength E at the following distances x to the right of the
+3.0-nC charge. Consider the positive direction to be to the right.
Give your answers to 3 significant figures.

b. Explain your results from part a and decide whether Josh is correct.

4
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4.4 Exam questions

Question 1 (2 marks)

Figure 1 shows two equal negative stationary point charges placed near each other. Sketch on Figure 1 the shape
and direction of the electric field lines. Use at least eight field lines.

© ©

Figure 1

Question 2 (1 mark)
Source: Adapted from VCE 2020 Physics Exam, Section A, Q.1; © VCAA

T The diagram below shows the electric field lines between two charges of equal magnitude.

The best description of the two charges is that the

A. charges are both positive.

B. charges are both negative.

C. charges can be either both positive or both negative.

D. left-hand charge is positive and the right-hand charge is negative.

Question 3 (1 mark)
Source: /CE 2017, Physics Exam, Section B, Q.1; © VCAA

Three charges are arranged in a line, as shown in Figure 1.

X
O . O O
-Q +Q Q

Figure 1

Draw an arrow at point X to show the direction of the resultant electric field at X. If the resultant electric field is
zero, write the letter ‘N’ at X.

Question 4 (2 marks)

Two charges, —2Q and +Q, are separated by a distance of 1.0cm. A point X is 1.0 cm to the right of the positive
charge. Draw an arrow at X to show the direction of the resultant field at X. If the resultant field is zero, write the
letter N at X.

o o :

-2Q +Q
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Question 5 (8 marks)

A particle acquires a —3.0-nC charge.
a. Sketch the electric field due to the —3.0-nC charge. (2 marks)

A second particle with a charge of +5.0nC is placed 4.0 cm to the left of the —3.0-nC charge.

b. Calculate the magnitude of the force on the +5.0-nC charge due to the —3.0-nC charge. (2 marks)

c. What is the direction of the electric force exerted by the —3.0-nC charge on the +5.0-nC charge? (1 mark)

d. Is there any point at which the combined electric field from the two charges will have a value of zero? Explain
your response without using calculations. (3 marks)

More exam questions are available in your learnON title.

4.5 Uniform electric fields

KEY KNOWLEDGE

* Analyse the use of electric fields to accelerate a charge, including:
«» the magnitude of the force on a charged particle due to a uniform electric field: F = gE
¢ |dentify fields as static or changing, and as uniform or non-uniform

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

4.5.1 The electric field between parallel charged plates

If a set of positive and negative charges were lined up in two rows facing each ) L ,
uniform electric field electrical

other, the hn.es of electric field in the space between the rows would be evs:n?y field in which the strength and
spaced, that is, the value of the strength of the field would be constant. This is direction are constant at every
called a uniform electric field. Note that the electric field vector (and thus the point

field lines) are always perpendicular to conducting surfaces.

It is also very easy to set up. Just set two metal plates a few centimetres apart, then connect one plate to the
positive terminal of a battery and connect the other plate to the negative terminal of the battery. The battery

will transfer electrons from one plate, making it positive, and put them on the other, making that one negative.
The battery will keep on doing this until the positive plate is so positive that the battery’s voltage, or the energy
it gives to each coulomb of electrons, is insufficient to overcome the attraction of the positively charged plate.
Similarly, the negatively charged plate will become so negative that the repulsion from this plate prevents further
electrons being added.

FIGURE 4.11 A uniform electric field FIGURE 4.12 An electric field between two plates

Plate X
+ + + + 4|+ + + + +

Plate Y

TOPIC 4 Electric fields and their applications 213



The uniform field between the plates means that the force experienced by a charged particle placed at any
position between the plates is the same: F = gE.

The field remains static, or unchanging, for as long as the parallel plates remain charged.

The force on a charge placed between the plates is the same at all places between the plates. This has many
important applications and is the basic building block of a particle accelerator.

If there is no other force acting on the charged particle ¢, then the force due to the interaction with the electric
field is the net force, and, applying Newton’s Second Law, the particle experiences an acceleration parallel to the

field, a, where a = — = q_‘ This can be observed in table 4.2. It is clear that this motion is very similar to that
m m
experienced in gravitational fields.

Hence, the motion of a charged particle has two components:
1. uniform velocity perpendicular to the field
2. uniform acceleration parallel to the field.

The combination of these two components produces a trajectory very similar to that of projectile motion.

TABLE 4.2 Comparing trajectories in electric fields to those in gravitational fields

Electric fields ]
Charge placed at a point Charge with velocity
q E g . E
N
"\ Traject
ajector

F= qE F, a \\ ] Y
\\
\
|

7 y 7 7 7 v Yy 7

When a charge q is placed in a uniform electric field, it When a charge q travelling with a velocity v across
will experience a force F = gE. Therefore, the charge the field is placed in an electric field, it will have a
will accelerate uniformly along the field (in the direction | trajectory motion. This is because its motion has two
that the field lines are facing). components:

Uniform velocity perpendicular to the field

Uniform acceleration parallel to the field (along the

field lines).
Gravitational fields
Mass placed at a point Mass with velocity
m g m| g
\—>
\\\
\
\\ Trajectory
F=mg F,a |
\
1
Similar to the situation involving an electric field, ‘II
when a mass m is placed in a gravitational field, it will A v A\ A

experience a force F = mg. Therefore, the mass will
accelerate uniformly along the field (in the direction that
the field lines are facing).

Similar to the situation involving an electric field, when
a mass m is placed in a gravitational field, it will have

a trajectory motion. This is because its motion has two
components:

Uniform velocity perpendicular to the field

Uniform acceleration parallel to the field (along the field
lines).
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SAMPLE PROBLEM 5 Calculating forces on a free charge in a uniform electric field

The electric field strength between two parallel plates separated by 2.0 cm is 10 N C~'. An electron
(with a charge of —1.6 x 10~'° C) enters the space between the plates.

a. Calculate the magnitude of the force on the electron.

b. Describe the direction of the force on the electron.

c. Calculate the change in velocity of an electron that starts at rest halfway between the two plates.

THINK WRITE
a. Recall that F = gFE and that the charge on the a. F=qE
electron is —1.6 x 10™° C. = —1.6%10-19% 10

Hence, the magnitude of the force is 1.6 X 10718 N.

b. Remember that the electron has a negative b. The sign of the force is opposite to the sign of the
charge. field, so the electron experiences a force in the
opposite direction to the electric field and will be
accelerated towards the positive plate.

F,
c. 1. The electron experiences a constant force, c.a=-—=
so it undergoes constant acceleration. n
: 1.6x 10713
Apply Newton’s Second Law, F =ma, to ="
9.1x 1073

determine the acceleration. Use your formula
sheet to find that the mass of an electron is
equal to 9.1 x 1073 kg.

=1.8%x102 ms2

2. The values of the initial velocity, acceleration v2 =u’? + 2as
and distance travelled are known, so these 2 =04+2%1.8%102 x0.01
can be used in the equation v> = u? + 2as to o
calculate the final velocity. R
For the distance, remember that the electron is =>y=19%x10° ms™!
halfway between the two plates, so the distance  As the initial velocity was 0 m s~ and the final
is 1.0 cm (converted to 0.01 m for use in the velocity was 1.9 x 10° m s™', the change in velocity
formula). You also need to ensure that you use was 1.9 x 10° ms7!.

your non-rounded value for acceleration during
your calculations.

PRACTICE PROBLEM 5

The electric field strength between two parallel plates separated by 2.0 cm is 20 N C~. A proton is
placed halfway between the plates. The proton has a charge of 1.6 x 10™'° C and a mass of

1.67 x 107 kg.

a. What is the magnitude of the force on the proton?

b. Describe the direction of the force on the proton.

c. Calculate the final velocity of a proton that starts at rest halfway between the two plates.
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4.5 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

4.5 Quick quiz J 4.5 Exercise u 4.5 Exam questions

4.5 Exercise

1. The electric field between two charged plates is represented below. Determine which plate is positively
charged.

2. An electron is moving between two charged plates, and its trajectory is represented below.
Draw an arrow to represent the direction of the electric field, an arrow to represent the direction of the electric
force on the electron at a random point of its trajectory and label the plates with their respective charges.

3. Answer the following:

a. Calculate the magnitude of the acceleration of an electron of mass 9.1 x 107! kg in a uniform electric field
of strength 1.0x 10° NC~". Give your answer to 2 significant figures.

b. Starting from rest, determine how long it would take for the speed of the electron to reach 10% of the speed
of light in a vacuum (c = 3.0 x 108 ms™")? Ignore relativistic effects and give your answer to 2 significant
figures.

c. Calculate the distance the electron would travel in that time. Give your answer to 2 significant figures.

4. In an inkjet printer, small drops of ink are given a controlled charge and fired between two charged plates. The
electric field deflects each drop and thus controls where the drop lands on the page, as outlined in the
diagram.

Drop
generator

Charging  Deflecting Paper
unit plates
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Let m be the mass of the drop, g be the charge of the drop, v be the speed of the drop, I be the horizontal

length of the plate crossed by the drop, and E be the electric field strength.

a. Develop an expression for the deflection of the drop.
Hint: This is like a projectile motion question.

b. With the values m=1.0x 1072 kg, v=20ms~", I=1.0cm and E=1.2x 10 NC™", calculate the charge
required on the drop to produce a deflection of 1.2 mm. Give your answer to 2 significant figures.

5. I3 A charged particle is placed between two oppositely charged conducting plates. If the strength of the

electric field is doubled (and ignoring gravitational effects), which of the following is true? (Select all

that apply.)

A. The net force experienced by the charge doubles.

B. The acceleration experienced by the charge doubles.

C. The final velocity of the particle doubles.

D. The charged particle does not move.

4.5 Exam questions

Question 1 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q.2; © VCAA

I Millikan, a famous scientist, measured the size of the electron charge by balancing an upwards electric
force with a gravitational force on a small oil drop. In a repeat of this experiment, an oil drop with a charge of
9.6 x 107" C was placed in an electric field of 10*Vm™".

Which one of the following is closest to the electrical force on the oil drop?
A. 9.6x107“N
B. 9.6x107"°N
C. 9.6x107%N
D. 9.6x107%N

Question 2 (2 marks)
Calculate the magnitude of the electric force acting on an electron of charge 1.6 x 10~'° C in a uniform electric
field of strength 2.5x 10*NC™".
Question 3 (2 marks)
Calculate the acceleration of an electron of charge 1.6 x 107'° C and mass 9.1 x 10~%' kg due to the force acting
on it in a uniform electric field of strength 2.0x10°NC™".
Question 4 (1 mark)
An electron gun is used to inject electrons into the LINAC of a synchrotron.
I The charge of an electron is 1.6 x 107'° C and the mass of an electron is 9.1 x 107" kg. If the acceleration of
the electrons is 1.2 x 10" ms™2, then the electric field strength is closest to:
A. 1.0x10°VC™.
B. 1.0x108VC™.
C. 1.0x10°vC™.
D. 1.0x1072vC™".
Question 5 (6 marks)

Answer the following.
a. Calculate the magnitude of the acceleration of an alpha particle of mass 6.64 x 107" kg, and of charge 2e, in a

uniform electric field of strength 4.0 x 10° N c. (2 marks)
b. Starting from rest, the alpha particle travels for 1.0 ns in the uniform electric field. Determine how far the alpha
particle travelled. (Ignore relativistic effects.) (2 marks)
c. Calculate the speed of the alpha particle after 1.0 ns. (2 marks)

More exam questions are available in your learnON title.
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4.6 Energy and motion of charges in electric fields and
the linear accelerator

KEY KNOWLEDGE

¢ Investigate theoretically and practically electrical fields about a point mass or charge (positive or negative)
with reference to:
« potential energy changes (qualitative) associated with a point mass or charge moving in the field

* Analyse the use of an electric field to accelerate a charge, including:
%4
« potential energy changes in a uniform electric field: W = qV, E= g

* Model the acceleration of particles in a particle accelerator by a uniform electric field

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA,; reproduced by permission.

4.6.1 Potential energy changes for charges moving in electric fields

A particle placed in an electric field experiences an electric force. If the particle is displaced in a direction
parallel to the force, the electric force does work on the particle. There is a corresponding decrease in electrical
potential energy of the particle in the field. An example of this occurs in an electron gun, when an electron is
released near a positively charged object. The electron accelerates towards the positive object. The electron’s
kinetic energy increases and the electrical potential energy in the field decreases.

If a force is used to move a particle in a direction opposing the electric force on the particle, then the potential
energy of the charged particle will increase. For example, if two positively charged balloons are pushed closer
together, the electrical potential energy will increase.

4.6.2 Energy changes for a charged particle in a uniform electric field

A source of EMF, such as a battery, supplies energy to a circuit. Each amount of charge, ¢, that passes from one
side of the battery to the other is supplied with gV joules of energy, where V is the value of the battery EMF or
voltage, in volts (V).

When two parallel plates are connected to a battery, a total amount of charge, Q, passes through the battery until
the battery is no longer able to supply an electron with enough energy to overcome its attraction to the now
positively charged plate. At this point, the electrical potential difference between the plates is equal to the EMF,
V, of the battery.

The electric field strength between the plates, E, can be related to the electrical potential difference between the
plates, V, and the separation of the plates, d.

If a charge ¢ is placed on the positive plate, it experiences an attractive force, gE, due to the field between the
charged plates. It will be accelerated across the gap to the negatively charged plate. The work done on the charge
by the field equals gEd, so the kinetic energy of the charge will increase by gEd. It is equivalent to an excess of
charge on the plate, g, moving back through the battery, which would be a decrease in electrical potential energy
of gV.
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AE,=W=qV

where: AE; is the change in kinetic energy, in J
W is the work done on g coulombs of charge, in J (or N m)
q is the quantity of charge, in C

V is the potential difference of the voltage drop, in V

Equating the work done on the charge by the field with the change in electrical potential energy of the battery,
we find the following relationship:

E=—
d

where: E is the electric field strength, in V m™!
V is the electric potential difference, in V

d is the distance between two points in the electric field, in m

This provides an alternative unit for electric field of volts per metre or V m™. So, like gravitational field
strength, electric field strength has two equivalent units: either newtons per coulomb (N C_l) or volts per metre.
Using volts per metre makes it very easy to determine the strength of a uniform electric field.

SAMPLE PROBLEM 6 Determining the strength of a uniform electric field between

two plates

What is the strength of the electric field between two plates 5.0 cm apart connected to a 100 V DC
supply?

THINK WRITE
Recall the formula for the electric field between two parallel E= v
plates with a potential difference V across the plates: ilOO
£-= ~ 005
where V =100 V and d = 5.0 cm = 0.05 m. =2.0x10°Vm™!

PRACTICE PROBLEM 6

Calculate the strength of the electric field between a storm cloud 1.5 km above ground and the ground
itself if the electric potential difference is 30 000 000 V. Assume a uniform field.
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4.6.3 The linear accelerator

An electric field can be used to increase the speed and kinetic energy of charged

particles. This principle is the basis of a linear particle accelerator.

The world’s longest linear accelerator is at Stanford University in California. It is

linear particle accelerator type of
particle accelerator based on the

work done by the field in moving a
charge from one plate to the other

3.2 km long and can accelerate electrons to energies of 50 billion electron volts.

Figure 4.13 shows two metal plates with a small hole cut in the
middle of each plate. The plates have been connected to a DC
power supply. In the hole of the negative plate is a filament of wire,
like the filament in an incandescent light globe, connected to a low
voltage. When the current flows in this circuit, the filament glows
red hot. The electrons are, in a sense, ‘boiling at the surface’ of

the filament. The electric field can easily pull the electrons off the
surface of the filament.

The hole in the positive plate is in a direct line with the filament, so
as the electrons are accelerated across the space between the plates,
they go straight through the hole to the next part of the machine.
This design is called an electron gun. It produces the electrons
required for many devices, such as for a synchrotron.

FIGURE 4.13 The electrons on the hot
filament are attracted across to the
positive plate and pass through the hole
that is in line with the beam.

I I |

SAMPLE PROBLEM 7 Calculations involving an electron field acting as a particle

accelerator

An electron is accelerated from one plate to another. The electrical potential difference between the

plates is 100 V.

a. How much energy does the electron gain as it moves from the negative plate to the positive plate?
b. How fast will the electron be travelling when it hits the positive plate, if it left the negative plate

with a speed of 0 m s™1?

mass of electron = 9.1 x 103! kg; charge on electron = 1.6 x 10" C.

THINK WRITE
a. The change in kinetic energy can be found a. AE, =qV
by the work done by the electric field: —1.6%x 10~ %100
AE, =W=qV
k=T =1.6x10717 ]
where g =1.6 x 107 Cand V =100 V.
1
b. The electron began with a speed of Oms™,  b. E, = —mv?
so the final speed can be found from the final %
-17 _ =3l 442
riete G EF%W; 16X 1077 = 2 x9.1x107! xv

2x1.6x107"7
y = —_—
9.1x 10731

=59%10°ms~!

Note that the final speed of the electron is
about 2% of the speed of light!
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PRACTICE PROBLEM 7

Repeat the calculation in sample problem 7 for an electrical potential difference across the plates of
1000 V.

SAMPLE PROBLEM 8 Calculating the acceleration and velocity of electrons in a cathode

ray tube

The first televisions relied on cathode ray tube technology. In a cathode ray tube, electrons are emitted
from a metal cathode, accelerated and then passed between parallel plates that allow the electron
beam to be deflected horizontally and vertically by the television signal, striking the screen in different
places with different intensities, creating an image.

The following diagram shows the trajectory of a particular electron, of charge —1.6 x 10~° C and
mass 9.1 x 103! kg, with an initial horizontal velocity v as it passes between horizontal charged
parallel plates:

Electron beam passing between parallel plates

The electric field strength is 10°Vm! (or N C™1). The distance between the plates is 25.0 cm.

a. What is the magnitude and direction of the acceleration experienced by the electron?

b. What is the vertical velocity of the electron beam when it leaves the plates?

Note that the gravitational force on the electrons is negligible compared to the electric force and can
be ignored in this case.

THINK WRITE
a. Let’s take upwards as the positive direction. F=qE
Recall that the size of the force on the electron — —1.6%x10-9Cx 10*NC~!

in the field is given by F = gFE, where E is the

_ —15
electric field strength. =-1.6x10""N

In the diagram above, the electrons (negatively
charged) are attracted to the positively charged
plate.

The electric force is in the downward direction.

The acceleration can be found by applying a=

F
Newton’s Second Law, F = ma. m

—1.6X10"15N
9.1x 1073 kg
1.758 x 1015 ms=2

=—1.8%x10"ms2to2s.f.
The acceleration is in the downward direction. Its
magnitude is 1.8 X 10 ms=2to 2s.f.
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b. The constant acceleration formulae can be used v2=u? + 2as
to find other kinematic variables, such as the v2=0+2x% (_ 1.758 x 105 m S—z) X (—0.125 m)
change in vertical velocity.
The vertical displacement of the beam above is
half the distance separating the plates,
s=—12.5cm.
The initial vertical velocity of the electrons
isOms~!.
Using v> = u? + 2as, we can find the final vertical
velocity of the electrons.

=v=21x10"ms™!
The vertical velocity is downwards.
Its magnitude is 2.1 X 10’ ms~!,

PRACTICE PROBLEM 8

An electric field strength of 2.0 X 10° N C~! is used to accelerate electrons emitted from a cathode over

a distance of 25 mm.

a. Calculate the magnitude of the acceleration experienced by the electrons, ignoring the
gravitational force.

b. Estimate the magnitude of the average final velocity of the electrons, assuming that their initial
velocity is 0 m s™! and ignoring relativistic effects.

4.6 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress
4.6 Quick quiz J 4.6 Exercise U 4.6 Exam questions

4.6 Exercise

1. The electric field strength between two oppositely charged conducting plates is 15.0Vm™". If the electrical
potential difference across the plates is 100V, determine the distance d between the plates. Give your
answer to 2 significant figures.

2. Two metal plates, X and Y, are set up 20 cm apart. The X plate is connected to the positive terminal of a
120-V battery and the Y plate is connected to the negative terminal. A small positively charged sphere is
midway between the plates and it experiences a force of 4.0 x 1073 N.

a. If it was placed 7.5 cm from plate X, what would be the magnitude of the force on the sphere?

b. The sphere is placed back in the middle and the plates are moved closer so that the distance between
them is now 15 cm. What is the magnitude of the electric force now? Give your answer to 2 significant
figures.

c. The plates are moved apart so that the distance between them is 20 cm once again, but the battery is
changed. With the new battery, the magnitude of the force is now 6.0 x 102 N. What is the voltage of the
new battery? Give your answer to 3 significant figures.
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. The electric field strength between two oppositely charged conducting plates 15 mm apart is 200N Cc™'. Give
your answer to 2 significant figures. Calculate the work done by the electric field on a 2.0-nC charge as it
moves from one plate to the other.
. A 10-nC charge travels 1.0 cm parallel to a 300V m~" electric field. Calculate the change in kinetic energy of
the 10-nC charge. Give your answer to 2 significant figures.
. Murali finds that, in dry weather, the rubbing of his clothes when walking causes static electricity to build up.
When he goes to touch a metal door handle, he observes a brief spark and feels a small, sharp shock. The
discharging occurs when the electric field strength between himself and the door handle exceeds
3.0x10%Vm™". His finger is 5.0 mm from the door handle when the discharge occurs. Calculate the electrical
potential difference between himself and the door handle. Give your answer to 2 significant figures.
. Two oppositely charged conducting plates have an electrical potential difference of 1000 V. An electron is
accelerated from the negative plate to the positive plate.
a. Determine the electrical potential energy Ep¢ of the electron at the following points:

Give your answer to 2 significant figures.

Position of the electron Epe (J)

i. at the negative plate

ii. halfway between the plates

ili. at the positive plate

b. Determine the change in kinetic energy, in eV, of the electron at the following points:

Position of the electron AE, (eV)

i. halfway between the plates

ii. at the positive plate

. Jacinta applies a uniform electric field to slow down over-energetic electrons. She wants to reduce the
kinetic energy of the electrons from 1000 eV to 100 eV as they pass between a pair of parallel plates. The
spacing of the plates is 1.0 cm. Calculate what the electric field strength should be between the plates. Give
your answer to 2 significant figures.

. Electrons from a hot filament are emitted into the space between two parallel plates, as shown in the
following diagram, and are accelerated across the space between them.

|
6V I
100V

a. Which battery supplies the field to accelerate the electrons?

. How much energy would be gained by an electron in crossing the space between the plates? Give your
answer to 2 significant figures.

. How would your answer to part b change if the plate separation was halved?

. How would your answer to part b change if the terminals of the 6-V battery were reversed?

. How would your answer to part b change if the terminals of the 100-V battery were reversed?
How would the size of the electric field between the plates, and thus the electric force on the electron,
change if the plate separation was halved?

g. Explain how your answers to parts ¢ and f are connected.

. A student wants to increase the energy of particles emitted from an electron gun that has a design essentially

the same as the diagram in question 8. He proposes to do this by doubling the strength of the electric field

through halving the separation between the charged conducting plates. Explain whether or not this change

will achieve the aim of increasing the energy of the emitted particles.

o

S0 Q0
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10. & A proton is placed between two conducting plates separated by 1.cm, with a potential difference of
500V across the plates. Which of the following statements are correct? (Select all that apply.)
A. The strength of the electric field varies from 50000V m~" to 0V m~" between the plates.
B. The potential difference halfway between the plates is 250 V.
C. The proton is accelerated towards the plate at the lowest potential difference.
D. The field between the plates is uniform, so the particle moves with a constant speed.

4.6 Exam questions

Question 1 (4 marks)
Source: /CE 2022 Physics Exam, NHT, Section B, Q.1; © VCAA

A particle with mass m and charge q is accelerated from rest by a potential difference, V. The only force acting on
the particle is due to the electric field associated with this potential difference.

/2 4
a. Show that the speed of the particle is given by v = = and state the principle of physics used in your
m

answer. (2 marks)
b. Calculate the speed of an electron accelerated from rest by a potential difference of 200 V. (2 marks)
Data
mass of the electron m,=9.1x10"%"kg
magnitude of the charge of the electron e=1.6x10""°C

Question 2 (3 marks)
Source: Adapted from VCE 2021 Physics Exam, NHT, Section B, Q.1a; © VCAA
‘

An electron is accelerated from rest by a potential difference of V. It emerges at a speed of 2.0x 10" ms™ as
shown in Figure 2.

VO
e >
electron
source
Figure 2
Data
mass of the electron m,=9.1x10"3"kg
magnitude of the charge of the electron e=1.6x10"""C

Calculate the value of the accelerating voltage, V,. Show your working.

Question 3 (1 mark)
Source: VCE 2017, Physics Exam, Section A, Q.3; © VCAA

T Two large charged plates with equal and opposite charges are placed close together, as shown in the
diagram below. A distance of 5.0 mm separates the plates. The electric field between the plates is equal to
1000NC™".

+ + + + + +
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Which one of the following is closest to the voltage difference between the plates?
A. 5.0V

B. 200V

C. 5000V

D. 5000000V

Question 4 (1 mark)
Source: VVCE 2013 Physics Exam, Section B, DS4, Q.1; © VCAA

T Figure 1 shows a simplified diagram of the electron gun in the Australian Synchrotron.

“«---020m---»

filament

90 kV

Figure 1

The potential difference between the plates is equal to 90 kV and the separation of the plates is 0.20 m.

Which one of the following best gives the magnitude of the force acting on electrons that enter the space
between the plates?

. 72x10™N

. 7.2x10"®N

. 45%x107*N

. 45%x10*N

OO0 w>

Question 5 (4 marks)
Source: Adapted from VCE 2017 Physics sample Exam, Section B, Q.2 a&b; © VCAA

Figure 1 shows part of a particle accelerator. Electrons are accelerated by a voltage of 10000V in an electron gun
consisting of two plates that are 0.10 m apart. Ignore relativistic effects.

oo
=D

Figure 1
Data
mass of the electron m,=9.1x10"3"kg
charge of the electron e=1.6x10"""C
a. Calculate the strength of the electric field between the plates. (2 marks)
b. Calculate the speed of the electrons as they exit the electron gun. (2 marks)

More exam questions are available in your learnON title.
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4.7 Review

Hey students! Now that it's time to revise this topic, go online to:

¢ Access the @ Review your (@ Watch teacher-led * Practise past VCAA
: topic summary results .~ videos exam questions

Find all this and MORE in jacPLUS @

4.7.1 Topic summary

Charges can be
positive or negative

Coulomb’s Law: magnitude of electric
force on a charge g, at a distance r from
another charge g, is

ka,q,
Coulomb's Law and F=—5
electric force

Electric field strength E at distance
r from a point charge Q is E =

r2
Direction of FonqbyQ depends on i Like charges repel,
nature of charges unlike charges attract

The electric field from a monopole or
point charge q can be attractive or
repulsive, depending on whether the
source charge is negative or positive

The field model for The electric field from a point charge
point-like charges g is non-uniform and static
In an electric field diagram, the direction Electric field lines are directed
of the field lines is the direction in which | | away from positively charged
a positive charge would experience sources, and towards
the electric force, F = gE negatively charged sources

Multiple charges:
E,=E,+E,+.+E,

Electric fields

Electric fields from more

and their than one point-like charge

applications

The field from two monopoles of opposite
charge is called an electric dipole field.
A dipole field is non-uniform.

Electric field is constant everywhere

between oppositely charged plates: £ ==

<

Gravitational force is negligible

Uniform electric fields

Charges placed between the plates
experience constant acceleration

a=9Y - constant
am

Work done W = qV

Linear accelerator: work done by electric

. field increases kinetic energy of charges.
Energy and motion of

charges in electric fields
and the linear accelerator Conservation of energy: gV = JLp
2

_./2qv
V=N
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4

4

4

1.

7.2 Key ideas summary only

.7.3 Key terms glossary only
Resources
Solutions Solutions — Topic 4 (sol-0818)

Practical investigation eLogbook Practical investigation eLogbook — Topic 4 (elog-1635)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 4 (doc-37171)
Key ideas summary — Topic 4 (doc-37172)

Exam question booklet Exam question booklet — Topic 4 (eqb-0101)

.7 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

)Find all this and MORE in jacPLUS

.7 Review questions

Calculate the magnitude of the force of repulsion between two point charges with charges of 5.0 uC and
7.0 uC if they are 20 cm apart. Give your answer to 2 significant figures.

. An electric force of 3.0 N acts downwards on a charge of —1.5 uC.

a. Calculate the strength of the electric field to 2 significant figures.

b. Determine the direction of the electric field.

. Calculate the strength of the electric field 1.0 mm from a proton. Give your answer to 2 significant figures.

. If the magnitude of the force between two charges separated by a distance r is 400 mN, express as a function
of r how far apart the charges would need to be moved for the magnitude of the force between them to
become 50 mN.

. A particle acquires a 15.0-nC charge.

a. Sketch the electric field due to the 15.0-nC charge.
A second particle with a charge of —10.0 nC is placed 2.0 cm to the right of the 15.0-nC charge.

b. Calculate the magnitude of the force on the —10.0-nC charge due to the +15.0-nC charge. Give your
answer to 2 significant figures.

c. Is there any point at which the combined electric field from the two charges will have a value of zero?
Explain your response without using calculations.

. Sketch the electric field around a proton and an electron separated by 0.1 nanometres.

® ©
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7. Answer the following:

a. Sketch the electric field around a positively charged straight plastic rod. Assume the charge is distributed
evenly.

[+ + + |

b. Sketch the electric field as if the rod had a curve in it.
()
c. If the plastic rod was bent into a closed circle, what would be the strength of the electric field in the

middle?

8. An electron is placed between two charged conducting plates separated by a distance of 10.0 cm as shown in
the following diagram. The electric field strength between the plates is 100 N c .
a. Draw an arrow showing the direction of the force on an electron placed at point P, 2.5 cm above the
bottom plate.

R A a at R

b. Calculate the potential difference between the top and bottom plate.
c. Calculate the change in kinetic energy of the electron as it moves from point P to the top plate. Give your
answer to 2 significant figures.

9. An electron passes between two charged conducting plates separated by 3.0 cm, with a potential difference
of 2000 V.

2000 V

a. What is the direction of the electric field between the plates?

b. Calculate the electric field strength between the plates. Give your answer to 2 significant figures.

c. Assuming that the initial speed of the electron, of mass 9.1 x 1073! kg, is 0m s~!, calculate how long it
takes the electron to pass from the first to the second plate. Give your answer to 2 significant figures.
(Consider the gravitational force to be negligible.)

d. What is the work done by the electric field on the electron as it passes from the first to the second plate?
Give your answer to 2 significant figures.

e. What is the kinetic energy change experienced by the electron? Give your answer to 2 significant figures.

f. What is the kinetic energy change experienced by the electron when it is halfway between the plates?
Give your answer to 2 significant figures.

g. What would be the effect of reversing the applied potential difference?
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10. A student wants to increase the energy of particles emitted from an electron gun that has a design essentially
the same as the diagram below. He proposes to do this by doubling the strength of the electric field through
halving the separation between the charged conducting plates. Explain whether or not this change will
achieve the aim of increasing the energy of the emitted particles.

|
]
2000 V

4.7 Exam questions

Section A — Multiple choice questions
All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VVCE 2022 Physics Exam, Section A, Q.4; © VCAA

Two point charges, Q and 4Q, are placed 12 cm apart, as shown in the diagram below.

On the straight line between the charges Q and 4Q, the electric field is

A. non-zero everywhere.

B. zero at a point 2.4 cm from Q.
C. zero at a point 3cm from Q.
D. zero at a point 4 cm from Q.

Question 2

Source: VVCE 2022, Physics Exam, NHT, Section A, Q.1; © VCAA
Two parallel plates are 10 mm apart and have a potential difference of 5.0 kV between them.
Which one of the following best gives the strength of the electric field between the plates?

A. 5.0x107'Vm™!
B. 5.0x10'vm™
C. 5.0x10°Vm™'
D. 5.0x10°Vm™
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Question 3

Source: VCE 2021 Physics Exam, Section A, Q.2; © VCAA
The diagram below shows the electric field lines between four charged spheres: P, Q, R and S.

The magnitude of the charge on each sphere is the same.

()

Which of the following correctly identifies the type of charge (+ positive or — negative) that resides on each of the
spheres P, Q, R and S?

AP TalR[s CIpTalR[s
-+ | -]+ - -1+ ]+
B pTQalR s D-pTaQl[R[s
+ | -+ - + |+ | - -

Question 4

Source: VCE 2021 Physics Exam, NHT, Section A, Q.2; © VCAA

Three charges, —Q, +2Q and +2Q, are placed at the vertices of an equilateral triangle, as shown in the diagram
below.

-Q

£2Q +2Q

Which one of the following arrows best represents the direction of the net force on the charge -Q?

A. a4 C.

™

230 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Question 5

Source: VCE 2019, Physics Exam, Section A, Q.2; © VCAA
The electric field between two parallel plates that are 1.0 x 1072 m apart is 2.0 x 1074 N c.
Which one of the following is closest to the voltage between the plates?

A. 2.0x1078v
B. 2.0x107%V
C. 2.0x107*V
D. 1.0x1072V

Question 6

Source: VVCE 2018, Physics Exam, Section A, Q.4; © VCAA
A small sphere has a charge of 2.0x 1078 C on it. Take k =8.99 x 10° N m? C 2.
The strength of the electric field due to this charge at a point 3.0 m from the sphere is best given by

A. 2.0x1073vm™’
B. 6.0x1073vm™
C. 9.0x1073vm™
D. 2.0x10°Vm™

Question 7

Source: VVCE 2016, Physics Exam, Section B, DS4, Q.2; © VCAA

In the electron gun of a synchrotron, electrons are accelerated from rest over a distance of 12 cm to reach a final

speed of 8.0x 10" ms™".

What is the accelerating voltage of the electron gun in kilovolts? (Ignore any relativistic effects.)

A. 2.67kV
B. 5.30kV
C. 6.67kV
D. 18.2kV

Question 8

Source: VCE 2015 Physics Exam, Section B, DS4, Q.4; © VCAA
Electrons are accelerated from rest in an electron gun by a potential difference of 50 kV.
What is their final speed? (Ignore relativistic effects.)

A. 1.0x10°ms™
B. 4.7x10" ms™'
C. 1.3x108ms™
D. 29x108ms™
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Question 9

Source: VCE 2013 Physics Exam, Section B, DS4, Q.2; © VCAA

Figure 1 shows a simplified diagram of the electron gun in the Australian Synchrotron.

“«---020m ---»

filament

|
90 kV
Figure 1

The potential difference between the plates is equal to 90 kV and the separation of the plates is 0.20 m.

Which one of the following is closest to the kinetic energy of an electron that reaches the positive plate?

A. 90kJ

B. 90keV

C. 1.44x10"kJ
D. 1.44x107"7 keV

Question 10

Which of the following diagrams correctly describes the electric field due to +1nC and —1nC charges separated
by 10nm?

>
y
(@]

o
v

my))

(/11
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Section B — Short answer questions

Question 11 (3 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.1; © VCAA

A small sphere carrying a charge of —2.7 uC is placed between charged parallel plates, as shown in Figure 1.
The potential difference between the plates is set at 15.5V, which just holds the sphere stationary. The electric

field between the plates is uniform.
e 27uC /?

A

Figure 1
a. In which direction (up, down, right, left) will the sphere move if the voltage is increased? (1 mark)
b. Calculate the value of the electric force that is holding the sphere stationary if the plates are 2.0 mm apart.
Show your working. (2 marks)

Question 12 (2 marks)

Source: VCE 2019, Physics Exam, Section B, Q.2; © VCAA

Figure 2 shows two equal positive stationary point charges placed near each other.

D D

Figure 2

Sketch on Figure 2 the shape and direction of the electric field lines. Use at least eight field lines.

Question 13 (6 marks)

Source: VVCE 2018 Physics Exam, NHT, Section B, Q.2; © VCAA

The electron gun section of a particle accelerator accelerates electrons between two plates that are 10 cm apart
and have a potential difference of 5000V between them.

Data

mass of electron 9.1x1073"kg

charge of electron (=)1.6x10""°C
a. Calculate the electric field between the plates. Include an appropriate unit. (2 marks)
b. Calculate the magnitude of the force on an electron between the plates. (2 marks)

c. Calculate the speed of the electrons as they exit the electron gun. Ignore any relativistic effects. Assume that
the initial speed of the electrons is zero. (2 marks)
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Question 14 (1 mark)

Source: Adapted from VCE 2017, Physics Exam, Section B, Q.1; © VCAA

Three charges are arranged in a line, as shown in Figure 1.

X
O « O O
-2Q +3Q -2Q
Figure 1

Draw an arrow at point X to show the direction of the resultant electric field at X. If the resultant electric field is
zero, write the letter ‘N’ at X.

Question 15 (5 marks)

Source: VCE 2017, Physics Exam, Section B, Q.2; © VCAA

According to one model of the atom, the electron in the ground state of a hydrogen atom moves around the
stationary proton in a circular orbit with a radius of 53 pm (53 x 1072 m).

a. Show that the magnitude of the force acting between the proton and the electron at this separation is equal to
8.2 x 1078 N. Take k= 9.0 x 10° Nm? C™2 and the magnitude of the electron and proton charges as
1.6x107'° C. Show all the steps of your working. (2 marks)

b. Using 8.2x1078N as the value of the magnitude of the force given in part a, calculate the speed of the
electron in its circular path. Take the mass of the electron to be 9.1 x 103" kg. Show your working. (3 marks)

Hey students! Access past VCAA examinations in learnON

Sit past VCAA Receive immediate Identify strengths
examinations feedback and weaknesses

Find all this and MORE in jacPLUS

Hey teachers! Create custom assignments for this topic

i? Create and assign Access quarantined *__ Track your
v 0 unique tests and exams tests and assessments 4 g5  students’ results

Find all this and MORE in jacPLUS ®
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AREA OF STUDY 2 HOW DO THINGS MOVE WITHOUT CONTACT?

Magnetic fields and their ¢
5 applications

KEY KNOWLEDGE

In this topic, you will:

® describe magnetism using a field model
investigate theoretically and practically magnetic fields, including directions and shapes of
fields, and attractive and repulsive fields
investigate and apply theoretically and practically a vector model to magnetic phenomena,
including directions and shapes of fields produced by bar magnets
investigate and apply theoretically and practically a vector field model to magnetic
phenomena, including shapes and directions of fields produced by current carrying wires,
loops and solenoids
analyse the use of a magnetic field to change the path of a charged particle, including:
» the magnitude and direction of the force applied to an electron beam by a magnetic field:

F =qvB, in cases where the directions of v and B are perpendicular or parallel
2
mv
« the radius of the path followed by an electron in a magnetic field: gvB = —, where v« ¢

investigate and analyse theoretically and practically the force on a current callzrying conductor
due to an external magnetic field, F = niiB, where the directions of I and B are either
perpendicular or parallel to each other
investigate and analyse theoretically and practically the operation of simple DC motors
consisting of one coil, containing a number of loops of wire, which is free to rotate about an
axis in a uniform magnetic field and including the use of a split ring commutator
investigate, qualitatively, the effect of current, external magnetic field and the number of
loops of wire on the torque of a simple motor
model the acceleration of particles in a particle accelerator (limited to linear acceleration by a
uniform electric field and direction change by a uniform magnetic field)
compare theoretically and practically gravitational, magnetic and electric fields, including
directions and shapes of fields, attractive and repulsive fields, and the existence of dipoles
and monopoles

¢ dentify fields as static or changing, and as uniform or non-uniform.

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access past VCAA questions and exam-style questions and their video solutions in every
lesson, to ensure you are ready.




5.1 Overview

Hey students! Bring these pages to life online N ;Zq
Watch Engage with Answer questions ’,J 9
videos interactivities and check results /°

5.1.1 Introduction

Magnetism has been known since the beginning of recorded
history. The ancient Athenians (600 BCE) observed that

a particular stone could attract pieces of iron. They called

this stone ‘magnet’ because it was found in an area that was
then called Magnesia. The tendency of freely spinning small
magnetic particles to always point in the same direction was
known by 800 CE and magnets became an essential tool for
navigation and exploration. Magnets were found to affect other
magnetic materials even when they were not touching each
other, leading Michael Faraday to suggest the concept of a
magnetic field. The magnetic field is a property of the space
around the magnet and causes a magnetic particle placed in the
field to experience a force. The discovery that moving electric
charges were also sources of magnetic fields revolutionised the
understanding of light and the relationship between electric
and magnetic fields. The interplay between charged particles
and magnetic fields underlies many important technologies
from the simple DC electric motor to analytical chemistry
tools such as the mass spectrometer.

FIGURE 5.1 It has been proposed that the
motion of the molten iron in Earth’s core is
what generates the magnetic field protecting
Earth from cosmic radiation and solar winds.
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5.2 Magnets and magnetic fields

KEY KNOWLEDGE

® Describe magnetism using a field model

* Investigate theoretically and practically magnetic fields, including directions and shapes of fields, and
attractive and repulsive fields

¢ |Investigate and apply theoretically and practically a vector model to magnetic phenomena, including
directions and shapes of fields produced by bar magnets

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

Like masses and charged particles, which can interact without contact through, respectively, the effect of
gravitational fields and electric fields, magnets can interact without contact through the effect of magnetic
fields.

Unlike the gravitational force between masses, which is always attractive, the magnet material or object
direction of the forces between two magnets depends on the orientation of each capable of producing a magnetic

. . field and attracting unlike poles
magnet and can be attractive or repulsive. T

As observed by Peter Peregrinus in the thirteenth century, magnets have two ends, magnstic fisld vector fisld

d poles. A freel . t h as the i dle i i describing the property of the
named poles. A freely spinning magnet, such as the iron needle in a compass, wi space in which a magnetic object
orient itself with one end, the north pole, pointing towards geographic north and experiences a force

the other, the south pole, towards geographic south.

FIGURE 5.2 A magnet will line up with a line from north to south if it is allowed to spin freely.

The molten iron in the centre of Earth behaves like a giant bar magnet, with a north pole and a south pole, and a
small compass magnet moves to align itself with Earth’s magnetic field.

FIGURE 5.3 The south end of the magnet points generally towards geographic south.

N
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The poles of a magnet cannot be separated. Instead, breaking a magnet in half creates two new magnets, each
with a north (N) and south (S) pole. The like ends of two magnets repel each other and the unlike ends of two
magnets attract each other.

FIGURE 5.4 a. Like poles repel and b. unlike poles attract.

B — —_—
s N N s
b. —m P A,

5.2.1 Magnetic fields and forces

A magnetic particle placed in the space around a magnet experiences a force. The force is due to the magnetic
field from the magnet, which exists everywhere in the space around the magnet. Magnetic field lines have the
following characteristics:
e Magnetic field lines form continuous loops, leaving the north end of the magnet and entering the south end
of the magnet.
¢ Field lines do not intersect.
¢ The direction of the magnetic field at any point is along the tangent to the field line.
e The strength of the magnetic field is represented by the spacing of the field lines.
e In regions where the field lines are more closely spaced, the field is stronger. If the spacing of the field lines
remains constant, the field is uniform. If the spacing between the field lines changes, then the field is non-

uniform.
FIGURE 5.5 A magnet compass not only FIGURE 5.6 The south-seeking end of the needle
aligns itself along a line from north to south, it points towards geographic south. But because
also dips downwards at an angle that varies with unlike ends attract, this end of Earth’s magnet
latitude. must be a magnetic north end.

South end of Earth’s
magnet

North end
of Earth’s magnet
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5.2.2 Magnets of various shapes

A popular activity to visualise magnetic field lines is to sprinkle iron filings _ .

. . . . bar magnet object with a
around a bar magnet. The iron filings are ferromagnetic and align themselves rectangular shape, generally
to the field around the magnet as shown in figure 5.7. made up of iron or other

ferromagnetic substance,

showing permanent magnetic
properties

FIGURE 5.7 Using a bar magnet and iron filings is an easy way to
visualise magnetic field lines.

ferromagnetic property of
materials, such as iron, cobalt
and nickel, that can be easily
magnetised (act like a magnet)
magnetic induction process
by which a substance, such as
iron, becomes magnetised by a
magnetic field

EXTENSION: Naturally occurring magnets

Magnetite is the most common iron oxide mineral. It has the

chemical formula Fe;O,. In appearance, it is black, metallic FIGURE 5.8 Lodestone attracting small bits

(shiny) and quite hard. It is also a magnetic substance. of iron

Lodestone, which comes from ‘leading stone’, is a naturally

occurring piece of magnetite that humans have used for at

least 2600 years. |

But how do natural magnets form? i

Ferromagnetic materials have magnetic domains, which are .

regions within a material in which the magnetisation of its S.“

atoms is in a uniform direction. Generally, magnetic domains F ra "L

are oriented randomly, and there is no net magnetic field. iy S oy 5;
However, when a ferromagnetic material is placed within an ‘ L) 2éat ’

external magnetic field, its domain will rotate and align with & (..C‘ Y/ i N : ’ ‘-\:

that external field, creating a magnet.

When molten ferromagnetic materials in lava cool down, the magnetic domains within the material are aligned by
Earth’s magnetic field, which form natural permanent magnets.

You can experience something similar to this by rubbing a piece of iron along a magnet. This will align the
magnetic domains in your piece of iron, which has now become a magnet. The magnetic field from the magnet
has ‘magnetised’ the iron it was in contact with. This process is called magnetic induction.

Magnetic domains

In a piece of iron or other ferromagnetic material, groups of nearby atoms line up together throughout the metal
into regions called magnetic domains. When the iron is placed in a magnetic field, the domains that are already
lined up with the external field increase in size as other domains shrink.
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FIGURE 5.9 a. The magnetic fields of adjacent iron atoms align themselves in local areas called domains.

b. Domains in a piece of iron exposed to a magnetic field, acting to the right.

a--
I:).-

The magnetic field of a bar magnet is sketched in figure 5.10. The field
lines are closest together at the ends of the magnet, where the field is
strongest. Further away, the spacing between the field lines increases,
indicating that the field is getting weaker. This is similar to what happens
with gravitational fields and electric fields, for which the field strength
decreases as the distance to the mass or charge source increases.

Observe that all the field lines leave the north end of the magnet and loop
around to return to the south end.

Magnets can be designed to produce fields of different shapes.
A horseshoe magnet (see figure 5.11a) produces a strong and fairly
uniform field between the ends.

Figure 5.11b shows a circular ring magnet, oriented south side up,
surrounding a cylindrical magnet oriented north side up. This produces
a radial field between the two magnets, pointing outwards all the way
around the circle. This design is used in loudspeakers.

FIGURE 5.10 Magnetic field of
a bar magnet

@

FIGURE 5.11 Differently shaped magnetic fields can be created by arranging the north and south ends of the

magnet, as shown by a. a horseshoe magnet and b. a circular magnet.

e\

_)_

AT
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Some magnets have stronger fields than others. The strength of a magnetic field is measured in tesla (T). The
strength of Earth’s magnetic field at its surface is quite small, about 10=* T or 0.1 mT (0.1 millitesla).

The strength of a typical school magnet is about 0.1 T. A fridge magnet is about 30 mT. The strongest permanent
magnetic fields typically produced have field strengths of about 1.0 T.

SAMPLE PROBLEM 1 Exploring the magnetic field around a bar magnet

tlvd-8988

Consider the following diagram of the magnetic field of

a bar magnet.

a. In what direction would the north end of a compass point if
placed at points X, Y and Z?

b. Rank the points in order of increasing field strength.

THINK WRITE

a. Remember that the field lines indicate a. At X, the field lines point away from the north pole of
the direction that a magnetic compass the bar magnet, so a compass placed there would point
would point. towards the right, away from the north pole.

At Y, the field lines point towards the left, so the
compass needle would point towards the left.
At Z, the field lines curve, so the compass would follow
the tangent to the curve and would point to the right at
an angle of approximately 45° upwards.

b. Remember that the density of the field b. The field lines are most dense at X and least dense at Y,

lines indicates the relative strength of so the points in order of increasing field strength would
the field. be Y, Z, X.

PRACTICE PROBLEM 1

Consider the magnetic field of a horseshoe magnet

a. In what direction would the north end of a compass point
if placed just to the left of the north pole?

b. In what direction would the north end of a compass point /"\ /
if placed halfway between the north and south pole? — >~ /

S

c. In which position would the field be strongest?

NI/
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INVESTIGATION 5.1 o011 _only|

Magnetic field mapping

elog-1944

tlvd-10602
AIM

To explore the magnetic fields of different arrangements of permanent magnets

Resources

Digital document Early ideas about magnetism (doc-39375)

5.2 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C)

5.2 Quick quiz ‘ 5.2 Exercise u 5.2 Exam questions L

5.2 Exercise

How would you use a magnet to test whether a piece of metal was magnetic?

Why do both ends of a magnet attract an iron nail?

What is the polarity of Earth’s magnetic field at the magnetic pole in the southern hemisphere?
Draw the magnetic field lines for the following items:

a. a loudspeaker magnet

b. a horseshoe magnet.

Eall S\

5. How could naturally occurring magnets have been formed?
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5.2 Exam questions

Question 1 (1 mark)

Earth’s geomagnetic field can be modelled as a bar magnet. Using the field lines in the illustration, identify the
south (S) and north (N) poles.

Question 2 (1 mark)

I Consider the magnetic field of a horseshoe magnet between the arms of the
magnet. What would be the orientation of a compass needle at point P?
A <

B.‘A
[

C. <
D.

)
{

Question 3 (3 marks)
Consider two bar magnets placed as illustrated.

a. Is the magnetic force between the magnets attractive or repulsive? (1 mark)
b. Draw the field lines between the poles. (2 marks)

Question 4 (1 mark)

I Which of the following statements is incorrect?

A. Magnetic fields can attract or repel other magnets, depending on the type of magnet and nature of the field.
B. Magnetic fields can be uniform or non-uniform.

C. The source of a magnetic field can be a monopole.

D. Magnetic field lines must always form closed loops.
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Question 5 (3 marks)
Source: VCE 2021 Physics Exam, Section B, Q.1; © VCAA

Two identical bar magnets of the same magnetic field strength are arranged at right angles to each other and at
the same distance from point P, as shown in Figure 1.

Figure 1

a. At point P on Figure 1, draw an arrow indicating the direction of the combined magnetic field of the two bar

magnets. (1 mark)
b. Calculate the magnitude of the combined magnetic field strength of the two bar magnets if each bar magnet

has a magnetic field strength of 10.0 mT at point P. The magnitude of the combined magnetic field strength is
B = T. (2 marks)

More exam questions are available in your learnON title.

5.3 Magnetic fields from moving charged particles

KEY KNOWLEDGE

* Investigate and apply theoretically and practically a vector field model to magnetic phenomena, including
shapes and directions of fields produced by current carrying wires, loops and solenoids

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

In 1820 Hans Christian Oersted demonstrated a connection between electricity and magnetism. He placed a wire

carrying a current over a magnetic compass and saw that the needle deflected. He then placed the wire under the
compass and the needle deflected in the opposite direction.

FIGURE 5.12 a. Switch open in circuit, and b. switch closed in circuit. To achieve maximum deflection, the wire
should be placed in line with the magnetic needle before the current is turned on.

a. Wire b. Wire

o }|_/ |/
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The deflection of the compass needle is evidence that the current is a source of a magnetic field. The moving
charged particles, electrons, produce a magnetic field as they move along the wire. A compass can be used to
map the field around a current-carrying wire. The field is non-uniform, becoming weaker as the distance from
the wire increases.

Representing current and its magnetic field often requires a three-dimensional view. To achieve this on a flat
two-dimensional page, a convention is adopted.

The symbol of a circle with a dot in the middle is used to represent a magnetic field coming
out of a page. A circle with a diagonal cross is used to represent a magnetic field going into
the page.

Figure 5.13 shows the direction of the magnetic field from the perspective of observers A and B. The dot symbol
can be thought of as the point of an arrow coming towards the reader, while the cross symbol represents the
feathers of an arrow going away from the reader.

FIGURE 5.13 Magnetic fields going into the page (from B) and coming out of the page (from A)

Page

Y

YY

Y

-
-

7
N

OOO
OOO|>
OOO

From B From A

5.3.1 Fields from a current-carrying wire

Oersted’s experiments show that the direction of the magnetic field around a current-carrying wire depends on
the direction of the current flow in the wire. The right-hand-grip rule relates the direction of the current flow to
the direction of the magnetic field from the wire.

The right-hand-grip rule: The wire carrying the current is gripped by the right hand, with
the thumb pointing in the direction that conventional current (the direction a positive charge
would move) flows. The fingers wrap around the wire in the direction of the magnetic field.
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FIGURE 5.14 The compasses around the FIGURE 5.15 If a person’s right hand holds the
wire show a circular magnetic field. wire with the thumb pointing in the direction of the
conventional current, the fingers curl around the wire
I in the direction of the magnetic field.

SAMPLE PROBLEM 2 Using the right-hand-grip rule to determine the direction of a
magnetic field

tlvd-8989

Use the right-hand-grip rule to determine the direction of the magnetic field at point P in the
following diagrams.

a b.
IAP e
° y*
THINK WRITE
Point your thumb in the direction of the current a. The current points upwards, so, by applying the
so that the curl of your fingers shows the right-hand-grip rule, the magnetic field circulates
direction of the field. around the wire pointing into the page at P.

b. The current points downwards, so, by applying the
right-hand-grip rule, the magnetic field circulates
around the wire, pointing out of the page at P.

PRACTICE PROBLEM 2

Use the right-hand-grip rule to determine the direction of the magnetic field at point Z in the
following diagrams.

a b.
z z &
_— Current into
) page

246 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



5.3.2 Fields from current-carrying loops and solenoids

Applying the right-hand-grip rule to a loop of wire shows that the magnetic field
enters at one side of the loop and exits from the other side, all the way around the
loop. Joining loops together results in a solenoid. The magnetic fields from each
loop add together to produce a stronger magnetic field.

solenoid coil of wire wound into a
cylindrical shape

If the loops are very close together, the field lines within the coil are parallel to the axis of the coil. Inside the
coil, the field is approximately uniform. The field lines then emerge from one end of the solenoid, curve around
and enter the other end of the solenoid, completing the path for the field lines. The shape of this field is similar
to that of a bar magnet and is non-uniform. The ends of the solenoid can be labelled north and south. The field
emerges from the north end.

FIGURE 5.16 Applying the right-hand-grip rule to each part of the loop reveals that, at all points of the loop, the
magnetic field is curving in the same direction.

~

The direction of current flow in a loop can be described using words such as ‘clockwise’ and ‘anticlockwise’.
If you use these words, you also need to describe the direction that you are looking in. Looking through the
solenoid from the north end, the current in the loop flows anticlockwise. However, as shown in figure 5.17, if
you are looking at the solenoid from the south end, the current in the loop flows clockwise.

FIGURE 5.17 Using the right-hand-grip rule with a solenoid
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SAMPLE PROBLEM 3 Drawing magnetic field lines around a solenoid

tlvd-8990

The following solenoid has a current passing through it in the direction shown. Draw five field lines
representing the resultant magnetic field.

THINK WRITE

Use the right-hand-grip rule. Applying the right-hand-grip rule, you can see that the magnetic
field passes through the centre of the coil from right to left. Because
magnetic field lines must form closed loops, the field outside the
coil is in the opposite direction. Inside the coil, the magnetic field
is approximately uniform. Outside the coil, the strength of the
magnetic field decreases away from the coil.

PRACTICE PROBLEM 3

Consider the magnetic field of the solenoid in sample problem 3. How would the field change if the
direction of the current in the solenoid were reversed?

Creating an electromagnet

In 1823, an English electrical engineer, William Sturgeon, found that when he placed

an iron rod inside a solenoid, it greatly increased the strength of the magnetic field of

the device to the point where it could support more than its own weight. Sturgeon had electromagnet temporary magnet
invented the electromagnet. He ultimately built a 200-g electromagnet with 18 turns E:::jel::;f’:a'r:ytl:z a:i(::ence ofa

of copper wire that was able to hold 4 kg of iron with current supplied by one battery.
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elog-1945

tlvd-10603

By placing an iron core inside a solenoid,
Sturgeon had made a magnet that could be
turned on and off at the flick of a switch, and
made stronger by increasing the current. His
invention has many applications. In a wrecking
yard, for example, electromagnets are used

to separate metals containing iron from other
metals.

FIGURE 5.18 Car parts being lifted by an electromagnet in a
car wrecking yard

The difficulty with using iron in an
electromagnet is that when the current is turned
off, the iron loses its magnetism. However,

by adding carbon to the iron to produce an
alloy, the magnetism is not lost when the
current is turned off — a permanent magnet
has been made. Stronger and more long-lasting
magnets are made with different combinations
of elements. The common ‘alnico’ magnets

in schools are made from iron (54%), nickel
(18%), cobalt (12%), aluminium (10%) and copper (6%).

EXTENSION: Explaining magnetism in atoms

The solenoid provides a model for the magnetism in a magnet and the iron rod. The shapes of the magnetic fields
around a solenoid and of a magnet are identical. The magnetic field of the solenoid is produced by a current
travelling in a circle, and the magnetic field is at right angles to the plane of the circle.

If electrons are visualised as orbiting the nucleus, then, like electrons in a current-carrying loop, they produce a
magnetic field. In most atoms, the paths of the electrons are randomly oriented, so their magnetic fields cancel
out. However, the paths of a few electrons in an iron atom always line up. These are shielded by outer electrons,
so they are not disturbed by other atoms. In this way, each iron atom can act as a little magnet.

When there is a current flowing through a solenoid with an iron core, the magnetic field lines up all the atoms in
the iron core so their magnetic fields all point in the same direction. This creates a very strong field. However,
when the current is turned off, the motion of the atoms rapidly produces a random rearrangement due to their
temperature.

In artificial magnets (e.g. fridge magnets), other elements are added to iron to hold the iron atoms in place while
they are lined up by another magnetic field so they stay lined up. This produces a permanent magnet. The crystal
structure of magnetite (or the iron oxide in the magnet) forces the iron atoms to stay lined up after the magnetite
is formed.

INVESTIGATION 5.2 (on] 1] onlyl

Making an electromagnet

AIM

To investigate the properties of the magnetic field produced by a solenoid, in particular the dependence of the
magnitude and direction of the magnetic field on the current carried by the solenoid, the number of turns in the
solenoid and the presence of an iron core

TOPIC 5 Magnetic fields and their applications 249



5.3.3 Combining magnetic fields

Like the gravitational field and electric field, the magnetic field is also a vector field. When more than one
magnetic source is present, the total magnetic field is the vector sum of the original fields. By drawing the
vectors of each of the original fields head to tail, the direction of the resultant field can be determined by
drawing a vector from the start of the first vector to the end of the second vector. Pythagoras’s theorem may be
used to determine the magnitude of this vector if a right-angled triangle is formed.

Magnetic field lines
E E Two like poles together repel

FIGURE 5.19 The magnetic field from two bar magnets

Two unlike poles together attract

The effect of the Earth’s magnetic field can be seen in the orientation of the compass needles in figure 5.21,
particularly in those to the left and right of the wire. The compass needles are not perfectly perpendicular to the
wire, but slightly tilted to the left-hand side of the page, indicating that the Earth’s magnetic field points towards
the left-hand side of the page in this experiment.

FIGURE 5.20 The magnetic field from a binary star FIGURE 5.21 Magnetic field measurements
system in which each star has a magnetic field around a current-carrying wire
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SAMPLE PROBLEM 4 Determining the strength and direction of the magnetic field around

a solenoid

The magnetic field at point X from the current-carrying solenoid shown in the following illustration is

25 uT. The Earth’s magnetic field is 25 uT.

a. What direction would a compass point if it were placed at point X?
b. Calculate the strength of the resultant magnetic field at X.

THINK

a. At point X, the compass would point along the
direction of the sum of the magnetic fields of the
solenoid and the Earth. The Earth’s magnetic field
is pointed up and, at point X, the magnetic field in
the solenoid is to the right.

b. The strength can be calculated using Pythagoras’s
theorem.

200

WRITE
a. The combined vector sum is
Bsolenoid
B,
cartl Btotal

The diagram shows that the resultant
would point in a north-east direction.

— 2 2
b. B= \/(Bsolenoid + BEarlh)

=1/(252+252) uT

=35uT

PRACTICE PROBLEM 4

A neodymium iron boron magnet is placed 1.0 cm to the left of a magnetic probe (located at point X).
The field strength due to the magnet is 0.01 T. A second identical magnet is also placed 1.0 cm below a
magnetic probe, but at right angles to the first magnet.

a. What is the resultant strength of the magnetic field at point X?

b. What are the possible directions of the magnetic field at point X?
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EXTENSION: The curious case of the fridge magnets

You may have noticed that fridge magnets are magnetic on one side only, which seems to contradict our
understanding of magnetic field lines. This is because a fridge magnet is a composition of magnets arranged

in a Halbach array. The superposition of the Halbach array of alternating horizontal and vertical magnetic fields
results in a magnetic field on one side of the array only. During manufacture, a rubber sheet embedded with
ferromagnetic particles is exposed to an alternating magnetic field so that the sheet acquires a magnetic field that
alternates vertically and horizontally, as shown in figure 5.22. The resultant field is zero on one side of the sheet.

FIGURE 5.22 Fridge magnets arranged in a Halbach array

INVESTIGATION 5.3 o011 _onlyl

Vector model of magnetic fields

elog-1946

AIM
To observe the effect of Earth’s magnetic field upon the magnetic field of a current-carrying wire

Resources

Video eLesson Magnetic fields (eles-3517)

Weblink Magnetic field around a wire applet
5.3 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS

5.3 Quick quiz ’ 5.3 Exercise u 5.3 Exam questions L
5.3 Exercise
1. Use the right-hand-grip rule to determine the direction of the magnetic field at point X in the following
diagrams.
a. b. C.
©
X
X ! Current out
1 of page

X
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2. Copy the following diagrams and use the right-hand-grip rule and the direction of the magnetic field at X to
determine the direction of the current in the wire in each case.

a. b. C. d. e.

O, X x Ox X -1 I -

X — \, 4 X —>

3. Use the right-hand-grip rule to determine the direction of the magnetic field at W, X, Y and Z in the following
diagrams. Figure (a) represents a circular loop of wire with a current and figure (b) represents a solenoid.

a. v b.

4. When current is connected to a solenoid that is wrapped around two iron rods that have been placed in a line,
the two rods move apart. Explain why this happens.

5. In Oersted’s experiment, the compass needle initially points north-south. What would happen if the current in
the wire above the needle ran:
a. west—east
b. east-west?

5.3 Exam questions

Question 1 (1 mark)
Source: VCE 2022 Physics Exam, Section A, Q.1; © VCAA

T A single loop of wire carries a current, I, as shown in the diagram below.

Which one of the following best describes the direction of the magnetic field at the centre of the circle, C, which
is produced by the current carrying wire?

to the left

to the right

into the page

out of the page

oowmp»
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Question 2 (1 mark)
Consider the loop of current-carrying wire represented with the direction of the magnetic field produced by the

current 1. Represent the direction of the current.

Question 3 (2 marks)
Source: /CE 2015, Physics Exam, Section A, Q.15; © VCAA

The diagram below shows a solenoid.

Draw five lines with arrows to show the magnetic field of the solenoid.

Question 4 (1 mark)
= Which of the following is incorrect?
A. The field lines outside a solenoid are similar to the field lines of a bar magnet.
B. The magnetic field inside a solenoid is approximately uniform.
C. The magnetic field outside a solenoid is approximately uniform.
D. The field lines inside a solenoid are parallel to the axis of the solenoid.

Question 5 (3 marks)
A student has come up with the following mnemonic illustration, using the direction of the current and the letter S
for south and N for north, to identify the nature of the face of a solenoid when looking at it.

Discuss whether this is a correct tool to identify the north and south face of a solenoid.

More exam questions are available in your learnON title.
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5.4 Using magnetic fields to control charged particles,
cyclotrons and mass spectrometers

KEY KNOWLEDGE

* Analyse the use of a uniform magnetic field to change the path of a charged particle, including:
« the magnitude and direction of the force applied to an electron beam by a magnetic field: F = qvB,
in cases where the directions of v and B are perpendicular or parallel
mv?
« the radius of the path followed by an electron in a magnetic field: gqvB = — where v<c

r
* Model the acceleration of particles in a particle accelerator (limited to linear acceleration by a uniform electric
field and direction change by a uniform magnetic field)

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

We have seen that moving charges produce magnetic fields. So, can moving charges be affected by other
magnetic fields? The answer is yes!

5.4.1 Forces on moving charges in magnetic fields

A charged particle moving in a magnetic field experiences a force that is at right angles to both its velocity and
the magnetic field. This behaviour was initially identified by J.J. Thomson in the late 1800s and described, using
an equation, by Hendrik Lorentz in 1895.

The magnitude of the magnetic force of a moving particle for a charge, g, moving with a velocity, v,
perpendicular to a magnetic field, B, is:

F=qgvB

where: F is the magnitude of the force on the particle, in newtons (N)
q is the charge of the particle, in coulombs (C)

v is the component of the velocity of the particle that is perpendicular to the magnetic
field, in m s~

B is the strength of the magnetic field, in tesla (T)

The direction of the force on the charged particle can be determined using a helpful hand rule. There are two
alternative hand rules commonly used: the right-hand-slap and left-hand rules. The rules apply both to moving
single positive charges and to currents. Either rule will give you the same result for the direction of the force, so
you can choose the one which works best for you. It is important to note that both the right-hand-slap and left-
hand rules assume a positive charge and positive current. If the particle has a negative charge, or the direction of
the current is reversed, then the direction of the force on the particle or current is reversed.
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Left-hand rule

The left-hand rule applies as follows:

e the index finger, pointing straight ahead,
represents the magnetic field (B)

¢ the middle finger, at right angles to the index
finger, represents the current (/) or particle
velocity (v) that is perpendicular to the
magnetic field

e the thumb, upright at right angles to both
fingers, represents the force (F).

Lock the three fingers in place so they are at right
angles to one another. Now rotate your hand so that
the field and current (or particle velocity) line up
with the directions in your problem. The thumb will
now point in the direction of the force.

Right-hand-slap rule

The right-hand-slap rule applies as follows:
e the fingers (out straight) represent the magnetic
field (B)
e the thumb (out to the side of the hand)
represents the current (/) or particle velocity
(v) that is perpendicular to the magnetic field
e the palm of the hand represents the force (F).

Hold your hand flat with the fingers outstretched
and the thumb out to the side, at right angles to your
fingers. Now rotate your hand so that the field and
current or particle velocity line up with the direction
in your problem. The palm of your hand now gives
the direction of the force, hence the name.

FIGURE 5.23 Left-hand rule for determining the
direction of the magnetic force of a magnetic field on a
current or moving positive charge

Force (F) Magnetic field (B)

FIGURE 5.24 Right-hand-slap rule for determining the
direction of the magnetic force of a magnetic field on a
current or moving positive charge

Force (F)
(outwards

from palm)

ﬁrrent (I) or particle velocity (v)

|
|

5.4.2 Charged particle moving parallel to the magnetic field

When the particle’s velocity is parallel to the magnetic field, the magnetic force (F)
is zero. Because there is no net force, the particle continues to move in a straight line

and the velocity will remain constant.

left-hand rule rule used to
determine the direction of the
magnetic force of a magnetic field
on a current or moving positive

Imagine a magnetic field that is pointing out of the page. If we had an electron moving charge
either out of or into the page, this velocity would be parallel to the field. There would right-hand-slap rule rule used

be no force on the electron and it would not change its motion.
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These different scenarios can be summarised in table 5.1:

TABLE 5.1 Summarising the effect on charged particles with different velocities

B If velocity is equal to 0, F = gvB is equal to 0.
pa) Therefore the motionless charged particles in a
magnetic field experience no force.
v=0
y ( ¥
B If the velocity is parallel to the field lines, charged
(‘5‘7 particles in a magnetic field experience no force and
l will continue moving at the same velocity.
v
0=0|
B If velocity is perpendicular to the field lines (90°), then
pa) v there will be a force, the direction of which can be
C 0 determined by the left-hand or right-hand-slap rule.
Yy 9
This allows for the magnetic force to be at its maximal
value.
y ( y
B If velocity is at an angle between 0 and 90°, there
+aq will be a force that will be greater than 0 N, but less
than the force if the velocity was perpendicular to the
magnetic field.
0
|4
y ( y

SAMPLE PROBLEM 5 Calculating the magnitude and direction of a magnetic force

tlvd-8992

on an electron

An electron moving towards the right of the page at 1.5 x 10° m s™! enters a uniform 0.060 T magnetic
field that is coming out of the page.

a. Calculate the magnitude of the magnetic force on the electron.

b. Determine the direction of the force on the electron.

THINK WRITE
a. Recall the formula F = gvB, where a. F=qvB
q= -1.6 x 10" C,v=1.5x% 10° m s and = _—1.6%X10"! x1.5%10°%0.060

B =0.060 T (as we are being asked only for
magnitude of force here, vector notation is
not required for F).

=14x10"5N
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b. Apply the right-hand-slap rule and reverse b. 1. vis to the left and will be along the thumb.

the direction of the current, as the electron 2. B is out of the page and follows the direction
has a negative charge. The electron moves of the fingers.

to the right of the page, so the conventional 3. The force on the electron is in the direction of
current flows to the left of the page. the palm, namely pointing up the page.

PRACTICE PROBLEM 5

An alpha particle (charge +2e) moving towards the right of the page at 1.0 x 10’ m s™! enters a

uniform 0.060 T magnetic field pointing down the page.

a. Calculate the magnitude of the magnetic force on the alpha particle.

b. Determine the direction of the force.

c. Calculate the magnitude of the magnetic field on a positron (charge +e) moving up the page at
3.0 x 10’ m s7! in the same magnetic field.

Resources

Digital document Hand-rules (doc-18541)

5.4.3 Motion of charged particles in magnetic fields

We have seen that satellites move in circular orbits because they constantly experience a net force towards the
centre of their orbit that is perpendicular to their velocity. Similarly, the force on charged particles moving at
right angles to a magnetic field causes them to constantly change the direction of their motion so that they follow
a circular path perpendicular to the magnetic field.

The magnitude of the force on the moving charged particle due to the magnetic field is F'= gvB. The magnetic
force is always at right angles to the direction of the charge’s motion, which means that the magnetic force
does no work on the charge and it cannot increase the speed of the charge — it can only change its direction at
a constant rate.

The mass spectrometer, the electron microscope and the synchrotron pass charged particles through a magnetic
field causing the charged particles to follow a circular path.

So what is the radius of the circle? How does it depend on the strength of the magnetic field, the speed of the

charge and size of the charge?

TABLE 5.2 Observations concerning the strength of magnetic fields, and speed and size of the charge

Do the observations match
What is observed? What does the formula predict? | the formula’s prediction?

If the charge is stationary, the current is Ifv=0,then F=0. Yes
zero, so there is no force.

A stronger magnetic field will produce a Force is proportional to the field. Yes
larger force and deflect the charge more.

The net force on the charged particle as it moves in the magnetic field is F ., = ma. When the only significant
force is the magnetic force:

F =qvB
= qvB =ma
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2
The acceleration of an object moving in a circle is a = —, where r is the radius of the circular motion.

-
Combining this with the net force on the particle, we see that:

mv2

qvB = —
”

where: g is the charge on the particle, in C

v is the component of the velocity of the particle perpendicular to the magnetic
field, in m s~!

B is the strength of the magnetic field, in T
m is the mass of the particle, in kg

r is the radius of the path followed by the particle, in m

The expression for the radius is therefore:

Does this relationship make sense?

TABLE 5.3 Observations concerning the radius of circular motion

Do the observations match
What is observed? What does the formula predict? the formula’s prediction?

Hard to turn heavy objects The heavier the mass, the larger the Yes
radius
Hard to turn fast objects The faster the object, the larger the radius | Yes
The larger the force, the smaller The stronger the field, the smaller the Yes
the radius radius; the larger the charge, the smaller
the radius

SAMPLE PROBLEM 6 Calculating the radius of the circular motion of charged particles in

a magnetic field

An electron travelling at 5.9 x 10° m s™! enters a magnetic field in a direction perpendicular to its
motion with a magnitude of 6.0 mT. What is the radius of its path in the magnetic field?

THINK WRITE

. . my

Recall the expression for the radius that comes = p—
q

from equating the net force on objects moving in
a circle with the magnetic force. Recall the mass of — 9.1x107% x5.9x10°
an electron is 9.1 x 103! kg and the charge of an 1.6x1079%x6.0x 1073
electron is 1.6 x 1071 C. =5.6x10"3m

TOPIC 5 Magnetic fields and their applications 259



PRACTICE PROBLEM 6

Calculate the speed of an electron moving perpendicular to a 3.0 mT magnetic field in a circle with
radius 1.0 mm.

EXTENSION: Aurorae

The aurorae at the North Pole and South Pole are glorious displays of waves of coloured light, high in the
atmosphere. They are produced when charged particles ejected by the Sun enter Earth’s magnetic field.

The particles spiral down to the poles, producing an amazing display of light as they move in smaller and smaller
circles from the increasing magnetic field, exciting mainly oxygen and nitrogen molecules in the atmosphere in
high-speed collisions.

FIGURE 5.25 Charged particles FIGURE 5.26 Aurora Australis, seen from the International
entering Earth’s magnetic field Space Station

particles

INVESTIGATION 5.4

elog-1947
Electrons in a magnetic field

AIM

To use a cathode-ray oscilloscope (CRO) to display variations in voltage applied to the input terminals

Resources

Interactivity Electrons in a magnetic field (int-0124)
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5.4.2 Controlling charged particle motion with magnetic fields
Magnetic fields can be used to control charged particles in a number of important applications.

The mass spectrometer is able to separate ions with different ratios of mass to charge because, as shown
previously, the radius of the trajectory of an ion passing through a magnetic field depends on the ratio of mass

to charge. The sample is initially vapourised and ionised, accelerated by an electric field and then passed through
a magnetic field, which deflects the ions. The radius of this deflection depends on the mass to charge ratio of the
particle being examined. The mass spectrometer is an essential analytical tool for determining the composition
of a chemical sample and is often used to determine the mass of various atomic particles, measuring the radius
of their deflection in a magnetic field.

FIGURE 5.27 A mass FIGURE 5.28 Mass spectrometers deflect particles based
spectrometer on their mass to charge ratios. When the magnetic field is

7 pointing into the page, lighter positive ions move through a
circle of smaller radius than heavier positive ions, causing
them to separate and to arrive at different points on the
detector.

Magnetic field

separation /_ﬁj

Beam of

charged

Sample ionised Particles
by electron beam

Vapourising heater

Sample injected >

Particles accelerated
into magnetic field

Magnet

In the electron microscope, magnetic fields focus the electron beam after it is scattered from a sample, in the
same way that optical lenses focus the light scattered from a sample under an ordinary microscope.

FIGURE 5.29 Electron microscopes use magnetic fields to focus the electron beam, after it is scattered when
passing through a specimen, allowing an image to be observed.

Specimen

Projector

AT
lens /— \
* Image
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5.4.3 Combining electric and magnetic fields

Many devices relies on combining magnetic and electric fields to achieve their function. Examples are given in
Table 5.4.

TABLE 5.4 Devices that use electric fields and magnetic fields

N T . S

Mass spectrometer Accelerates positive ions of different mass, To measure the abundance of
using an electric field. Uses a magnetic field different elements and isotopes in
to cause ions of different masses to deflect by | a sample

different amounts.

Electron microscope Accelerates electrons, which are scattered by To use an electron beam to examine
a sample and then passed through electric very small objects
and magnetic lenses to form an image of the
sample.

Synchrotron Accelerates electrons, using an electric field, To produce intense and very narrow
close to the speed of light, then feeds them beams of mainly X-rays to examine
into a storage ring. Magnetic fields make the fine structure of substances such
the electrons move in a circular path. As the as proteins

electrons are accelerated around the loop,
they emit electromagnetic radiation. The
wavelength of the radiation depends on the
speed of the electrons.

Large Hadron Collider Accelerates protons or lead ions close to the To test the predictions of theories
speed of light, then lets them collide, using of particle physics, for example, the
electromagnets. existence of the Higgs boson

In synchrotrons, mass spectrometers and electron microscopes, magnetic fields cause charged particles to move
along curved paths. The radius of the path, and therefore where the particle ends up, depends on the particle
velocity, so it can be important to filter out particles that are not moving with the desired velocity.

At the Australian Synchrotron, electrons are first accelerated by an electric field and injected at high speeds
(0.999997¢) into a booster ring. In the booster ring, a combination of increasing electric and magnetic fields

is used to further accelerate the electrons, increasing their kinetic energy by a factor of thirty. The electrons
are then passed to the storage ring, which uses magnetic fields to keep the electrons moving around a circle.
The accelerated electrons emit high intensity, coherent, and polarized electromagnetic radiation, which is used
for experiments and imaging. The wavelength of the electromagnetic radiation is controlled by the amount of
bending by the storage ring magnets and can vary from infrared to high energy x-rays.

FIGURE 5.30 A Wien filter (also known as a velocity selector)

\

®//
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In 1898, Wilhelm Wien (after whom Wien’s Law in thermodynamics is named)

. L . Lo Wien filter device that can be
was investigating the charged particles that are produced when electricity is

used as a velocity filter using

passed through gases. To investigate their speed and their charge, he set up a a magnetic field to deflect the
magnetic field to deflect the beam of charged particles in one direction, and beam of charged particles in one

. . . . . direction, and an electric field to
an electric field to deflect the beam in the opposite direction. For the charged

. k deflect the beam in the opposite
particles that were undeflected, the magnetic force must have been balanced by direction

the electric force. This configuration is now called a Wien filter.

The electric force on a charge in an electric field is F= gFE, and the magnetic force on a moving charge is
F= gvB. If the magnetic and electric forces are balanced, then:

qE = qvB
and cancelling g gives:
E
y=—
B

where: v is the velocity of an undeflected particle, in m s™!

E is the strength of the electric field, in N C~!

B is the strength of the magnetic field, in T

This formula implies that by controlling the strength of the magnetic and electric . )
field h hich ticl b deflected by the fields. Particl velocity selector device that can

elds, one can choose which particles will be undeflected by the fields. Particles be used as a velocity filter Lging
travelling faster or slower than the undeflected particles will be deflected out a magnetic field to deflect the
of the beam. This means that a Wien filter can essentially be used to filter out beam of charged particles in one
particles that are travelling faster or slower than a desired velocity and select only direction, and an electric field to

) - . . . . . deflect the beam in the opposite

those particles travelling at the desired velocity. For this reason, a Wien filter is direction

often referred to as a velocity selector.

vd.8996 SAMPLE PROBLEM 7 Calculating the velocity of an electron travelling through
a Wien filter

An electron travels undeflected through a Wien filter, where the magnetic field is 0.0030 T. The
electric field strength is 500 N C-1. Calculate the velocity of the electron.

THINK WRITE
. . 500
For the undeflected electron, the magnetic and electric y = m
forces are balanced. Use the formula v = g to calculate _ 1:7 2 1109 i ol

the velocity of an electron.

PRACTICE PROBLEM 7

An electron beam requires electrons moving at 6 x 10° m s~'. A Wien filter, or velocity selector, is set
up with a magnetic field of 0.02 T. How large must the electric field be to select electrons travelling at
6x10°ms1?
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5.4 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your

feedback and access additional results and

sample responses questions progress

5.4 Quick quiz J 5.4 Exercise U 5.4 Exam questions

5.4 Exercise

1. A proton travelling vertically at 3.0 x 10° m s™' enters a uniform horizontal magnetic field with a field strength
of 4.0 mT. Calculate the magnitude of the force experienced by the proton.

2. An alpha particle enters a uniform magnetic field of
4.0 mT with a speed of 1.5 x 10" m s™' as shown in the

v=15x10"ms™"

diagram. —_—

a. Calculate the force on the alpha particle. -

b. Describe the trajectory of the alpha particle as it >
B=4.0mT

passes through the magnetic field.

3. An electron travelling east at 1.2 x 10° m s™' enters a region of uniform magnetic field of strength 2.4 T
pointing north.
a. Calculate the magnitude of the magnetic force acting on the electron.
b. Describe the path taken by the electron, giving a reason for your answer.
c. Calculate the magnitude of the acceleration of the electron.

4. In the diagram, a tauon (tau particle) enters the magnetic field
from the left and executes the trajectory shown.

a. Does the tauon carry a positive or negative charge? Give X X X X X X X
reasons for your choice. T TTTTTmm oo oo Sa
b. The tauon exits the magnetic field at the point shown. X X X X X X X
Describe its trajectory after it leaves the field. AN
5. Determine the direction of the magnetic force in the following X X X X '\Xoox X
situations, using your preferred hand rule. Use the following Y
terminology in your answers: up the page, down the page, left, R X 8 X & X R

right, into the page, out of the page.
a. Magnetic field into the page, electron entering from left

X X X

X X X

b. Magnetic field down the page, electron entering from left
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c. Magnetic field out of the page, proton entering obliquely from left

O) O) O,

= CRENCING
©® ® ©

6. How could a moving electron remain undeflected in a magnetic field?

7. An ion beam consisting of three different types of charged particles is directed eastwards into a region
having a uniform magnetic field, B, directed out of the page. The particles making up the beam are (i) an
electron, (ii) a proton and (iii) a helium nucleus or alpha particle. Copy the following diagram and draw the
paths that the electron, proton and helium nucleus could take.

G [6EEMM ——=>> coccococococococoooooce

8. Calculate the radius of curvature of the following particles travelling at 10% of the speed of light in a
magnetic field of 4.0 T.
a. an electron
b. a proton
c. a helium nucleus.
9. Explain how magnetic fields are used in the functioning of mass spectrometers.
10. A positron enters the magnetic field shown here, with a velocity in the direction indicated.

=
B=40mT

Describe the trajectory of the positron as it traverses the magnetic field.

11. An electron beam requires electrons moving at 8.0 x 108 m s™. A velocity selector is set up with an electric
field of 5000 V m~'. How large must the magnetic field be in order to select electrons travelling at
8.0 x 10 m s™" perpendicular to the field?

12. In a mass spectrometer, the sample is vapourised and ionised, resulting in ions with a random distribution of
velocities that are accelerated by a uniform electric field. The ions are then passed through a velocity
selector with a magnetic field strength of 500 mT and an electric field provided by an electrical potential
difference of 1000 V across conducting plates separated by 1.5 mm. Calculate the velocity of ions that pass
through undeflected.
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5.4 Exam questions

Question 1 (3 marks)
Source: Adapted from VCE 2022 Physics Exam, Section B, Q.3d; © VCAA

A schematic diagram of a mass spectrometer that is used to deflect charged particles to determine their mass is
shown in Figure 3. Positive singly charged ions (with a charge of +1.6 x 107'° C and a mass of 4.80 x 1072 kg)
are produced at the ion source. These are accelerated between an anode and a cathode. The potential difference
between the anode and the cathode is 1500 V. The ions pass into a region of uniform magnetic field, B, and are
directed by the field into a semicircular path of diameter D.

region of uniform

magnetic field, B
anode cathode |

positive I I ¢

ion
source
D

1500V

L T

Figure 3

The region of uniform magnetic field, B, in figure 3 has a magnitude of 0.10T. If each ion has a speed of
3.16 x 10° ms~" when it exits the cathode, calculate the diameter, D, of the semicircular path followed by ions
within the magnetic field in figure 3.

Question 2 (4 marks)
Source: /CE 2022 Physics Exam, NHT, Section B, Q.3; © VCAA

A positron and an electron are fired one at a time into a strong uniform magnetic field in an evacuated chamber.
They are fired at the same speed but from opposite sides of the chamber. Their initial velocities are initially
perpendicular to the magnetic field and opposite in direction to each other, as shown in Figure 1. A positron has
the same mass as an electron (9.1 x 10" kg) and has the same magnitude of electric charge as an electron
(-1.6 x 107'° C) but is positively charged (+1.6 x 107'° C).

On Figure 1, sketch and label the respective paths that the positron and the electron will take while in the uniform
magnetic field.

X X X X X X
X X X X
X X X X X X
positron —» <+— clectron
X X X X X X
X X X X X X
X X X X X X
Figure 1
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Question 3 (1 mark)

Source: VCE 2022 Physics Exam, NHT, Section A, Q.2; © VCAA

I A loudspeaker consists of a current carrying coil within a radial magnetic field, as shown in the diagram
below. The direction of the current in the coil is also shown.

current carrying coil

Which one of the following best describes the direction of the force on the coil?

A.
B
C.
D. up the page

out of the page
. down the page
into the page

Question 4 (3 marks)

Source: VCE 2019, Physics Exam, Section B, Q.1; © VCAA

A particle of mass m and charge q travelling at velocity v enters a uniform magnetic field B, as shown in Figure 1.

X X X

O ----------- > T o ~
particle \\
X XN X
\\
A
'
X X iX
1
Figure 1
a. Is the charge g positive or negative? Give a reason for your answer. (1 mark)
b. Explain why the path of the particle is an arc of a circle while the particle is in the magnetic field. (2 marks)

Question 5 (2 marks)

Source: Adapted from VCE 2018, Physics Exam, Section B, Q.1c; © VCAA

An electric field accelerates a proton between two plates. The proton exits into a region of uniform magnetic field
at right angles to its path, directed out of the page, as shown in Figure 1.

Data

mass of proton

1.7 x 1072 kg

charge on proton

+1.6x107°C

accelerating voltage

10 kV

distance between plates

20 cm

strength of magnetic field

20x102T
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Figure 1

With a different accelerating voltage, the proton exits the electric field at a speed of 1.0x10°ms™".
Calculate the radius of the path of this proton in the magnetic field.

More exam questions are available in your learnON title.

5.5 Magnetic forces on current-carrying wires

KEY KNOWLEDGE

¢ |nvestigate and analyse theoretically and practically the force on a current-carrying conductor due to an
external magnetic field, F = nliB, where the directions of I and B are either perpendicular or parallel to each
other

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

5.5.1 Current-carrying wire in a magnetic field

Once the technology of electromagnets was developed, very
strong magnetic fields could be achieved. This enabled the
reverse of Oersted’s discovery to be investigated: what is
the effect of a magnetic field on a current in a wire?

FIGURE 5.31 The magnetic field exerts a
magnetic force on a current-carrying wire.

Force

Observations of the force experienced by a wire carrying a
current in a magnetic field show that the force increases if
e the magnetic field increases
e the current in the wire increases
e the length of the wire increases
e there is more than one wire carrying current in the
same direction.

It is also observed that only the component of the magnetic
field perpendicular to the current causes there to be a force
on the wire.
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F=nllB
where: F is the force on the conductor perpendicular to the magnetic field, in N
n is the number of conductors (or loops)
1 is the current in the conductor, in A
[ is the length of the conductor, in m

B is the component of the magnetic field that is perpendicular to the current, in T

When the magnetic field is not perpendicular to the direction of the current, it is important to remember that the
force on the wire is less. In fact, if the magnetic field is parallel to the direction of the current, the force on the
wire is zero. That is because there is no component of magnetic field perpendicular to the current.

Note that the same result can also be obtained starting from Lorentz’s expression for the magnetic force on a
charged particle.

EXTENSION: Using Lorentz’s expression

The current, 1, is the motion of charges along a length of wire, L. If a charge g travels a distance [ in a time At, then
l

the velocity of the charge is v = Z Rewriting the force in terms of the current and length of wire, the following is
t

obtained:

l q
F=qvB=q—B=—IB=IB
At At

SAMPLE PROBLEM 8 Calculating the magnitude force on a current-carrying wire

If a straight wire of length 8.0 cm carries a current of 300 mA, calculate the magnitude of the force
acting on it when it is in a magnetic field of strength 0.25 T if:

a. the wire is at right angles to the field

b. the wire is parallel with the field.

THINK WRITE

a. Recall that F =nlIB and that B is the component of a. F' = nllB
the ﬁeld that iS perpendicular to the length Of the = 1x%300% 10—3 % 0.080 % 0.25
wire, /. Ensure your units are correct. In this case, - »
you need to convert mA to A and cm to m. = 6.0 105N

b. The wire is parallel to the field so there is no b. The force on the wire is 0 N.

component of the field perpendicular to the wire.

PRACTICE PROBLEM 8

a. Calculate the force on a 100-m length of wire carrying a current of 250 A when the strength of
Earth’s magnetic field at right angles to the wire is 5.00 x 105 T.

b. The force on a 10-cm wire carrying a current of 15 A when placed in a magnetic field
perpendicular to B has a maximum value of 3.5 N. What is the strength of the magnetic field?
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Forces between current-carrying parallel wires

Two current-carrying wires each have their own magnetic field, the direction of which is determined using the
right-hand grip rule. When these wires are brought together in close proximity and placed parallel to each other,
the wires are observed to either repel each other or be attracted to each other, depending on the direction of
current flow in each wire. This can be explained by understanding that each wire experiences a force on the
current that it is carrying due to the magnetic field that is being produced by the other wire. If the current in

the left-hand wire is up the page, the magnetic field experienced by the right-hand wire is into the page. If the
current in the right-hand wire is also up the page, then applying either the left-hand rule or right-hand-slap rule
shows that the magnetic force on the right-hand wire is towards the left-hand wire.

Similarly, the magnetic force on the left-hand wire due to the magnetic field from the right-hand wire acting on
the current in the left-hand wire is towards the right-hand wire. The two wires attract one another!

If, however, the current in the right-hand wire is down the page, then the right-hand wire experiences a magnetic
force away from the left-hand wire and the left-hand wire experiences a magnetic force away from the
right-hand wire. Hence, parallel wires carrying currents in opposite directions repel each other. The effects can
be observed in figure 5.32.

FIGURE 5.32 Magnetic fields interact between parallel wires, leading to either a. attraction when the current runs
in the same direction or b. repulsion when the current runs in opposite directions.

i’
|
|

a. b.
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X X X X
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F X X X X
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INVESTIGATION 5.5 o0 _only]

Measuring the force on a current-carrying wire in a magnetic field

elog-1948

tivd-10604
AlM

To investigate the relationship F = 1iB and determine strength of the magnetic field experienced by the wire loop

Resources

Interactivity Changing magnetic force (int-0115)

Weblink Lorentz force applet
5.5 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

5.5 Quick quiz ‘ 5.5 Exercise u 5.5 Exam questions L

5.5 Exercise

1. Calculate the size of the force on a wire of length 0.05 m in a magnetic field of strength 0.30 T if the wire is at
right angles to the field and it carries a current of 4.5 A.

2. Calculate the size of the force on an 8.0-cm wire carrying a current of 1.8 A at an angle parallel to a magnetic
field with strength 40 mT.

3. Calculate the size of the force exerted on a loudspeaker coil of radius 1.5 cm and 500 turns that carries a
current of 15 mA in a radial magnetic field of 2.0 T. (Hint: Consider what aspect of the circle takes the place of
/'in this question.)

4. Use the answer key provided to indicate the direction of the force of the magnetic field on the current-carrying
wire in the following diagrams (a) to (h).

Answer key

Out of page

Into page

- O
()
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5. Wires A and B are parallel to each other and carry current in the same direction.
a. Draw a diagram to represent this situation, and determine the direction of the magnetic field at B due to
wire A.
b. This magnetic force will act on the current in wire B. What is the direction of the force by wire A on wire B?
c. Now draw a diagram and determine the direction of the magnetic field at A due to wire B and the direction
of the force by wire B on wire A.
d. Is the answer to (c) what you expected? Why? (Hint: Consider Newton’s laws of motion.)

5.5 Exam questions

Question 1 (1 mark)
Source: VCE 2019 Physics Exam, NHT, Section A, Q.2; © VCAA

I3 A powerline carries a current of 1000 A DC in the direction east to west. At the point of measurement,
Earth’s magnetic field is horizontally north and its strength is 5.0x 107° T.

Which one of the following best gives the direction of the electromagnetic force on the powerline?
. horizontally west

. horizontally north

. vertically upwards

. vertically downwards

OO0 w>

Question 2 (1 mark)
Source: VCE 2019 Physics Exam, NHT, Section A, Q.3; © VCAA

I A powerline carries a current of 1000 A DC in the direction east to west. At the point of measurement,
Earth’s magnetic field is horizontally north and its strength is 5.0x 107° T.

The magnitude of the force on each metre of the powerline is best given by
A. 5.0x10°N

B. 5.0x10°N

C. 5.0x10™2N

D. 50x10™°N

Question 3 (3 marks)
Source: Adapted from VCE 2019, Physics Exam, Section B, Q.3c&d; © VCAA

Figure 3 shows a schematic diagram of a DC motor. The motor has a coil, JKLM, consisting of 100 turns. The
permanent magnets provide a uniform magnetic field of 0.45 T. The commutator connectors, X and Y, provide a
constant DC current, I, to the coil. The length of the side JK is 5.0cm.

The current I flows in the direction shown in the diagram.

Figure 3

a. Draw an arrow on Figure 3 to indicate the direction of the magnetic force acting on the side JK. (1 mark)
b. A current of 6.0 A flows through the 100 turns of the coil JKLM.
The side JK is 5.0 cm in length.
Calculate the size of the magnetic force on the side JK in the orientation shown in Figure 3. Show your
working. (2 marks)
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Question 4 (4 marks)
Source: VCE 2016, Physics Exam, Section A, Q.13; © VCAA

A 3.0 m long, vertical, copper lightning conductor is located in a region where Earth’s magnetic field is horizontal
and pointing north. A current of 2000 A flows down the conductor to Earth during an electrical storm. Force
detectors measure a force on the lightning conductor of 0.32 N.
a. Calculate the magnitude of Earth’s magnetic field acting on the lightning conductor. (2 marks)
b. I Which one of the following (A.-F.) is the best description of the direction of the magnetic force acting on

the lightning conductor? Explain your answer. (2 marks)

A. north

B. south

C. east

D. west

E. vertically up

F. vertically down

Question 5 (3 marks)
Source: /CE 2015, Physics Exam, Section A, Q.12.a; © VCAA

Students have a model that can be used as a motor or generator, depending on the connections used.
The magnets provide a uniform magnetic field of 2.0 x 10~ tesla.

EFGH is a square coil of each side length 4.0 cm with 10 turns.

A 6.0 V battery and an ammeter are connected to the shaft through a commutator.

This is shown in Figure 12.

Figure 12

The ammeter shows a current of 4.0 A.

With the coil horizontal as shown in Figure 12, what is the force on the side EF? Give the magnitude and direction
(up, down, left, right). Show your working.

More exam questions are available in your learnON title.
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5.6 Applying magnetic forces — the DC motor

KEY KNOWLEDGE

* |nvestigate and analyse theoretically and practically the operation of simple DC motors consisting of one coil,
containing a number of loops of wire, which is free to rotate about an axis in a uniform magnetic field and
including the use of a split ring commutator

* Investigate, qualitatively, the effect of current, external magnetic field and the number of loops of wire on the
torque of a simple motor

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

561 The DC motor FIGURE 5.33 A simplified DC motor

An electric motor is a device that transforms electrical
potential energy into rotational kinetic energy. A DC motor
uses the current from a battery flowing through a coil in a
magnetic field to produce continuous rotation of a shaft. The
coil carries a direct current. Figure 5.33 shows a simplified
example of a DC motor, with the coil illustrated by a single
rectangular loop of wire. The straight sides make it easier
to visualise how forces on the sides come about. The coil
is usually wound around a frame known as an armature,
which is made of ferromagnetic material and can rotate on
an axle. The armature and coil together are known as the
rotor. How do forces allow the coil to rotate?

Split ring
commutator

N

B

Brushes

1. In figure 5.34 when the coil is in position 1 with the coil
parallel to the magnetic field and the current flowing
A—B—C—D, there will be a downward force on side

FIGURE 5.34 Force on a coil in a DC motor

. . . Position 1
AB and an upward force on side CD, causing the coil to
rotate.
-
2. As the coil rotates, as shown in position 2, the forces Position 2
remain unchanged in size and direction. This is because c
the magnetic field and the current in the wire are still T F
the same size and in the same direction. However, the B

turning effect or torque is greatest when the forces are
perpendicular to the plane of the loop. The forces are
no longer perpendicular to the plane of the loop, so the
turning effect is smaller.

“\_ Current flow

armature frame around which
a coil of wire is wound, which
rotates in a motor’s magnetic field
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3. When the coil reaches position 3, at right angles to the

magnetic field, the forces are still unchanged in size FIGURE 5.34 Force on a coil in a DC motor

and direction but, in this case, the forces are completely (Eeniee)
parallel to the plane of the loop, so there is no turning Position 3
effect.

4. Since the coil was already moving before it arrived Position 4(a)

at position 3, the momentum of its rotation will carry
it beyond position 3 to position 4(a). In this position,
the current is still travelling in the same direction
A—B—C-D, so, in this position, there is still a
downward force on side AB and an upward force on side
CD acting to rotate the coil in the opposite direction, that
is, back to position 3.
If this was the design of a DC motor, the coil would turn
90° and then stop! If the coil was in position 3 when
the battery was first connected, the coil would not even
move.

5. So, if the motor is to continue to turn, it needs to
be modified when the coil reaches position 3. If the
direction of the forces can be reversed at this point, as
shown in position 4(b), the forces will make the coil
continue to turn for another 180°. The forces need to be
reversed again at this point to complete the rotation, and
reversed every half turn when the coil is perpendicular
to the field. In order to reverse the direction of the forces
acting on the coil, the direction of the current through the
coil needs to be reversed.

Position 4(b)

Current flow

So, to keep the coil continuously rotating in the same
direction, the direction of the current through the loop needs
to be reversed.

FIGURE 5.35 Commutator and coil from a
hair dryer

This reversal is done with a split ring commutator. The
commutator consists of two semicircular pieces of metal
attached to the axle, with a small insulating space between
their ends. The ends of the coil are soldered to these metal
pieces.

Wires from the battery are attached to conducting brushes that
rest against the commutator pieces. As the axle turns, these
commutator pieces turn so that they are no longer in contact
with the brushes, stopping the flow of electrical current el i o e  elvies e
through the coil. As the commutators continue to rotate, they again make contact reverses the direction of the current
with the brushes, but are now in contact with the opposite brush, causing current flowing through an electric circuit

to flow through the coil in the opposite direction. This enables the current brushes conductors that make

h h th i h di . . he i lati he brush electrical contact with the moving
through the coil to change direction every time the insulating spaces pass the brushes. split ring commutator in a DC motor
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Brushes are often small carbon blocks that allow charge to flow and the axle to turn smoothly. The brushes are
often made of graphite, which conducts electricity and acts as a lubricant.

As an energy transfer device of some industrial significance, there are some important questions to be asked
about the design for a DC motor. Are there some starting positions of the coil that won’t produce rotation? How
can this be overcome? Can it run backwards and forwards? Can it run at different speeds?

INVESTIGATION 5.6 o0 _only]

elog-1949
The motor effect
AIM
To observe the direction of the force on a current-carrying conductor in an external magnetic field
INVESTIGATION 5.7 Lo only
elog-1950
Designing an electric DC motor
tivd-10605

AIM
To construct a working electric motor and analyse and explain the physics principles behind its operation

Resources

Weblink DC motor applet

9.6.2 Torque

The turning effect of the forces on the coil in an electric motor is called a torque. ,

. - torque the turning effect of the
The magnitude of the torque on a coil is the product of the component of the force forces on the coil in an electric
perpendicular to the plane of the coil and the perpendicular distance between the motor
point of application of the force and the shaft or axle (the axis of rotation).

T=rJ_F

where: 7 is the torque, in N m

7, is the perpendicular distance between the point of application of the force and the
axis of rotation, in m

F is the component of the force perpendicular to the axis of rotation, in N

Consider the case of the coil in figure 5.34. The sides of the coil perpendicular to the magnetic field, sides AB
and CD, experience a force that is constant in size and magnitude no matter which position they are in; however,
only the component of this force that is perpendicular to the plane of the coil contributes to the torque. When the
coil is in the vertical position with its plane perpendicular to the field, the force on AB and CD is parallel to the
plane of the coil, so the component of the force perpendicular to the plane is zero and hence the torque on the
coil is zero. When the coil is parallel to the field, the force acting on AB and CD is perpendicular to the plane of
the coil, so the coil experiences maximum torque in this position.
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Each of the two sides that are perpendicular to the magnetic field, sides AB and CD, experience a force that
contributes to the overall torque on the coil, so the total torque is equal to twice the torque acting on one of these
sides.

To summarise, increasing the maximum torque will increase the speed of a DC motor. This can be achieved by:
¢ Increasing the force acting on the side (by either increasing the current in the coil, increasing the number of
loops in the coil, producing a stronger magnetic field or adding an iron core in the centre of the loop as part
of the armature)
¢ Increasing the width of the coil
e Using multiple coils mounted on the armature.

SAMPLE PROBLEM 9 Explaining DC motors and the split ring commutator

tlvd-8995

A student constructs a simple DC motor, exactly like the motor in figure 5.33, with a square loop
having side lengths 2.0 cm and a uniform 0.0050 T magnetic field. A current of 1.5 A passes through
the coil.
a. Calculate the magnitude and direction of the force on the wire in the following sections, referring to

figure 5.34 for the positions of these sections:

i. AB

ii. BC

ii. CD
b. Explain why the motor is most easily started when the coil is parallel to the magnetic field.
c. Explain why the commutator is essential if the coil is to rotate continuously in one direction.

THINK WRITE

a. Recall that the force on a current-carrying a. F =nllB
wire in a magnetic field is F= nllB i. F=1x%1.5x%x0.020x0.0050
when the current and magnetic field are —15%10* N. down

perpendicular to each other. Use the right- ii. F=0N, because / and B are parallel to each

hand-slap rule or left-hand rule to find the il
direction of the force on each side of the ii. F=1%1.5%0.020x%0.0050
wire loop. 4
=15%10"N, up
b. Recall that the turning force, or torque, is  b. Torque is a maximum when the axis of rotation and
givenby r=r F. the line of action of the force are perpendicular to

each other, and the distance between them is at a
maximum. This occurs when the coil is parallel to
the field.

c. Review the operation of the commutator. ~ c. Without the commutator, after the loop passes
through the vertical position, the direction of the
forces on the coil would reverse, causing the loop to
slow down and then reverse the direction of rotation.
Every time the loop passes through the vertical
position, the direction of the forces reverse again,
causing the loop to slow and reverse the direction
of rotation. The loop would just oscillate around
the vertical position. The commutator enables the
direction of current through the loop to be reversed
every time the loop passes through the vertical
position, reversing the direction of the forces so that
the loop can rotate continuously in the one direction.
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PRACTICE PROBLEM 9

The terminals of the battery supplying the motor in sample problem 9 are reversed.

a.

Calculate the magnitude and direction of the force on the wire in the following sections:
i. AB
ii. BC
iii. CD

. Explain the differences, if any, between the two motors.

Resources

Video eLessons How maglev trains work (eles-2556)
Torque (eles-0025)

5.6 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your

feedback and access additional results and

sample responses questions progress

5.6 Quick quiz 5.6 Exercise u 5.6 Exam questions L
5.6 Exercise

1.

%

What is the purpose of each of the following in a DC motor?

a. The magnet

b. The brushes

c. The commutator (mention three aspects)

d. The large number of turns in the wire

Look at the simplified DC motor in figure 5.34.

a. Are there some starting positions of the coil that won’t produce rotation? How can this be overcome?
b. Can the DC motor run backwards and forwards?

c. Can it run at different speeds? If so, how?

Would a DC motor work if it was connected to an alternating current (AC) power source?
An example of a DC motor without a commutator is the homopolar motor shown in the
following image. The upper section of the copper loop is in continuous contact with the
positive terminal of the battery, and the lower section of the loop is in continuous contact
with the negative terminal of the battery via the surface of the magnet. Explain how this
arrangement results in a continuously rotating loop.

Stronger magnetic fields can be obtained with an electromagnet. The same DC power
source can supply current to the electromagnet as well as to the rotating coil. The two
components of the circuit, the electromagnet and the rotating coil, can be connected to the
power source in two different ways.

a. What are these ways?

b. How do you think the starting and operating characteristics of these two types will differ?

\

TOPIC 5 Magnetic fields and their applications 279



6. A Consider the simple DC motor shown in the diagram. Which of the following actions would increase the
average torque on the loop?

Simple Electric Motor

ﬁ Direction of
7

motion

Upward force

Current

A. Decreasing the side length BC
B. Halving the voltage supplied to the circuit
C. Decreasing the size of the magnetic field
D. Increasing the number of loop windings.
7. I Which of the following changes would stop the motor in question 6 from rotating continuously?
A. Reversing the direction of the magnetic field
B. Reversing the direction of the voltage
C. Rotating the direction of the magnetic field to be perpendicular to the direction shown in the diagram
D. Reversing the direction of the current in the circuit.

5.6 Exam questions
Question 1 (5 marks)
Source: VCE 2022 Physics Exam, Section B, Q.1; © VCAA
Figure 1 shows four positions (1, 2, 3 and 4) of the coil of a single-turn, simple DC motor. The coil is turning in a
uniform magnetic field that is parallel to the plane of the coil when the coil is in Position 1, as shown.

When the motor is operating, the coil rotates about the axis through the middle of sides LM and NK in the
direction indicated. The coil is attached to a commutator. Current for the motor is passed to the commutator
by brushes that are not shown in Figure 1.

Position 1 Position 2 Position 3 Position 4

uniform magnetic

field
Figure 1

a. When the coil is in Position 1, in which direction is the current flowing in the side KL — from K to L or from

L to K ? Justify your answer. (2 marks)
b. When the coil is in Position 3, in which direction is the current flowing in the side KL — from K to L or from

LtoK? (1 mark)
c. The side KL of the coil has a length of 0.10 m and experiences a magnetic force of 0.15 N due to the magnetic

field, which has a magnitude of 0.5 T. Calculate the magnitude of the current in the coil. (2 marks)
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Question 2 (4 marks)
Source: VCE 2019, Physics Exam, NHT, Section B, Q.3; © VCAA

Figure 3 shows a simple DC motor consisting of a square loop of wire of side 10 cm and 10 turns, a magnetic
field of strength 2.0 x 1073 T, and a commutator connected to a 12 V battery. The current in the loop is 2.0 A.

T_

Figure 3

a. Calculate the magnitude of the total force acting on the side EF when the loop is in the position shown in
Figure 3. Show your working. (2 marks)
b. Explain the role of the commutator in the operation of the DC motor. (2 marks)

Question 3 (3 marks)
Source: VCE 2018, Physics Exam, Section B, Q.3a; © VCAA

Students build a model of a simple DC motor, as shown in Figure 3.

Figure 3

The motor is set with the coil horizontal, as shown, and the power source is applied.
Will the motor rotate in a clockwise (C) or anticlockwise (A) direction? Explain your answer.

Question 4 (5 marks)
Source: VCE 2017, Physics Exam, Section B, Q.3; © VCAA

Figure 2 shows a schematic diagram of a simple DC motor.

It consists of two magnets, a single 9.0 V DC power supply, a split-ring commutator and a rectangular coil of wire
consisting of 10 loops.

The total resistance of the coil of wire is 6.0 Q.
The length of the side JK is 12 cm and the length of the side KL is 6.0 cm.

The strength of the uniform magnetic field is 0.50 T.
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B
F C
& I
D
split-ring commutator
DC power supply
Figure 2
a. Determine the size and the direction (A-F) of the force acting on the side JK. (3 marks)
b. What is the size of the force acting on the side KL in the orientation shown in Figure 2?
Explain your answer. (2 marks)
Question 5 (5 marks)
Source: VCE 2016 Physics Exam, NHT, Section A, Q.14; © VCAA
Students build a simple electric motor, as shown in Figure 18.
axis of rotation
commutator

Figure 18

a. [[E At what position(s) (A.—D.) of the rotating coil is the magnetic force on the side XY zero? One or
more answers may be selected. (1 mark)
A. horizontal with the current as shown in Figure 18
B. horizontal with the current in the opposite direction to that shown in Figure 18
C. vertical
D. at all orientations of the caoil
b. The students discover that the motor starts moving more easily with the coil in some orientations than in
others. Explain the best orientation(s) for starting the motor to move from rest. (2 marks)
c. I To increase the speed of rotation of the motor, the students suggest a number of improvements. Which
suggested improvement(s) (A.-D.) is likely to increase the speed of rotation of the coil? One or more answers
may be selected. Explain your answer. (2 marks)
A. increase the battery voltage
B. replace the single coil of the motor with several turns
C. increase the resistance of the coil
D. reverse one of the poles of the permanent magnets

More exam questions are available in your learnON title.
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5.7 Similarities and differences between gravitational,
electric and magnetic fields

KEY KNOWLEDGE

* Compare theoretically and practically gravitational, magnetic and electric fields, including directions and
shapes of fields, attractive and repulsive fields, and the existence of dipoles and monopoles
¢ |dentify fields as static or changing, and as uniform or non-uniform.

Source: Adapted from VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

5.7.1 Comparing gravitational, magnetic and electric fields

Gravitational, electric and magnetic fields are all properties of the space around an object, whether the object
is a mass, a charge or a magnet. Lines are used to show the direction of the field, that is, the direction of force
experienced by a test object; the strength of the field is shown by the density of the lines. For some field
diagrames, it is not possible to tell the type of field simply by looking at the diagram.

FIGURE 5.36 Field diagrams

a. b.

VY
AN

For example, field diagram (a) in figure 5.36 could show either a gravitational field around a mass or an electric
field around a negative point charge. It could not be a magnetic field as, even though it might look like the field
near the south pole of a magnet, further away the field lines would start to curve away towards the north pole.

Similarly, field diagram (b) in figure 5.36 could show either an electric field around two opposite charges or a
magnetic field around north and south poles. However, it could not be a gravitational field, because mass does
not come in two opposite versions.

The fields described in this topic are all vector fields, and they share the property that fields from multiple
sources can be added to find the total field at any point.
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The essential features of gravitational, electric and magnetic fields are summarised in table 5.5.

TABLE 5.5 Summary of gravitational, electric and magnetic fields

| | Gravitational field | Electric field Magnetic field
Surrounds a mass a charge (i) a magnet (i) a moving charge
Diagram Current-carrying wire
Affects: other masses other charges other magnetic materials and/or moving
charges
Field strength | g E B
symbol and N kg~ '(or ms™) NC 'orvm™) T (or NmA™)
units
. M kg .
Magnitude of | g=G— E=— A magnetic north or south pole cannot be
field from a r’ r isolated to make a point source (monopole).

point source

Calculating the magnetic field strength due
to a bar magnet or current-carrying wire is
beyond the scope of this course.

Direction of

the direction of the

the direction of the force

the direction of the orientation of the north

the field is force on a test mass | on a positive test charge | pole of a compass placed in the field.
defined by: placed in the field. placed in the field.
Force in the A mass m placed in A charge g placed in the | The quantitative The force on a
field the field experiences | field experiences a force | force on a magnet moving charge in
a force mg in the gE in the direction of E. by a magnetic field B | the presence of a
direction of g. is beyond the scope magnetic field B is
of this course. qvB and the force
on a current-carrying
wire in the presence
of a magnetic field B
is nliB.
Polarity of the | Unipolar Positive or negative The north or south pole cannot be isolated
field monopoles. A dipole to create a magnetic monopole.
field is the field from a
separated positive and
negative charge.
A uniform on the Earth’s between two oppositely | between the poles inside a current-
field exists: surface. charged parallel of a large horseshoe carrying coil.
conducting plates. magnet.
A static field around a mass. around charges that are | around magnetised around a wire
exists: not moving. materials. carrying a constant

current.
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tlvd-8997

SAMPLE PROBLEM 10 Comparing gravitational fields from a point mass to electric fields

from a positive charge

Identify similarities and differences between the gravitational field generated from a point mass and
the electric field generated from a positive charge.

THINK WRITE

Recall that fields are described by whether they ~ Similarities:

are uniform or non-uniform, their shape and 1. The gravitational field generated from a point mass
direction, and the nature of their source. and the electric field generated from a positive charge

both obey an inverse square law.

2. The gravitational field and electric field are both non-
uniform and static.

3. The point mass and positive charge can both be
described as monopoles.

Differences:

1. The direction of the gravitational field is inwards
towards the point mass, whereas the electric field
generated from a positive charge is outwards, away
from the point charge.

2. The gravitational field is attractive for all other
masses, whereas the electric field generated from
a positive charge repels other positive charges and
attracts negative charges.

PRACTICE PROBLEM 10

Identify similarities and differences between the electric field of a dipole and the magnetic field of a
bar magnet.

You can see in table 5.5 that there are circumstances in which each type of field can be uniform. There are also
circumstances in which each type of field is non-uniform, particularly as the distance away from the source
(such as an object with mass, a magnet or a point charge) increases. Gravitational sources can only attract,
whereas electric and magnetic sources can attract or repel. Gravitational and electric monopoles exist, which
can be seen by the way that field lines can begin from a single point, whereas magnetic field lines can never have
a beginning and an end but must instead form closed loops. The intriguing similarity between the electric dipole
field and the magnetic field from a bar magnet or solenoid hints at the fundamental connection between electric
and magnetic phenomena, a connection that was elegantly and brilliantly captured by James Clerk Maxwell at
the end of the nineteenth century.

Ultimately, the field model is a pathway to describing the forces experienced by objects and to understanding
and predicting the motion of objects and the transfer of energy in gravitational, electric and magnetic fields.
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5.7 Activities learn
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5.7 Exercise

-

. What is the experimental evidence for there being two types of charge?

2. Coulomb’s Law is very similar to Newton’s Law of Universal Gravitation. How do these two laws differ?

Compare electric charge and gravitational mass.

Give an example of a source of a uniform and a non-uniform magnetic field. Sketch the field in each case.

4. ldentify similarities and differences between the electric field due to two positive charges separated by
1.0 cm and the magnetic field due to two bar magnets with the north poles facing each other, but
separated by 1.0 cm.

5. Compare the magnitude of the electric and gravitational forces of attraction between an electron and
a proton that are a distance 5.3 x 10~'! m apart in a hydrogen atom. (Given data: m, = 9.11 x 107" kg;

m, = 1.67 x 107" kg)

6. A proton is suspended so that it is stationary in an electric field. Using the value of g = 9.8 m s2, determine
the strength of the electric field.

7. Millikan observed charged oil drops falling at a constant speed in an electric field provided by two charged
plates. In a simplified version of the experiment, the oil drops are in a vacuum, so that when they fall at a
constant speed, the electric force on the drop is equal and opposite to the gravitational force on the drop. If
the mass of an oil drop is 10 g and the charge of the oil drop is 10e™, how large does the electric field
provided by the plates need to be for the gravitational and electric forces to balance?

8. What equal positive charge would the Earth and the Moon need to have for the electrical repulsion to balance

the gravitational attraction? Why don’t you need to know the distance of separation of the two objects? The

mass of the Moon is 7.35 x 10?2 kg.

@

9. The strength of the magnetic field can be determined using the following formula:

_ ol

B - ’
27mr

where r is the distance from a wire, and , is the vacuum permittivity constant (47 x 10~" T mA~"). The
strength of the Earth’s magnetic field at the surface is approximately 50 uT. Calculate how much current
needs to flow through the wire for the magnetic field at a distance of 2.0 cm from the wire to be equal in
magnitude to the Earth’s magnetic field at that point.

5.7 Exam questions

Question 1 (1 mark)

T Which of the following is incorrect?

A. The gravitational field around a mass is static.

B. The field strength decreases when the distance to the source of the field increases.
C. No static magnetic field exists

D. The electric field around a charge at rest is static.

286 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



Question 2 (1 mark)
I Observe the following field shape.

AN
N\~

S “

Among the following, select the possible sources for it.
A. Two point masses separated by a distance r

B. A bar magnet

C. Two identical point charges separated by a distance r
D. An electric dipole.

Question 3 (2 marks)
When making notes on field shapes, a student recorded the following unlabelled diagram.

<

Help the student identify the type of fields and possible sources of field for this diagram.

Question 4 (3 marks)

Millie and Noah are discussing the similarities between gravitational, electric and magnetic fields. Noah has
drawn the following field shape and affirms that it could correspond to a gravitational field, to an electric field or
even to a magnetic field.

Justify whether Noah is correct, and if so, give an example of potential source of this field shape for each of the
field types.
Question 5 (3 marks)

When making notes to summarise the characteristics of gravitational, electric and magnetic fields, Lara created
the following table.

Source of a gravitational field Mass
Source of an electric field Charge
Source of a magnetic field Magnetic material

Their teacher told them that they forgot to include another possible source for one of their fields. Explain what
Lara forgot to include.

More exam questions are available in your learnON title.
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5.8 Review

Hey students! Now that it's time to revise this topic, go online to:

Access the
topic summary

‘ \ Watch teacher-led | Practise past VCAA
results " videos exam questions

Find all this and MORE in jacPLUS @

5.8.1 Topic summary

Vector field model for
magnetic fields

Magnetic materials have both
a north and south pole
Magnets and magnetic L (no monopole)
— 5
fields Magnets apply forces to
other magnets
Like poles repel, unlike poles Magpnetic field lines flow from
—_— attract a north pole to a south pole
An electric current in a wire Right-hand-grip rule gives
> produces a magnetic field direction of B
»  Magnetic fields from Field around a current- Non-uniform and static
moving charges particles carrying wire
Field outside a current- i T — J
carrying solenoid ;
- Field inside a current-
carrying solenoid I Fol,Foan
o Combined magnetic field:
B=B;+B,-+B, Right-hand-slap rule or the Direction of the force for a
left-hand rule positive moving charge
> Magnets apply forces to -
e o e moving charged particles Circular path
sing magnetic fields to F is at right angles t - -
control charged particles, orcells atng . angles to r=mv | Mass spectrometer:
—> - v b both its velocity and the Bq > Am=#r
Cycsoergaf);r;ter;ass magnetic field -
P _>l Use magnetic fields I
F=qvB I
- A synchrotron accelerates charged particles
Magnetic f|_elds v ‘ in a circle
and their ass spectrometer >
applications Electron microscope Uses perpendicular electric and magnetic
Synchrotron fields
Particles with velocity

WhenB L/,F=IB

l_A Right-hand-slap rule or the left-hand rule
|

Direction of the force for a
positive moving charge
(conventional /)

L] p

If the current flows in the same direction,
the wires attract each other

> Magnetic fo_rces on
current-carrying wires

Parallel current-carrying wires

If the current flows in the opposite direction,
exert forces on each other PP

the wires repel each other

Wien filter/velocity selector f-—l > v= gpass through the filter undeflected
|

In a DC motor, a current >
passing through a loop between
two magnetic poles causes the
loop to experience a torque and

Reverses the direction of the current flowing
through an electric circuit when the plane
of the loop is perpendicular to the field

Y

|

rotate L
. | ) - -
i i . it ri . The coil keeps rotating in one direction
Applying magnetic forces: | Split ring commutator }J —> P g
the DC motor
Gravitational, electric and magnetic fields are all properties of
the space around an object, whether the object is a mass,
a charge or a magnet
Lines are used to show the direction of the field, that is, the direction
L 5|

of force experienced by a test object; the strength of the field is
shown by the density of the lines

The gravitational, electric and magnetic fields are all vector
fields, and fields from multiple sources can be added
(vector sum) to determine the total field at any point

Similarities and differences
— between gravitational,
electric and magnetic fields

Sources of gravitational fields can be
l combinations of one or more
| unipolar sources
Electric forces can be ] Like charges repel, unlike Sources of electric fields can be
attractive or repulsive ] charges attract combinations of one or more
Magnetic forces can be I Like poles repel, unlike positive.ornegative;poles
attractive or repulsive — poles attract Sources of magnetic fields can be

one or more magnetic dipoles, no
magnetic monopoles are possible

Gravitational forces are
always attractive

Y

b
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5.8.2 Key ideas summary only

5.8.3 Key terms glossary line
Resources
Solutions Solutions — Topic 5 (sol-0819)

Practical investigation eLogbook Practical investigation eLogbook — Topic 5 (elog-1636)

Digital documents Key science skills — VCE Physics Units 1-4 (doc-36950)
Key terms glossary — Topic 5 (doc-37173)
Key ideas summary — Topic 5 (doc-37174)

Exam question booklet Exam question booklet — Topic 5 (eqb-0102)
5.8 Activities learn
Students, these questions are even better in jacPLUS
Receive immediate Access Track your
feedback and access .~ additional results and
sample responses questions progress

Find all this and MORE in jacPLUS @

5.8 Review questions

1. A wire pointing into the page carries a 5.0-A current.

a. Sketch the magnetic field from the wire, ensuring that the magnetic field passes through points P and Q.

b. The Earth’s magnetic field is in the direction shown in the following diagram and has a uniform
magnitude of 10 uT. At the points P and Q, the value of the magnetic field from the wire is 20 uT.
Calculate the resulting magnitude and direction of the total magnetic field at P and Q.

P | Q N

. X . 1

2. Sketch the magnetic field from a solenoid and the electric field from an electric dipole. Identify similarities
and differences between the two fields.

3. When making notes on field shapes, a student records the following unlabelled sets of field lines in their
notebook:

Field A Field B Field C

Y
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The student returns to their work and tries to identify the type of field and a possible source of field for each

set of data.
Data Sot | Gravitational _ Electric | Magnetic
Field A
Field B
Field C Not possible —-ve and +ve charge, Not possible (similar to electric
electric dipole dipole, but not identical)

Complete the table for the remaining data sets.

4. a. What is the size of the magnetic force on an electron entering perpendicularly to a magnetic field of
250 mT at a speed of 5.0 x 10 m s™!?
b. Use the mass of the electron (mass = 9.1 x 1073! kg) to determine its centripetal acceleration.
c. If a proton entered the same field with the same speed, what would its centripetal acceleration be?

5. After a radioactive decay, a beta particle is observed to execute the following trajectory in a cloud chamber.
What is the direction of the magnetic field experienced by the beta particle?

6. What strength of magnetic field would be needed to obtain a radius of 1000 m if an electron has momentum
of 1.0 x 107'® kg m s7!? (Assume the direction of the momentum of the electrons is perpendicular to the
direction of the magnetic field.)

7. A mass spectrometer is designed to separate particles based on the ratio of their mass to charge. The
spectrometer consists of three stages: a linear accelerator, a velocity selector and a uniform magnetic
field. Tons with a mass of 1.2 x 10726 kg and a charge of +2e are passed through a linear accelerator with a
potential difference of 2000 V.

a. Assume that the ions are initially at rest. Show that, after passing through the linear accelerator, the
velocity of the ions is 3.3 x 10° m s~!.

The ions pass through the velocity selector undeflected into a uniform 0.50 T magnetic field pointing into the
page, as shown in the diagram.

X X X

b. Calculate the magnitude of the force experienced by the ions while they are in the magnetic field.
c. Calculate the radius of curvature of the trajectory followed by the ions.
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8. Two sturdy wire cables connect a power supply to a piece of heavy machinery as
shown in the diagram.

a. Draw an arrow at P indicating the direction of the magnetic field from the
right-hand wire.

b. Draw an arrow at Q indicating the direction of the force on the right-hand wire.

c. Do the two wires attract or repel each other? Explain your response.

I A

'y

9. Consider the DC motor shown in the following diagram. The strength of the magnetic field is 0.030 T. The
loop consists of 50 turns of wire. The loop is a rectangle with side lengths AB and CD of 15 cm and side
lengths BC and DA of 10 cm. The current in the wire is 3.0 A.

Simple electric motor

. Calculate the magnitude of the force on the side length AB.

. Draw an arrow on side AB indicating the direction of the force on AB at that moment.

. The polarity of the DC supply is reversed. Explain how this will affect the operation of the motor.

. A student attempts to make their own motor but has difficulty attaching the commutator. The commutator
is attached with the split in the ring at an angle of 45° from the vertical. Explain how this will affect the
operation of the motor.

0 T 9

10. Consider the velocity selector shown in the following diagram:

— -v=g
B

— =
v2E
B

Would the same configuration of electric and magnetic fields work for negatively charged particles?
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5.8 Exam questions

Section A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

Question 1

Source: VCE 2022, Physics Exam, Section A, Q.3; © VCAA

Particles emitted from a radioactive source travel through a magnetic field, B,,, directed into the page, as
shown schematically in the diagram below.

Three particles, K, L and M, follow the paths indicated by the arrows.

lead shield
P L (travels in a straight line)
| X X X X X
radioactive source M By,

Which of the following correctly identifies the charges on particles K, L and M?

LK L [ ™ |
A. | positive I no charge I negative |
B. I positive | negative | negative |
C. | negative I no charge | positive |
D. | no charge | no charge | no charge |
Question 2

Source: VCE 2021 Physics Exam, NHT, Section A, Q.1; © VCAA

A wire carrying a current, I, of 6.0 A passes through a magnetic field, B, of strength 1.4 x 107 T, as shown below.
The magnetic field is exactly 1.0m wide.

B=14x10>T

v

v

I=60A

A 4

I (O S, S

v

A

The magnitude of the force on the wire is closest to

A. ON
B. 2.3x107°N
C. 8.4x10°N
D. 43x10°N
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Question 3

Source: VCE 2020, Physics Exam, Section A, Q.3; © VCAA

A positron with a velocity of 1.4 x 105 m s~ is injected into a uniform magnetic field of 4.0 x 1072T, directed into
the page, as shown in the diagram below. It moves in a vacuum in a semicircle of radius r. The mass of the
positron is 9.1 x 107" kg and the charge on the positron is 1.6 x 10~ C. Ignore relativistic effects.

X X X X

X
X
X

X
X
X
X

G

XXXX)E\\XXXX
\

XX XXX XXX X/X

v=14%x10mg"!

XXXXXXXXXXXXX

Which one of the following best gives the speed of the positron as it exits the magnetic field?

A. Oms™

B. much less than 1.4x108ms~
C. 1.4x10°ms™

D. greater than 1.4x108ms"~

1

1

Question 4

The speed of the positron is changed to 7.0 x 10° ms™".

Which one of the following best gives the value of the radius r for this speed?

A.

S oIS AN

D. 2r

Question 5

Source: VCE 2019, Physics Exam, Section A, Q.1; © VCAA
Magnetic and gravitational forces have a variety of properties.

Which of the following best describes the attraction/repulsion properties of magnetic and gravitational forces?

Magnetic forces Gravitational forces
A. either attract or repel only attract
B. only repel neither attract nor repel
C. only attract only attract
D. either attract or repel either attract or repel
A. Option A
B. Option B
C. OptionC
D. Option D
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Question 6

Source: VCE 2019, Physics Exam, NHT, Section A, Q.1; © VCAA

Two identical bar magnets are placed end to end, as shown below. Point X is midway between the bar magnets.

S N X S N

Which direction best shows the direction of the magnetic field at point X?

A A
B. B
C.C
D. D

Question 7

Source: VCE 2018, Physics Exam, Section A, Q.2; © VCAA

A wire carrying a current of 10A is placed in a uniform magnetic field of B =4.0x107* T, as shown below. 10 cm
of the wire is in the field.

10A into page

v left right
S N 10 cm

' out of page

Which one of the following best gives the direction of the force acting on the wire?
A. out of page

B. into page
C. right

D. left
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Question 8
Source: VCE 2018, Physics Exam, Section A, Q.3; © VCAA
A wire carries a current of 10 A.

Which one of the following diagrams best shows the magnetic field associated with this current?

A. B.
10 A 10 A
C. D.
10A 10A
Question 9

Source: VCE 2018 Physics Exam, NHT, Section A, Q.1; © VCAA

Engineers are measuring the force due to Earth’s magnetic field on the supply wire of a railway line. The wire runs
east-west and carries a current of 2000 A. Earth’s magnetic field is horizontal and due north at the place where
measurements are taken.

The engineers measure the force on a 10m length of the wire to be 1.0N.
Which one of the following best gives the strength of Earth’s magnetic field at this point?

A. 2.0x1078T
B. 5.0x107°T
C. 5.0x107*T
D. 200T

Question 10

Source: VCE 2017, Physics Exam, Section A, Q.1; © VCAA
A group of students is considering how to create a magnetic monopole.
Which one of the following is correct?

A. Break a bar magnet in half.

B. Pass a current through a long solenoid.

C. Pass a current through a circular loop of wire.

D. Itis not known how to create a magnetic monopole.
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Section B — Short answer questions

Question 11 (5 marks)

Source: Adapted from VCE 2021 Physics Exam, NHT, Section B, Q.2b&c; © VCAA

1

An electron is accelerated from rest by a potential difference of V. It emerges at a speed of 2.0 x 10’ ms~'into a

magnetic field, B, of strength 2.5 x 1073 T and follows a circular arc, as shown in Figure 2.

. ®.0 ©

ol B o
electron @ @ @

& I 6

B=25x103T
Figure 2
a. Explain why the path of the electron in the magnetic field follows a circular arc. (2 marks)

b. Calculate the radius of the path travelled by the electron. Show your working. (3 marks)

Question 12 (3 marks)

Source: VCE 2021 Physics Exam, NHT, Section B, Q.4; © VCAA

Figure 4 shows a schematic diagram of a simple one-coil DC motor. A current is flowing through the coil.

split-ring commutator

( l«—DC power supply

Figure 4
a. Draw an arrow on Figure 4 to indicate the direction of the force acting on the side JK of the coil. (1 mark)
b. Explain the purpose of the split-ring commutator. (2 marks)
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Question 13 (2 marks)

Source: VCE 2020, Physics Exam, Section B, Q.1; © VCAA
Two bar magnets are placed close to each other, as shown in Figure 1.

Sketch the shape and the direction of at least four magnetic field lines between the two poles within the dashed
border shown in Figure 1.

Figure 1

Question 14 (3 marks)

Source: VVCE 2020 Physics Exam, Section B, Q.2; © VCAA

Gravitation, magnetism and electricity can be explained using a field model. According to our understanding of
physics and current experimental evidence, these three field types can be associated with only monopoles, only
dipoles or both monopoles and dipoles.

In the table below, indicate whether each field type can be associated with only monopoles, only dipoles or both
monopoles and dipoles by ticking (v) the appropriate box.

Field type Only monopoles Only dipoles Both monopoles and dipoles

gravitation

magnetism

electricity

Question 15 (6 marks)

Source: VCE 2020 Physics Exam, Section B, Q.3; © VCAA

Electron microscopes use a high-precision electron velocity selector consisting of an electric field, E,
perpendicular to a magnetic field, B.

Electrons travelling at the required velocity, v, exit the aperture at point Y, while electrons travelling slower or
faster than the required velocity, vy, hit the aperture plate, as shown in Figure 2.
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aperture plate

_____

QEGV By SELE EEEE] T EE- Crtel hiatbd EEEE CEEEE 4- Y aperture

N

_®_®—®—®—®‘®_ aperture plate

Ev@v@ RvRXvRv R

e e e

Figure 2

E
a. Show that the velocity of an electron that travels straight through the aperture to point Y is given by vy = —.

(1 mark)

b. Calculate the magnitude of the velocity, v, of an electron that travels straight through the aperture to point Y if
E=500kVm~" and B =0.25 T. Show your working. (2 marks)

c. i. At which of the points — X, Y or Z —in Figure 2 could electrons travelling faster than v, arrive? (1 mark)
ii. Explain your answer to part c. i. (2 marks)

Hey students! Access past VCAA examinations in learnON

Sit past VCAA Receive immediate Identify strengths
examinations feedback and weaknesses

Find all this and MORE in jacPLUS @

Hey teachers! Create custom assignments for this topic
~ Create and assign Access quarantined kT ck your
v 0 unique tests and exams tests and assessments 4 5  students’ results

Find all this and MORE in jacPLUS C)
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UNIT 3 | AREA OF STUDY 2 REVIEW

AREA OF STUDY 2 How do things move
without contact?

OUTCOME 2

Analyse gravitational, electric and magnetic fields, and apply these to explain the operation of motors and particle
accelerators and the orbits of satellites.

PRACTICE EXAMINATION

STRUCTURE OF PRACTICE EXAMINATION
Number of questions Number of marks

->H

20 20
3 25
Total 45

Duration: 50 minutes

Information:
e This practice examination consists of two parts. You must answer all question sections.
e Pens, pencils, highlighters, erasers, rulers and a scientific calculator are permitted.
* You may use the VCAA Physics formula sheet for this task.

Resources

Weblink VCAA Physics formula sheet

SECTION A — Multiple choice questions

All correct answers are worth 1 mark each; an incorrect answer is worth 0.

1. The planet Jupiter has a mass of 1.9 x 10%” kg and a radius of 7.0 x 10" m. What is the gravitational field
strength on the surface of Jupiter?

A. 26 N kg™
B. 59 N kg™’
C. 62N kg™
D. 95N kg™’

2. The gravitational field strength on the surface of the Moon, a distance of ry,,,, from the centre of the Moon, is
approximately 1.6 N kg~'. Which of the following is the best estimate of the gravitational field strength at an
altitude of 2 x ry;,,, above the Moon?

A. 0.18 N kg™
B. 0.40 N kg™
C. 0.53 N kg™
D. 0.80 N kg™
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C.

D.

3. Two spherical bodies, each with a mass of 4.5 kg and radius of 4.5 m, are touching each other in deep space.
They exert an attractive force on each other. The magnitude of this attractive force would be closest to:

A.
B.
C.
D.
4. The gravitational field around Earth may be described as:
A.
B. non-uniform and changing in time.
C.
D. non-uniform and static.

1.5%x107"" N.
1.7x107" N.
6.7x107" N.
3.0x107"° N.

uniform and static.

uniform and changing in time.

Use the following information to answer questions 5 and 6:
Two satellites, Rhodium-45 and Palladium-64, are orbiting Earth at the same altitude. Palladium-64 is twice the
mass of Rhodium-45.

5. Which of the following statements best describes the orbital period of each satellite and the gravitational
force by Earth on each satellite?

A.

The orbital period of each satellite is the same and the gravitational force acting on each satellite is the
same.

The orbital period of each satellite is different and the gravitational force acting on each satellite is the
same.

The orbital period of each satellite is the same and the gravitational force acting on each satellite is
different.

The orbital period of each satellite is different and the gravitational force acting on each satellite is
different.

6. Rhodium-45 is moved by a booster rocket to a higher orbit. Which of the following statements best describes
the orbital period and orbital speed of Rhodium-45 in the new orbit?

A.
B.
C.
D.

7. The force acting on an electric charge of +9.6 x 107'°C in a uniform electric field with a magnitude of
250 Vm™ is closest to:

A.
B.
C.
D.

The orbital period has increased and the orbital speed has increased.

The orbital period has increased and the orbital speed has decreased.
The orbital period has decreased and the orbital speed has increased.
The orbital period has decreased and the orbital speed has decreased.

2.4x107"® N.
2.6x107"® N.
2.4x107"° N.
2.6x107"° N.

Use the following information to answer questions 8 and 9:

A small sphere is fixed in place with a charge of +4.5 puC. Another sphere, with a charge of -3.2 uC and
suspended on a string, is brought close to the fixed sphere. The two spheres may be considered as point
charges.

8. The distance between the centres of the two spheres is 7.5 cm. What is the magnitude of the electric force
acting on the fixed sphere?

A.
B. 2.3x107° N
C.

D. 2.3x10° N

2.3x10™* N

23N
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10.

11.

12.

13.

14.

What is the size of the electric field strength due to the fixed sphere at the position of the suspended sphere?
A. 51x108NC™’
B. 7.2x10° NC™'
C. 8.1x10°NC™'
D. 9.2x10°NC™

Two metal plates are placed parallel to each other and connected to a 120-V DC power supply. A uniform
electric field is created between the two plates, which are separated by a distance of 32 mm. The strength of
the uniform electric field between the two plates is approximately:

A. 38NC™".

B. 3.8x10°NC™.
C. 3.8x10°NC™".
D. 3.8x10*NC™".

An electron is travelling in a straight line in a vacuum tube. Its path may be deflected by a force field. Which
of the following fields could cause the deflection?

A. An electric field only

B. Either an electric field or a magnetic field only

C. Either an electric field, a magnetic field or a gravitational field
D. A gravitational field only

Two metal plates are used to create a uniform electric field between them with a field strength of 2300 N C™".
The distance between the plates is 3.0 cm. An electron is held at rest on the negatively charged plate. It is
released and accelerated towards the positively charged plate. What is the gain in kinetic energy by the
electron when it just reaches the positively charged plate?

A. 1.1x107%4
B. 1.1x1072"J
C. 1.1x107"%y
D. 1.1x107"J

magnitude.
The best description of the two charges is that the:

A. charges are both positive.
B. charges are both negative.
C. left-hand charge is positive and the right-hand charge is negative.
D. left-hand charge is negative and the right-hand charge is positive.

A copper conductor with length 5.0 cm is placed entirely between the poles of two magnets as shown in the

following diagram.
s -

The magnetic field strength is 3.0 mT and the current in the conductor is 4.0 A. What is the magnitude of the
magnetic force on the conductor?

A. 0.ON

B. 2.0x107*N
C. 40x10™*N
D. 6.0x107™*N
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15. The field lines of Earth’s magnetic field run from south to north on the surface of the Earth. A power line
carrying a DC current runs from east to west. What is the direction of the magnetic force acting on the power
line?

A. Up

B. Down
C. North
D. South

16. A straight conductor is carrying a current of 5.0 A. Which of the following diagrams best represents the
direction of the magnetic field, in blue, around the conductor?

A. B.

17. A straight length of wire carries a current of 3.5 A and passes perpendicularly within a magnetic field of
unknown field strength. A force meter measures the magnetic force on the wire to be 0.35 N. The length of
the portion of wire within the magnetic field is 15 cm. The magnetic field strength is approximately:

A. 6.7T.

B. 0.67T.
C. 0.067 T.
D. 0.0067 T.

18. The following diagram shows a model DC motor with a split ring commutator that connects the rotating coil
to the battery.

Q

s -

At one instance, the current is flowing around the coil in the direction of P to Q. As seen from the front of this
motor, what is the direction of the rotation of the coil?

A. Clockwise

B. Anticlockwise

C. The coil will not rotate as a slip ring commutator should be used.

D. There is insufficient information — for example, the size of the current.

19. A stream of electrons enters a region of magnetic field with a field strength of 8.0 mT that is oriented
perpendicularly to the direction of electron motion. The electrons are travelling at a velocity of 8.0 x 10°m s,
What is the radius of the electron path within the magnetic field?

A. 5.7 um
B. 5.7 mm
C. 5.7cm
D. 5.7m

302 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition




Circular path

20. A stream of electrons may be deflected by a magnetic field or by an electric field. Which of the following
options best describes the path taken by the electrons after being deflected?

Uniform magnetic field | Uniform electric field

Circular path

Parabolic path

Parabolic path

Circular path

Parabolic path

oo wp

Parabolic path

Circular path

SECTION B — Short answer questions ‘

Question 21 (10 marks)

below:
Mass of Titan

Saturn has at least 18 natural satellites, two of which are Titan and Tethys. Data for Titan and Tethys is shown

1.35x10% kg

Radius of Titan 2.57x10°m

Period of Titan’s orbit 1.38x10° s

Radius of Titan’s orbit 1.22x10°m

Mass of Tethys 6.18 x 10% kg

Radius of Tethys 531x10°m

Radius of Tethys’s orbit 2.95x108 m

a. Calculate the gravitational field strength on the surface of Titan.
b. Determine the period of Tethys’s orbit.

c. Determine the mass of Saturn.

d. What is the orbital speed of Titan?

(2 marks)
(3 marks)
(3 marks)
(2 marks)

Question 22 (8 marks)

e 0 T o

the electrons?

Electrons are ‘liberated’ from a hot filament, and are then accelerated across a vacuum by a potential difference
of 120 V applied between two plates that are 15 cm apart. The electric field between the two plates may be
considered to be uniform in strength.

. Determine the electric field strength between the plates.
. Calculate the acceleration of the electrons between the plates.
. What is the gain in kinetic energy by the electrons as they cross between the two plates? (2 marks)
. Assuming that the initial velocity of the electrons is zero, what is the final velocity attained by

(2 marks)
(2 marks)

(2 marks)
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Question 23 (7 marks)

A student builds a model DC motor with 40 turns of wire, and places the coil entirely within a magnetic field as
shown in the following diagram. She connects the commutator to a battery, and the coil rotates clockwise when
viewed from the position of the commutator.

K L
S
J M

a. At one moment as the coil is rotating, the coil is in the position shown in the diagram. What is the direction of

the current in the coil? (1 mark)
b. The current in the coil is 3.2 A, and the length of the side JK is 2.9 cm. The force on the side JK is measured to
be 1.2 N. What is the magnitude of the magnetic field? (2 marks)

c. The motor is stopped and the coil is positioned again as shown in the diagram. The student replaces the
commutator with split rings. She then reconnects the battery. Carefully explain what happens to the motion of
the coil. (2 marks)

d. Another student decides to alter his own motor and instead uses only 17 turns of wire. He wants to ensure
that the current and the force stay the same as the first student’s motor. What would the length of the side JK
need to be to enable this? (2 marks)

304 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



UNIT 3 | AREA OF STUDY 2
PRACTICE SCHOOL-ASSESSED COURSEWORK

ASSESSMENT TASK — APPLICATION OF PHYSICS CONCEPTS TO EXPLAIN A MODEL,
THEORY, DEVICE, DESIGN OR INNOVATION

In this task, you will be required to analyse gravitational, electric and magnetic fields to explain the
operation of a type of particle accelerator, the Pelletron.
¢ This practice SAC requires you to describe the operation of a device; a structured set of questions is
supplied to assist you to write your description. You may choose to present your explanation as a report
or a multimodal or oral presentation, or break it down and answer question by question.
* You may use the VCAA Physics formula sheet and a scientific calculator for this task.

Total time: 55 minutes (5 minutes reading, 50 minutes writing)

Total marks: 46 marks

EXPLORING THE OPERATION OF 5U PELLETRON

The University of Melbourne houses a particle accelerator, the 5U Pelletron, which is capable of accelerating
positively charged particles. These charged particles can be directed at targets used for research purposes
ranging from fundamental nuclear physics through to medical research projects and the analysis of materials.

The Pelletron consists of an ion source that provides particles capable of being accelerated, and a device similar
to a Van de Graaff generator to provide a variable potential difference V. At the base of the accelerator, a large
magnet is used to direct beams of charged particles towards samples to be analysed. In essence, the machine is
capable of directing positive ions of a specific kinetic energy at a target. A schematic of the machine is shown in

the following diagram.
D lon source

A "l +ve A

Evacuated beam line

A

Potential difference

SO V=4.0x10%V

D Tantalum target

Relevant data:
* mass of a proton: 1.67 x 102" kg
e charge of a proton: 1.60 x 107'° C
e mass of an alpha particle: 6.68 x 10726 kg
e charge of an alpha particle: 3.20 x 107'° C

UNIT 3 Area of Study 2 Review 305



In one experiment, protons are produced by the ion source and accelerated by the potential difference, V.
1. Why is it necessary for the ions produced by the ion source to be positively charged and not negatively
charged?

The accelerated protons travel along an evacuated beam line from the ion source to the target.
2. Why is it important for the beam line to be evacuated — that is, for the beam line to be a vacuum?
3. Determine the work done on these protons and hence their kinetic energy when they arrive at point X after
leaving the ion source and being accelerated.
4. Use your value for the kinetic energy of the proton to determine its speed at point X directly above the
magnet.

Consider now if the ion source produced alpha particles instead of protons.
5. Calculate the strength of the electric field in the region between the positive and negative plates of the
Pelletron. Give the direction of the electric field in this region (up or down) and explain why you have
chosen it.
6. Calculate the size of the electric force acting on a proton moving from the ion source to point X and hence its
acceleration down the beam line.

Protons moving from the ion source of the Pelletron to point X also undergo a loss of gravitational potential
energy.
7. Explain why this transformation of energy can be ignored for protons moving from the ion source to point X.
A calculation would assist in your answer. Use g = 9.8 N kg™ down.

At point X, the protons enter a region where there is a uniform magnetic field. This field is used to exert a force
on the protons so they move in the arc of a circle. They exit the magnetic field at point Y from which they are
directed towards a target situated at the end of a beam line.
8. Explain why the magnetic field interacting with the protons causes them to move in the arc of a circle as they
move from point X to point Y and why this could not be achieved with a uniform electric field.
9. Determine the direction of the magnetic field, clearly explaining your method.

The radius of the circle that the protons travel is 0.80 m.

10. Calculate the magnitude of the magnetic field of the magnet.

11. Use your results for questions 4 and 11 to determine the size of the magnetic force acting on a proton as it
moves from X to Y.

12. After the proton has been deflected by the magnetic field, it is travelling at the same speed as at point X, yet
the proton has been accelerated by the magnetic force. Explain how this is so.

The beam of protons now travels from Y to the end of the beam line to collide with a target. In this particular
instance, the target is made of tantalum. Each tantalum nucleus has 73 protons. Protons fired at the target are
capable of colliding with a tantalum nucleus.

In one collision, a proton is approaching a tantalum nucleus head-on. When the separation between the proton

and the tantalum nucleus is 10 nm, the electric force acting on the proton is 1.68 x 1078 N.

13. Calculate the strength of the electric field due to the tantalum nucleus at a distance 10 nm from its centre.

14. Sketch a diagram showing this collision, clearly showing the size and direction of the electric force acting on
the proton. Explain if the proton will speed up, slow down or travel at a constant speed.

A university student operating the Pelletron decides that she would like protons of a higher speed.

15. What two adjustments must she make to the parameters of the machine to ensure that protons of higher
speed still hit the target? Relate each adjustment to the motion of the proton as it travels from the ion source
to the target.

16. Would the speed of the alpha particles be greater than, the same, or less than the speed of the protons at
point X, directly above the magnet? Explain your answer.

17. The Pelletron description above discusses the acceleration of positive particles. Would the device be able to
accelerate negative particles? What would need to be done to allow this?

Resources

Digital document School-assessed coursework (doc-39422)
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AREA OF STUDY 3 HOW ARE FIELDS USED IN ELECTRICITY GENERATION?

6 Generation of electricity

KEY KNOWLEDGE

In this topic, you will:
e calculate magnetic flux when the magnetic field is perpendicular to the area, and describe
the qualitative effect of differing angles between the area and the field: &g =B A

* investigate and analyse theoretically and practically the generation of electromotive

Ai)tB, with

force (emf) including AC voltage and calculations using induced emf: ¢ = —N

reference to:
« rate of change of magnetic flux
« number of loops through which the flux passes
« direction of induced emf in a coil

¢ explain the production of DC voltage in DC generators and AC voltage in alternators,
including the use of split ring commutators and slip rings respectively.

* describe the production of electricity using photovoltaic cells and the need for an inverter to
convert power from DC to AC for use in the home (not including details of semiconductors
action or inverter circuitry).

Source: VCE Physics Study Design (2024-2027) extracts © VCAA,; reproduced by permission.

PRACTICAL WORK AND INVESTIGATIONS

Practical work is a central component of VCE Physics. Experiments and investigations, supported
by a practical investigation eLogbook and teacher-led video, are included in this topic to
provide opportunities to undertake investigations and communicate findings.

EXAM PREPARATION

Access past VCAA questions and exam-style questions and their video solutions in every
lesson, to ensure you are ready.



6.1 Overview

Hey students! Bring these pages to life online

Watch Engage with Answer questions
videos interactivities and check results

Find all this and MORE in jacPLUS C)

6.1.1 Introduction

Hans Christian Oersted’s discovery that a
current-carrying wire induces a magnetic field
was the first indication of the relationship
between electricity and magnetism. Following
this, scientists started to investigate the
relationship in more detail. In 1831, Michael
Faraday completed the link between electricity
and magnetism when he found that electricity
could be produced from magnetism. This
discovery was monumental, allowing the
generation of the massive amounts of electricity
that society now relies on.

FIGURE 6.1 A generator inside a wind turbine

In this topic, you will be introduced to the
concept of magnetic flux and apply Faraday’s
findings to create devices that generate
electricity.
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6.2 BACKGROUND KNOWLEDGE Generating voltage
and current with a magnetic field

BACKGROUND KNOWLEDGE

® Explain how voltage and current is generated with a magnetic field.
¢ |nvestigate and analyse the electromotive force (emf) induced in a moving conductor: € = Biv.

6.2.1 Generating voltage

What should happen when a metal rod moves through a magnetic
field? Imagine a horizontal rod falling down through a magnetic field
as shown in figure 6.2.

FIGURE 6.2 A metal rod falling down
through a magnetic field

As the rod falls, the electrons and the positively charged nuclei in

the rod are both moving down through the magnetic field. (It is
important to recall that velocity, v, is perpendicular to the direction
of the magnetic field. If the velocity is parallel to the magnetic field,
the force will be zero.) The magnetic field will exert a magnetic force
on the electrons, and on the nuclei. The magnitude of this force, F,

is equal to the charge, ¢, multiplied by the velocity of the charge, v,
multiplied by the strength of the magnetic field, B.

In which direction will the magnetic force act on the electrons and the
nuclei?

The hand rules from topic 5 can be used for both the electrons and the nuclei, keeping in mind that the hand
rules use conventional current, so electrons moving down are equivalent to positive charges moving up.

The force on the electrons will be towards the far end of the rod (into the page), while the force on the nuclei
will be to the near end of the rod (out of the page), as is shown in figure 6.3.

FIGURE 6.3 The magnetic field forces electrons to the far end of the falling rod.

a.

The atomic structure of the metal prevents the movement of the positively charged nuclei. The negatively
charged electrons, on the other hand, are free to move. The electrons move towards the far end of the rod,
leaving the near end deficient in electrons and thus positively charged.

Not all electrons move to the far end. As the far end becomes more negative, there will be an increasingly
repulsive force on any extra electrons at this end of the rod. Similarly, there will be an increasingly attractive
force from the positively charged near end, attempting to keep the remaining electrons at that end.
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The movement of the metal rod through the magnetic field has resulted in the separation of charge, causing a
potential difference, or voltage drop, between the ends. This is called induced voltage. As long as the rod keeps
moving, the charges will remain separated. As soon as the rod stops falling (at which point the velocity of the
charges equals zero), the magnetic force on the charges is reduced to zero; electrons are then attracted back to
the positive end and the electrons return to being distributed evenly in the rod.

The charge in the moving rod is separated by the magnetic field, but the charge has nowhere to go. A source of
voltage, an emf (electromotive force), has been produced. It is like a DC battery with one end positive and the
other negative.

The size of the induced emf depends on the number of electrons shifted to one end. The electrons are shifted by
the magnetic force until their own repulsion balances this force. So, the larger the magnetic force pushing the
electrons, the more electrons are shifted to one end of the rod.

The size of this pushing magnetic force depends on the size of the magnetic field and the velocity of the charge.
Assuming the magnetic field is constant, the size of the force depends on how fast the electrons are moving
down with the rod (which is, of course, how fast the rod is falling). So the faster the rod falls, the larger the
induced emf.

An expression for the size of the induced emf can be obtained by combining the expression for the force on
a moving charge with the definition of voltage. When the rod is moving down with velocity v, each electron
experiences a force along the rod equal to gvB. This force pushes the electron along the length [ of the rod
and so is doing work in separating charge. The amount of work done, in joules, is equal to the force times the

displacement:
W = force X displacement = gvB X [ induced voltage voltage caused by
the separation of charge due to the
However, the definition of emf (or the voltage drop across the rod) is energy supplied presence of a magnetic field
per unit of charge, measured in joules per coulomb, or volts. So the induced emf (¢) is emf source of voltage that can
W Blgy cause an electric current to flow
given by e = — = ——, which gives:

e=Bly

where: ¢ is the induced emf, in V
B is the magnetic field strength, in T
[ is the length of the conductor, in m

v is the velocity of the conductor perpendicular to the magnetic field, in m s™!

8908 SAMPLE PROBLEM 1 Calculating the size of the induced emf across a rod

A 5.0-cm metal rod moves at right angles across a magnetic field of strength 0.25 T at a speed of
40 cm s~!. What is the size of the induced emf across the ends of the rod?

THINK WRITE
Recall the formula for the induced emf of a € =Bly
ORI 5=/ = 0.25x5.0% 1072 x 0.4

where: [=0.05m,v=04ms!and B=0.25T.
Ensure that the units have been converted to those
required in the formula.

=50x1073V
=5.0mV

310 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



PRACTICE PROBLEM 1

At what speed would the rod need to move to induce an emf of 1.0 V?

6.2.2 Generating a current

Emfs can be used to produce a current b}.’ attaching 2.1 wire FIGURE 6.4 The accumulated electrons at
to each end of the metal rod and connecting these wires the far end of a rod move to the positive
outside the magnetic field, producing a closed circuit. Now the end through the connecting wire.
electrons have the path of a low-resistance conductor to move to
the positively charged end of the rod.

Once the electrons reach the positive end, they will be back

in the magnetic field, falling down through the magnetic field
with the metal rod, and will again experience a magnetic force
pushing them to the far end of the rod. The electrons will then
move around the circuit for a second time.

The electrons will continue to flow around the circuit as long
as the wire is moving through the magnetic field. An electric
current has been generated (see figure 6.4).

Direction of

6.2.3 The source of a current’s electrical energy electron flow

Electric current has electrical energy. Where did this energy come from? Before the rod was released, it had
gravitational potential energy. If it is dropped outside the magnetic field (see figure 6.5b), this gravitational
potential energy is transformed into kinetic energy. If it is dropped inside the magnetic field (see figure 6.5a),
the potential energy is transformed into kinetic energy and electrical energy. Since energy is conserved (i.e. it
cannot be created or destroyed), there must be less kinetic energy in the rod falling in the magnetic field than the
rod falling outside of the magnetic field. That is, the rod in the magnetic field is falling at a slower speed. Why?

FIGURE 6.5 (a) Inside the magnetic field, the gravitational potential energy of the falling rod is converted into both
kinetic energy and electrical energy, whereas (b) outside the magnetic field, it is converted only into kinetic energy.

a. b.

E
4 Gravitational
potential £
energy A
Kinetic
energy Kinetic energy
SrI]eeCrtrlcaI Gravitational
> 9y s potential energy
Distance fallen Distance fallen

TOPIC 6 Generation of electricity 311



The induced current in the falling rod means that, when the
electrons are in the rod, they are moving in two directions —
downwards with the rod and along the rod.

The downward movement of the rod through the magnetic field
produces the sideways force along the rod that keeps the current
flowing. But if the electrons are moving along the rod, what is the
effect of the magnetic field?

The movement of electrons along the rod means there is a current-
carrying conductor in the magnetic field, causing the field to exert
a second force on the rod. The direction of this force is once again
given by the hand rule; the magnetic field is directed to the right,
the conventional current directed to the near end of the rod (out of
the page), and so the force is directed upwards. This magnetic force
opposes the downward force due to gravity on the rod.

The size of the upward magnetic force depends on the size of the
current. This current will depend, in turn, on the size of the voltage
drop between the ends of the rod. Voltage will increase as the rod
moves faster.

When the rod first starts falling, the magnetic force opposing the
force due to gravity is small but, as the rod falls faster, the opposing
magnetic force increases until it equals the force due to gravity on
the rod. At this point the rod has reached a maximum steady speed.
This situation is identical to the terminal velocity experienced by
objects falling through the air.

As the metal rod falls through the magnetic field at constant speed,
its kinetic energy remains constant, so the loss in gravitational
potential energy is converted to electrical energy as the generated
emf drives the current through the circuit.

This effect is difficult to demonstrate in practice; a magnetic

field large enough for the rod to achieve terminal velocity is too
difficult to construct. However, it is possible to drop a magnet
through a cylindrical conductor (as shown in figure 6.7). With a
sufficiently strong magnet, a measurable decrease in speed against
the acceleration due to gravity can be observed. Therefore, the
magnet falls with an acceleration less than 9.8 m s because it
experiences a retarding magnetic force.
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6.2 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress
6.2 Quick quiz J 6.2 Exercise U 6.2 Exam questions L
6.2 Exercise

1. Arod of length 10 cm is being moved at a speed of 0.20 m s~ perpendicularly to a magnetic field of strength
0.70 T. Calculate the induced emf in the rod.

2. Arod of length 14.3 cm is being moved perpendicularly to a magnetic field of strength 0.850 T. It generates an
emf of 100 mV. Determine the speed at which the rod is moving.

3. Arod is being moved at a speed of 0.18 m s™ perpendicularly to a magnetic field of strength 0.60 T. It
generates an emf of 90 mV. Determine the length of the rod.

4. A rod of length 15 cm is held stationary in a vertical position and then dropped downwards through a
magnetic field of strength 100 T. The magnetic field is directed vertically downwards. Determine the induced
emf in the rod 4.0 s after it was dropped.

5. Arod of length 70 mm is being moved at a speed of 5.0 cm s™' perpendicularly to a magnetic field. It
generates an emf of 35 mV. Determine the strength of the magnetic field.

6. An orbiting satellite has a small module tethered to it by a 5.0-km conducting cable. As the satellite and its
module orbit Earth, they cut across Earth’s magnetic field at right angles.

a. If the pair are travelling at a speed of 6000 ms™, how far do they travel in 1.0 s?
b. What area does the conducting cable cross during the 1.0-s period?

6.2 Exam questions

Question 1 (3 marks)

An aeroplane with a wingspan of 30 m is flying at right angles to the Earth’s magnetic field at a speed of
2200 km h™". If the strength of the Earth’s magnetic field is 5.0 x 10~° T, determine the size of the induced emf
between the tips of the aeroplane’s wings.

Question 2 (2 marks)

As the metal rod in the diagram falls through the magnetic field, charge is separated and a voltage is established
between the two ends of the rod. This requires energy. Where did the energy come from?

) )

Question 3 (3 marks)
Explain what happens to the voltage between the ends of the rod in question 2 as the rod falls faster.

Question 4 (2 marks)

Calculate the average emf in the axle of a car travelling at 120 km h™" if the vertical component of the Earth’s
magnetic field is 40 uT and the length of the axle is 1.5 m.
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Question 5 (2 marks)

A boat sails at 2.5 ms™' due west, where the Earth’s magnetic field is 5.0 x 10~° T due north and horizontal. The
boat carries a vertical aerial 4.0 m long. Calculate the magnitude of the emf induced in the aerial.

More exam questions are available in your learnON title.

6.3 Magnetic flux

KEY KNOWLEDGE

¢ Calculate magnetic flux when the magnetic field is perpendicular to the area, and describe the qualitative
effect of differing angles between the area and the field: &z =B, A.

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

6.3.1 What is magnetic flux?
Magnetic flux is the amount of magnetic field passing through an area, such as a coil.

The stronger the magnetic field going through an area, the larger the magnetic flux. Similarly, the larger the area
that the magnetic field is going through, the larger the magnetic flux. Due to this definition, the magnetic field
strength is sometimes referred to as the magnetic flux density.

Magnetic flux can be calculated as the product of the strength of the magnetic field and the area that is
perpendicular to the field lines.

(DB =BJ_A

where: @ is the magnetic flux, in Wb

B is the strength of the magnetic field, in T

A is the area perpendicular to the magnetic field, in m?

1 indicates that the area referred to in the formula is the area perpendicular to
the magnetic field.

Magnetic flux is measured in webers (named after Wilhelm Eduard Weber). One weber (Wb) is the amount of
magnetic flux from a uniform magnetic field with a strength of 1.0 tesla passing through an area of 1.0 square
metre. The magnetic flux can also take on positive and negative values, depending on which side of the area the

magnetic field is coming from.
magnetic flux measure of the

This description has assumed that the area is at right angles to the magnetic field, as amount of magnetic field passing
shown in figure 6.8a. This leads to a maximum value for BA. If the magnetic field TIUEE CB il
o i webers (Wb)
went through the area at an angle less than 90°, as shown in figure 6.8b, the amount of . .
. ) - ] ) magnetic flux density (B) strength
magnetic flux passing through the area would be less. In fact, if the magnetic field is of a magnetic field; measured in
parallel to the area, the amount of magnetic flux will be zero, as shown in figure 6.9. tesla (T) or weber per square metre

None of the magnetic field lines pass through the area from one side to the other. (Wb m)
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FIGURE 6.8 Magnetic flux is the amount of magnetic field passing through an area. In a. it is the maximum BA; in
b. the value is less, as fewer field lines pass through the coil.

a. b.
AN
/ > Area A (at a right angle to >
\ th tic field
P e Magnetichie ) / Area A (less than 90° to
> the magnetic field)
L
o
\ / > L/ / -B
B
> >

FIGURE 6.9 Zero magnetic flux, as no field lines ‘thread’ the loop

—_—
e
Area A (parallel to the
magnetic field)
—_—
= B
—_—

SAMPLE PROBLEM 2 Calculating the magnetic flux through a loop

tlvd-8999

Calculate the magnetic flux in each of the following situations.

a. x X X X ° o ° ° o .

X
Area = 0.30m?

X X
" N L] L]
X X
X X X X X
B=0.050T * g_oer . °
C.
( 15¢cm 2
B=17T
THINK WRITE
a.  The magnetic field is perpendicular to the area, a. @3 =B, XA
so use the formula @z = B A to determine the — 0.050 T x 0.30 m>
flux, where B =0.05 T and A = 0.30 m?. — 0.015 Wb
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b. 1. First calculate area A. (Don’t forget to convert ~ b. A = 77/°

the radius to metres.) — 7%0.082
=0.02 m?
2. The magnetic field is perpendicular to the area, Py =B XA
so use the formula @z = B A to determine the — 02 Tx0.02 m?
flux, where B=0.2 T and A = 0.020 106 m?. — 0.004 Wh
c.  The plane of the loop is parallel to the c. B, =0
magfletlc field, hence there are no field lines ®y =B, XA
passing through the area. —OxA
=0 Wb

PRACTICE PROBLEM 2

A vertical square coil of wire of side length 6.0 cm is placed into a horizontal magnetic field of
strength 0.15 T. Calculate the amount of flux through the coil.

EXTENSION: Calculating the magnetic flux quantitatively

In general, the magnetic flux can be expressed in terms of the magnetic field strength, the area and the angle (6)
between the magnetic field and a normal to the area:

&g = BAcosO

For example, if the plane of the loop is parallel to the magnetic field, the angle between the field and the normal
to the area is 90°. As cos(90°) = 0, using the formula ®z = BAcos® will determine the flux to be 0 Whb.

6.3 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your
feedback and access additional results and
sample responses questions progress

Find all this and MORE in jacPLUS C)

6.3 Quick quiz J 6.3 Exercise U 6.3 Exam questions

6.3 Exercise

-

. What is the difference between magnetic flux and magnetic field strength?
2. Calculate the maximum magnetic flux passing through:

a. a single coil of area 0.050 m? in a magnetic field of strength 3.0 T

b. a single coil of area 4.5 cm? in a magnetic field of strength 0.4 T

c. a single coil with a radius of 0.3 m in a magnetic field of strength 0.025 T.
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3. A square loop of wire of side length 5.0 cm is placed in a magnetic field of strength 0.030 T, as shown in the
following diagram. The loop is free to rotate about its horizontal axis.

~

a. What is the magnetic flux passing through the loop when it is in the position shown in the diagram?
b. The loop is now rotated 90° about its axis from its original position. What is the magnetic flux passing
through the loop when it is in its new position?
c. Draw a graph of the magnetic flux passing through the loop as it is rotated anticlockwise through one
revolution from the position shown in the diagram.
4. In the situation represented in the diagram, the loop has an area of 2.5 m? and the magnetic field strength is
70T.
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Calculate the magnetic flux through the loop and state the units used in your answer.
5. A circular conducting coil with 80 loops is placed inside a magnetic field with a field strength of 0.09 T. The
area of the circular coil is 38 cm?.
Calculate the magnetic flux through the loop.
6. a. In the situation in the diagram shown, the loop has an area of 2.0 m? and the magnetic flux through the loop
is 6.0 Wb. Calculate the magnetic field strength.
b. In the situation in the diagram shown, the magnetic flux density is 9mT and the magnetic flux through the
loop is 7.2 x 1072 Wb. Calculate the area of the loop.

Magnetic field, B

Loop of wire
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7. Grace and Joshua are investigating electromagnetic induction using a square coil, with side length of 2 cm,
which they place between the poles of a magnet. The uniform magnetic field between the poles of the magnet
is 5.0x 1072 T, and zero elsewhere.

Calculate the magnetic flux through the square coil when it is entirely within and perpendicular to the magnetic

field.
8. Calculate the magnetic flux in each of the following situations.
a. x X X X X X X
B =6.0mT
X X
X X X X X
10.0cm
X X
20.0cm
X X X X X X X
b. 4 +
+ +
+ +
+ +
B=15T
+ +
c.
C A=25cm?® O

B=32T

6.3 Exam questions

Question 1 (1 mark)
Source: /CE 2020 Physics Exam, Section A, Q5; © VCAA

I A coil consisting of 20 loops with an area of 10 cm? is placed in a uniform magnetic field B of strength 0.03 T
so that the plane of the coil is perpendicular to the field direction, as shown in the diagram below.

&

VVVVYVYY

The magnetic flux through the coil is closest to
A. OWDb

B. 3.0x10°Wb

C. 6.0x10™*Wb

D. 3.0x107" Wb
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Question 2 (3 marks)
Source: VCE 2017, Physics Exam, Section B, Q.5.a; © VCAA
The alternator in the figure has a rectangular coil with sides of 0.30 m x 0.40 m and 10 turns. The coil rotates four
times a second in a uniform magnetic field. The magnetic flux through the coil in the position shown is 0.20 Wb.

Calculate the magnitude of the magnetic field. Include an appropriate unit.

Question 3 (2 marks)
Source: VCE 2016, Physics Exam, Section A, Q.15.a; © VCAA

A coil is wound around a cardboard cylinder, as shown in the figure. The cross-sectional area of the coil is
0.0060 m?. There are 1000 turns in the coil (not all are shown in the diagram).

[ “““““““““ C B
NN NNNINN

resistor

The axis of the coil is immersed in a uniform external magnetic field of strength 0.0050 T and its direction is
shown by the arrow labelled B in the figure.

Calculate the magnitude of the flux through the first turn of the coil. Include an appropriate unit.

Question 4 (1 mark)
Source: VCE 2017 Physics Exam, NHT, Section A, Q.14a; © VCAA

A square loop of side 10cm is allowed to move horizontally through a region of a magnetic field. This is shown in

Figure 22.
Y
\
leading

edge
X Y

Figure 22

Assume the magnetic field is uniform and does not extend beyond the limits of the magnets.
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The arrangement is shown as viewed from above in Figure 23a.

A
I
1 10cm
v
X Y <«10cm-p4----30cm----- »><4----30cm----- >
P Q R S

Figure 23a

On the graph provided in Figure 23b, sketch the magnitude of the flux threading the loop as the loop moves with
its leading edge moving from P to S.

flux
(Dp)

P Q R S
Figure 23b

Question 5 (1 mark)
Source: VCE 2011, Physics Exam 2, Section A, Q.8; © VCAA

I3 The following figure shows a 50-turn rectangular coil of area 0.020 m? that can rotate in a uniform magnetic
field of 2.0 T. The coil is shown in three different orientations, A, B and C.

g W o

orientation A orientation B orientation C

In orientation A the coil is horizontal; in orientation B it is vertical; and in orientation C it is inclined at 45° to the
vertical.

Which of the following is the closest to the value of the magnetic flux through the coil when it is at orientation C?
A. OWb

B. 0.03 Wb

C. 0.04 Wb

D. 1.5Wb

More exam questions are available in your learnON title.
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6.4 Generating emf from a changing magnetic flux

KEY KNOWLEDGE

* Investigate and analyse theoretically and practically the generation of electromotive force (emf) including AC

tB’ with reference to:

voltage and calculations using induced emf, e = —N

« rate of change of magnetic flux
« number of loops through which the flux passes
« direction of induced emf in a coil.

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

6.4.1 Faraday’s discovery of electromagnetic induction

Michael Faraday was aware of the magnetic effect of a current and he spent six years searching for the reverse
effect — that is, the electrical effect of magnetism.

His equipment consisted of two coils of insulated wire, wrapped around a wooden galvanometer instrument used to
detect small electric currents, or

ring. One coil was connected to a battery, the other to a galvanometer, a. sen31'tlve to detect the direction of current
current detector. Faraday observed that the galvanometer needle gave a little kick (such as in AC)

as the battery switch was opened and a little kick the opposite way as the switch electromagnetic induction
was closed. The rest of the time, when the switch was either open or closed, generation of an electromotive
h dl tati di Th t t t th force (emf) in a coil (an electrical
the needle was stationary, reading zero. The current was momentary, not the conductor) as a result of a
constant current he was looking for. What Faraday had observed came to be called changing magnetic field

electromagnetic induction.

FIGURE 6.10 When the switch in the battery circuit is opened or closed, there is a momentary current through the
galvanometer.

_'L Galvanometer
+ —
Switch
/Z,\
Battery L == r

Investigating further, Faraday found that using an iron ring instead of a wooden ring increased the size of the
current. He concluded that when the magnetic field of the battery coil was changing, there was a current induced
in the other coil.

He therefore replaced the battery coil with a magnet. Moving the magnet through the other coil changed the
magnetic field and produced a current. The faster the magnet moved, the larger the current. When the magnet
was moved back away from the coil, current flowed in the opposite direction.

If there was an induced current, there must have been an induced emf. An emf, ¢, gives energy to a charge to
move it through the wire, and the resistance of the wire limits the size of the current. So it is more correct to say
that the changing magnetic field induced an emf.
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elog-1882

FIGURE 6.11 Magnet a. moving into a coil and b. away again

Changing magnetic flux and induced emf

Whenever the magnetic flux passing through a coil changes, an emf is induced in the coil.

A change in magnetic flux occurs when one of the following happens:
e the angle between the magnetic field and the coil changes
e the magnetic field strength changes
e the area of the coil changes.

INVESTIGATION 6.1 o011 only|

Generating a current

Aim
a. To investigate the direction of a current in a conductor that is moving relative to a magnetic field

b. To investigate the factors affecting the magnitude of a current in a conductor that is moving relative to a
magnetic field

6.4.2 Factors that affect induced emf

Rate of change of magnetic flux

The concept of magnetic flux can be used to explain the induced emf. The two principles are described here.
1. An emf is induced in a coil when the amount of magnetic flux passing through the coil changes.
2. The size of the emf depends on how quickly the amount of magnetic flux changes.

These two statements can be written formally as follows:

Ay
At

Eavelrage -

This statement is known as Faraday’s Law. The word ‘average’ is included because the change in magnetic flux
takes place over a finite interval of time.

Direction of induced emf in a coil

There is no magnetic flux passing through the loop in figure 6.12a. When the magnet approaches the coil from
the left (figure 6.12b), there is an increase in the amount of magnetic field passing through the coil from left to
right. The loop has experienced a change in the magnetic flux passing through it (figure 6.12c), and the direction
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of this change is from left to right. The change in magnetic flux induces a current in the coil, and the current in
the coil then induces a magnetic field. The direction of the induced magnetic field due to the induced current

in the loop must be such that it opposes the change in the magnetic flux. This means its direction will be from
right to left (figure 6.12d). To achieve an induced magnetic field from right to left, the induced current, using the
right-hand-grip rule, must be travelling up the front of the loop (figure 6.12¢).

The coil responds in such a way as to keep its magnetic environment constant. In the example shown in
figure 6.12, there an increase in flux from left to right, so the induced magnetic field opposes this increase
by going from right to left. When the magnet is pulled back, the flux that is still going from left to right is
decreasing, so the induced magnetic field adds to the existing flux to compensate for the loss; therefore, this
induced field points from left to right.

FIGURE 6.12 The loop a. before and b. after; c. change in flux, d. direction of induced field and e. direction of
current

a. b. c. d. e.
I g /
T R
Before After Change Induced Induced current
in flux magnetic (check using
field right-hand-grip rule)

To determine the direction of the induced current in a coil according to Lenz’s Law, the

problem needs to be broken down into several steps:

1. Determine the change in flux: is it increasing or decreasing (and in which direction)?

2. Determine the direction of the induced magnetic field such that it compensates for the
increase or decrease in flux.

3. Determine the direction that the induced current must flow in order to produce the
induced magnetic field in step 2.

Lenz’s Law states:

The direction of the induced current is such that its magnetic field is in the opposite
direction to the change in magnetic flux.

In other words, a coil responds to a change in magnetic flux in such a way as to keep its magnetic environment
constant. If the coil experiences an increase in flux, it will compensate by inducing a magnetic field in the
opposite direction to the flux. If the coil experiences a decrease in flux, it will compensate for the loss by
inducing a magnetic field in the same direction as the flux.

This can be incorporated in the equation as a minus sign:

—AD
g=—2
At

Number of loops

Examples concerning emf have been previously discussed when there is a single coil of wire. When there are
multiple turns (or loops) in the coil, the emf produced will be the sum of all the individual turns. Therefore, if
the coil consists of several turns of wire, the equation can be generalised further:
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AdDy
At

where: ¢ is the induced emf, in V
N is the number of turns (or loops) in the coil
Adg is the change in magnetic flux, in Wb

At is the time interval, in s

SAMPLE PROBLEM 3 Determining the induced emf and induced current in a loop

tlvd-9000
The rectangular loop shown in the diagram takes 2.0 s to % % R R
fully enter a perpendicular magnetic field of strength 0.66 T.
The loop has a resistance of 0.5 Q. ceal o XXX
a. What is the magnitude of the emf induced in the loop? X X X X X
b. In which direction does the current flow around the loop? AT B olcoT
c. What is the average induced current in the loop?
THINK WRITE
a. 1. First calculate the area of the loop. a. A=LXW
=0.25mx0.30 m
= 0.075 m?
2. Now find the change in flux. ADg = Py 5001 — Py initial
= (BA)pq = (BA);ia
= (0.66 Tx0.075 m*) — (0 Tx 0.075 m*)
(The initial field strength through the coil is zero.)
= (0.050 Tm*) — (0 T m?)
= 0.050 Wb into the page
) : Adg
3. Use Faraday’s Law to determine the E=— N
. t
induced emf. 0.050 Wb
=—1x
2.0s
=-0.025V

The magnitude of the induced voltage is 0.025 V.
(The minus sign indicates that the induced emf opposes
the change in magnetic flux.)

b. 1. Determine the direction of the flux, b. The flux increases from 0 Wb to 0.050 Wb into the page
and whether the flux is increasing or as the loop moves into the field.
decreasing.
2. Use Lenz’s Law to determine the Lenz’s Law states that the induced magnetic field
direction of the induced magnetic field. opposes the change in flux. Because the flux is

increasing, the direction of the induced magnetic field
will be in the opposite direction to the flux. Hence the
direction of the induced field will be out of the page.
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3. Use the right-hand-grip rule to In order for the induced magnetic field to be directed

determine the direction of the induced out of the page, the induced current must flow in an
current. anticlockwise direction around the loop.
C. Use Ohm’s Law, V =IR, to calculate the c. V=IR
average current in the loop, where 0.025V=1Ix05Q
V=0.025VandR=05Q. 7= 0025V
0.5Q
=0.05A

PRACTICE PROBLEM 3

A spring is bent into a circle and stretched out to a radius of 5.0 cm. It is
then placed in a magnetic field of strength 0.55 T. The spring is released and
contracts down to a circle of radius 3.0 cm. This happens in 0.15 seconds.
The spring has a resistance of 0.4 Q.

a. What is magnitude of the induced emf?

b. In what direction does the current move?

c. What is the average induced current in the spring?

INVESTIGATION 6.2 (on] 1] onlyl

Inducing a current in a coiled conductor

elog-1883

tivd-10812 Aim

To investigate how a current can be induced in a coiled conductor, and to determine factors that affect the size of
the induced current

INVESTIGATION 6.3 o0 _only]

Direction of induced currents

elog-1884

tlvd-10606 Aim
To investigate the direction of an induced current in a conducting coil and verify Lenz’s Law

Resources

Video eLesson Magnetic flux and Lenz’s Law (eles-0026)

Interactivities Magnetic flux and Lenz’s Law (int-0050)
Generating an emf (int-0116)
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6.4 Activities learn

Students, these questions are even better in jacPLUS

Receive immediate Access Track your

feedback and access additional results and

sample responses questions progress

6.4 Quick quiz J 6.4 Exercise U 6.4 Exam questions

6.4 Exercise

-

. Why did Faraday use coils with many turns of copper wire? x x x x x
2. The loop of wire shown in the diagram is quickly withdrawn
from the magnetic field. Which way does the current *
flow in the loop?
3. Two coils are stacked one on top of the other with their centres in line.
a. If a battery is switched on in the bottom coil, producing a clockwise
current seen from above, what happens in the top coil?
b. Would the effect be different if the battery was connected
to the top coil?
c. Would the effect be different if the battery was switched off? x x x x x

4. Two coils are placed side by side on a page with their centres in line,
as in the diagram.
a. If a battery is switched on in the left coil, producing a
clockwise current (seen from above the page), what happens
in the right coil?
b. What would be the effect if the current was anticlockwise?

5. The diagram shows a confined uniform magnetic e o o o o o
field coming out of the page with a wire coil in the plane of
the page. Is there an induced current in the coil P == C
as it is moved: el o6 o o o | e

a. to the right
b. upwards o] ¢ © 0o 0o|@
c. into the page

d. out of the page?
Give a reason for each answer. If there is a current, indicate the direction. e o o o o o

6. Calculate the average induced emf in each of the following situations.
a. A circular loop of wire with a 5.0-cm radius is removed from a magnetic field of strength 0.40 T in a time of
0.20 s.
b. The magnetic flux through a coil changes from 60 Wb to 35 Wb in 1.5 s.
c. The magnetic flux through a coil changes from 60 Wb to -35 Wb in 2.5 s.
7. Calculate the average induced current in each of the following situations.
a. A circular loop of wire, 10 cm long with a resistance 0.40 €, is removed from a magnetic field of strength
0.60 T in a time of 0.30 s.
b. The magnetic field strength perpendicular to a square loop, of side length 0.26 m and resistance 2.5 Q, is
increased from 0.20 T to 1.20 T in 0.50 s.
c. A stretched circular spring coil with an 8-cm radius and resistance 0.2 Q is threaded by a perpendicular
magnetic field of strength 2.0 T. The coil shrinks back to a radius of 4 cm in 0.8 s.
8. An orbiting satellite has a small module tethered to it by a 5.0-km conducting cable. As the satellite and its
module orbit Earth, they cut across Earth’s magnetic field at right angles.
If the strength of Earth’s magnetic field at this distance is 0.1 mT, what is the size of the induced emf?
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9. A bar magnet, with its north end down, is dropped through a horizontal wire loop.
a. What is the direction of the induced current when the magnet is:
i. just above the loop
ii. halfway through the loop (so the north end is below the loop and south end is above the loop)
iii. just below the loop?

b. Draw the graph of the induced current against time.

c. Where did the electrical energy of the induced current come from?

d. If the magnet falls from a very long distance above the loop to a very long distance below the loop, what is
the overall change in magnetic flux through the loop? What does this imply about the area under the
current-time graph?

10. How much charge, in coulombs, flows in a loop of wire of area 1.6 x 10- m? and resistance 0.20 Q when it
is totally withdrawn from a magnetic field of strength 3.0 T over 1 second?

11. A magnet passes through two loops, one wire and the other plastic. Compare the induced emfs and the
induced currents of the two loops.

12. Lenz’s Law is an illustration of the conservation

of energy. Explain why the reverse of Lenz’s Law

(the direction of the induced current reinforces the

change in magnetic flux) contravenes the law

about the conservation of energy. Use the example of

a north end of a magnet approaching a loop of

conducting wire (as shown in the diagram).

13. The diagram shows a permanent magnet near a coil of wire. The

coil is connected to a resistor.

a. Which way will a current flow through the resistor when the
magnet moves towards the coil from the position shown?

Explain your answer. - S ’

b. When the magnet is held stationary inside the coil, no current is
detected through the resistor. Explain why this is the case.

c. Describe two ways to increase the magnitude of the induced
current in the resistor. ——| | o—

6.4 Exam questions

Question 1 (6 marks)
Source: VVCE 2020 Physics Exam, Section B, Q.6; © VCAA
Two Physics students hold a coil of wire in a constant uniform magnetic field, as shown in Figure 5a. The ends of

the wire are connected to a sensitive ammeter. The students then change the shape of the coil by pulling each
side of the coil in the horizontal direction, as shown in Figure 5b. They notice a current register on the ammeter.

X X X X X

X X X
X X\ X

ammeter ammeter

Figure 5a Figure 5b

a. Will the magnetic flux through the coil increase, decrease or stay the same as the students change the shape
of the coil? (2 marks)
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b. Explain, using physics principles, why the ammeter registered a current in the coil and determine the direction
of the induced current. (2 marks)

c. The students then push each side of the coil together, as shown in Figure 6a, so that the coil returns to its
original circular shape, as shown in Figure 6b, and then changes to the shape shown in Figure 6c.

X X X X

X X

X X X

<+——

X X X

X X[ X X
ammeter ammeter ammeter
Figure 6a Figure 6b Figure 6¢

Describe the direction of any induced currents in the coil during these changes.
Give your reasoning. (2 marks)

Question 2 (6 marks)
Source: VCE 2022 Physics Exam, Section B, Q.4; © VCAA

A square loop of wire connected to a resistor, R, is placed close to a long wire carrying a constant current, [, in
the direction shown in Figure 4.

The square loop is moved three times in the following order:
* Movement A — Starting at Position 1 in Figure 4, the square loop rotates one full rotation at a steady speed
about the x-axis. The rotation causes the resistor, R, to first move out of the page.
* Movement B — The square loop is then moved at a constant speed, parallel to the current-carrying wire,
from Position 1 to Position 2 in Figure 4.
* Movement C — The square loop is moved at a constant speed, perpendicular to the current-carrying wire,
from Position 2 to Position 3 in Figure 4.

Position 1
X-aXiS _—==== ____w_
[ R |
constant A i
current, /
Position 2 Position 3
|;| |;|
Figure 4

Complete the table below to show the effects of each of the three movements by:

¢ sketching any EMF generated in the square loop during the motion on the axes provided (scales and values
are not required)

¢ stating whether any induced current in the square loop is ‘alternating’, ‘clockwise’, ‘anticlockwise’ or has ‘no
current’.
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Direction of any induced
current (alternating/clockwise/
Movement Possible EMF anticlockwise/no current)
A EMF (V)
rotation about 4
X-axis
P time (s)
B EMF (V)
moving from 4
Position 1 to
Position 2
P time (s)
C EMF (V)
moving from 4
Position 2 to
Position 3
P time (s)

Question 3 (6 marks)
Source: VCE 2022 Physics Exam, NHT, Section B, Q.4; © VCAA

Figure 2 shows a schematic diagram of a simple DC generator with the output voltage connected to a
cathode-ray oscilloscope (CRO).

The DC generator consists of a rectangular wire coil of 200 turns placed in a uniform magnetic field of strength
5.0 mT. The coil is rotated with a frequency of 60 Hz in the direction shown in Figure 2. The average EMF
generated in the coil for the first quarter turn is 35 mV. The coil is initially in the position shown in Figure 2.

CRO

/

Figure 2
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a. When viewed from above, will the induced current in the coil be clockwise or anticlockwise during the first

quarter turn? (1 mark)
b. Calculate the area of one loop of the rectangular wire coil. Show your working. (3 marks)
c. The graph below shows the EMF induced in the coil over two full turns.

On the same axes, sketch the output EMF that would result if the number of turns in the coil is changed to

100 turns and the frequency of rotation is changed to 30 Hz. (2 marks)

EMF (V)
A

» 1(s)

Question 4 (9 marks)
Source: /CE 2018 Physics Exam, NHT, Section B, Q.4; © VCAA
Students move a square loop of wire of 100 turns and of cross-sectional area 4.0 x 10~* m?. The loop moves

at constant speed from outside left, into, through and out of a magnetic field, as shown in Figure 1a. The area
between the poles has a uniform magnetic field of magnitude 2.0 x 1072 T. Figure 1b shows the view from above.

from above
N
X X X
r--_'i I'--_'i
\E —» AL 3 L ] XE X_PX E H
H 1 H ]
S
X X X
Figure 1a Figure 1b

a. On the axes provided below, sketch the magnetic flux, ®g, through the loop as it moves into, through and out
of the magnetic field. (2 marks)

S
£
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b. On the axes provided below, sketch the EMF induced through the loop as it moves into, through and out of
the magnetic field. (2 marks)

EMF
A

c. The loop takes 2.0 s to move from completely outside to completely inside the magnetic field. Calculate the

magnitude of the induced EMF in the loop as it moves into the magnetic field. (2 marks)
d. Determine the direction of the induced current in the loop as it moves into the magnetic field as viewed from
above (clockwise or anti-clockwise). Justify your answer. (3 marks)

Question 5 (6 marks)
Source: VCE 2018 Physics Exam, Section B, Q.2; © VCAA

A square loop of wire of 10 turns with a cross-sectional area of 1.6 x 107> m? passes at a constant speed into,
through and out of a magnetic field of magnitude 2.0 x 1072 T, as shown in Figure 2. The loop takes 0.50s to go
from position X to position Y.

direction of motion

L~
q‘ side-on view
] S 5

view from above

X X X X
X X X X
X X X X
X X X X

ul

position X,

1
I
1
I
I
1
I
I
1
! Iposition Y

Figure 2

a. Calculate the average EMF induced in the loop as it passes from just outside the magnetic field at position X
to just inside the magnetic field at position Y. Show your working. (3 marks)
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b. Sketch the EMF induced in the loop as it passes into, through and out of the magnetic field. You do not need

to include values on the axes. (3 marks)
EMF
A 1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
— — — — — time
loop outside 1 loop entering 1 loop inside 1 loop leaving 1 loop outside
field 1+ field 1 field 1 field 1 field
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
1 1 1 1
loop at loop at
position X position Y

More exam questions are available in your learnON title.

6.5 Generators and alternators

KEY KNOWLEDGE

* Explain the production of DC voltage in DC generators and AC voltage in alternators, including the use of
split ring commutators and slip rings respectively

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

6.5.1 Induced emf in a rotating loop

A magnet moving in and out of a coil to generate a current is not a very efficient means of converting the
mechanical energy of the moving magnet into the electrical energy of a current in the coil. It does not have much
technological potential; an alternative is needed.

A generator is a device that transforms mechanical kinetic energy into electrical energy. In its simplest form, a
generator consists of a coil of wire that is forced to rotate about an axis in a magnetic field. As the coil rotates,
the magnitude of the magnetic flux threading (or passing through) the area of the coil changes. This changing
magnetic flux produces a changing emf across the ends of the wire that makes up the coil. This is in accordance
with Faraday’s Law of Induction, which can be stated as follows:

The induced emf in a coil is proportional in magnitude to the rate at which the magnetic flux through the coil is
changing with time.

Rotating a coil in a magnetic field continually changes the rate at which the magnetic flux changes through the
coil and therefore induces a changing voltage.

This way of changing the amount of magnetic flux passing through a loop is shown in figure 6.13.

When the loop is ‘face on’ to the magnetic field, the maximum amount of magnetic flux is passing through the
loop: @5 = BA. As the loop turns, the amount of flux decreases. When it has turned 90° and is parallel to the
field, there is no flux passing through it at all: &z = 0. As the loop continues to turn between 90° and 180°, the
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magnetic field passes through the loop from the other side: a negative amount of flux, from the point of view of
the loop.

As seen in figure 6.14, the magnitude of the magnetic flux passing through the loop increases to a maximum
again, but in the opposite direction: &z = —BA. Then it decreases back to zero when the loop has rotated 270°,
and finally passes through the original face of the loop.

FIGURE 6.13 A loop ‘face on’ to a magnetic field has maximum magnetic flux.

Axis of rotation

a' < >ﬁ s I I:ES
RN Q Side-on view of loop
Q)

S

The amount of magnetic flux passing through the loop varies in the
form of a sine wave, as shown in figure 6.14. The induced emf across
the ends of the loop is proportional to the change of magnetic flux with Loop

/ 90° 180° 270° 360°

FIGURE 6.14 Flux-time graph

. . AD . .
time. Since € x ——=2, the induced emf is shown on the graph as the

1 ' -
negative gradient fur{ction of the magnetic flux—time graph, and hence —— —— =B
. . | L)
is also a sine wave. | ﬂuxi o : s oy
The emf graph is the same shape as the flux graph but shifted sideways, ‘\r/ : ":/emf CXE_ At
so that when the flux is a maximum, the emf is zero. When the flux is : ! :
at a maximum (or minimum) the flux—time graph is flat, so the gradient \i/:' : Tim;
is zero and hence the emf is zero. ! : ! !

Similarly, when the flux is zero, the flux—time graph is steepest, so the gradient is a maximum (or minimum) and

hence the emf is a minimum (or maximum).

6.5.2 AC alternators

Which way does the current travel when a rotating loop is placed in a magnetic field? Consider again

figure 6.13. From which connection, P or Q, does the current leave the loop to go around the external circuit?
It can be worked out using Lenz’s Law or using the magnetic force of electrons in the loop. Both methods are
explained as follows. (Note — in VCE Physics you only need to understand one explanation, so use the one in
which you feel most confident.)

Using Lenz’s Law

As the loop rotates, the magnetic flux changes from passing through one side to passing through the other.

In figure 6.15a, the magnetic flux is entering the loop from left to right above the edge AB. As the coil rotates
clockwise to a horizontal position, the flux decreases to zero, inducing a current through the coil. The induced
current induces a magnetic field from left to right to restore the decreasing flux.

In figure 6.15b, the loop continues to rotate in a clockwise direction from the horizontal position to the vertical
position. The magnetic flux increases from zero, entering the loop from the other side below the edge AB. The
induced magnetic field will now be from right to left to counteract the increase in flux.
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To produce this field, the right-hand-grip rule shows that conventional current needs to run in the direction
A—-B—-C-D.

FIGURE 6.15 Direction of current flow as loop passes through the horizontal position

a.  Axis of rotation

S

YYYYY

=

Side-on view of loop

Slip rings

-

\E S

Side-on view of loop

Slip rings

At this point in the rotation, the current will enter the external circuit from the slip ring at Q and return to the
loop by the slip ring at P. So, for the time being, the current flows through the external circuit from Q to P, with
Q being the positive terminal and P the negative.

In the diagrams in figure 6.15, the wire from A is attached to the front metal ring, the one connected to P, and
the wire from D is attached to the back ring, the one connected to Q. These connections are fixed. When the loop
rotates about its axis, the two slip rings also rotate about the same axis. The black blocks are made of graphite.
They are being held in place against the spinning slip rings by the springs. Graphite is used because it not only
conducts electricity but is also a lubricant. The spinning slip rings easily slide past the fixed block. The blocks
are also called ‘brushes’ because early designs used thin metal strips that brushed against the slip rings.

Consider the loop as it continues to rotate clockwise from the position shown in figure 6.15b through the vertical
position. The flux is increasing from left to right through the loop as it moves to the vertical position. The
induced current flows through A—B—C—D in order to induce a magnetic field from right to left through the
loop to counteract the increasing flux. When the loop rotates past the vertical position and begins to move again
towards the horizontal position, the flux from left to right decreases, inducing a magnetic field from left to right
through the loop, below the edge AB. For this to be possible, the induced current
must now move in the direction D—-C—B—A. The current in the external circuit
will now flow from P to Q, that is, in the opposite direction! The direction of the slip ring an electromechanical
. . . . device carrying current from a
induced current will reverse every time the loop passes through the vertical . .

o R 5 stationary to a rotating structure
position (when the plane of the loop is perpendicular to the field), or every half-turn. alternating current (AC) electric
current that reverses direction at

The sinusoidal emf drives current through the external circuit first one way, then the short, regular intervals

opposite way, and is thus called alternating current (AC).

334 Jacaranda Physics 2 VCE Units 3 & 4 Fifth Edition



This design of a rotating coil in a magnetic field is called a generator. If the ends of the coil are connected to
slip rings, then the voltage across the external connections is alternating in direction, producing an alternating
current. The device can also be called an alternator.

Slip rings

Slip rings maintain a continuous electrical connection with the spinning loop and are used when an AC
output is required.

Using magnetic force on the charges in the wire

As the loop rotates through the horizontal plane, the left side of the loop, AB (see figure 6.16), is moving up, and
the right side, CD, is moving down. Using the right-hand-slap rule, the force of the magnetic field on the positive
charges in AB will be towards B, while the force on the electrons in AB will be towards A.

Similarly, the positive charges in CD will be pushed to D, while the electrons will be pushed towards C.

This means that conventional current will flow in the direction A—B—C—D, while the electrons will travel
around the loop in the order D-C—B— A. The conventional current will enter the external circuit from the slip
ring at Q and return to the loop by the

slip ring at P.

FIGURE 6.16 Using the left-hand rule to determine current direction in a rotating loop

F

N Magnetic field

F — Direction of force on positive charges

I — Direction positive charges move due to rotation

generator device in which a
Once the loop passes through the vertical plane, AB will move downwards rotating coil in a magnetic field
. . . is used to induce a voltage
and CD Wlll mov.e upwards. The forc§ of the magnetic field on the. p0s1t1ve' alternator device in which the
charges in AB will be towards A, while the force on the electrons in AB will be ends of the coil are connected to
towards B, and the conventional current will now flow in the opposite direction: slip rings, causing the voltage to
D—C—B—A, entering the external circuit at P and returning to the loop at Q. alternate in direction, inducing an

.. . . . alternating current
This is the same result obtained as with the previous method.

Resources

Video eLesson Generation of electricity (eles-3518)

Interactivity Producing AC in alternators (int-0117)
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6.5.3 DC generators

What happens if the slip rings are replaced with split rings like those used in a DC motor? When the current in
the loop reverses every half-cycle as the loop rotates through the vertical position, the ends of the coil swap to
the other side of the split ring so that the direction of the current flowing through the external circuit remains the
same. Essentially, the direction of the output to the external circuit is changed by the split ring commutator,
and so the alternating current in the loop is converted into pulsating direct current (DC) in the external circuit.
The device is now called a DC generator.

FIGURE 6.17 AC voltage coming from loop, and DC coming from commutator
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A split ring commutator is a device used in a DC motor to reverse the direction of the coil’s current every
half revolution of the loop so that the direction of the current flowing through the external circuit remains
the same. The alternating current in the loop is thus converted into direct current.

6.5.4 Comparison of motors and generators

Recall from topic 5 that a motor consists of a coil connected to a power supply in the presence of a magnetic
field. The magnetic field induces a force on the electrons moving through the coil, causing the coil to turn.
A motor converts electrical energy into mechanical energy.

A generator consists of a coil in the presence of a magnetic field. By manually split ring commutator a device that
rotating the coil, the magnetic flux through the coil changes, inducing an emf in reverses the direction of the current
. . . . flowing through an electric circuit
the coil, which subsequently induces a current through the coil. If connected to an ; .
t 1ci it th t th h th i ide electricity to the ci N direct current (DC) electric current
external circuit, the current through the coil can provide electricity to the circuit. T fame I erne e lan e

generator converts mechanical energy into electrical energy.

Motors convert electrical energy into mechanical energy.

Generators convert mechanical energy into electrical energy.
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EXTENSION: Back emf

Considering what you have learned in this topic, when the shaft of a motor is
turning (the motor is doing work), an emf is generated. Lenz’s Law informs us that
this emf opposes the emf powering the motor. This self-generated emf is known as

back emf electromagnetic force
that opposes the main current
flow in a circuit. When the coil

back emf. This results in the net emf in the motor being less than the supplied emf of a motor rotates, a back emf
when the motor is rotating. is induced in the coil due to its
motion in the external magnetic
field.
Resources

Weblink Generator applet

6.5.5 Producing a greater emf

The AC voltage produced by a generator has a substantial FIGURE 6.18 Vanes of a turbine
technological application because it is easy to make things
spin. Hydroelectricity is produced when water falls under
gravity through pipes and hits the vanes of a propeller
connected to a generator. In coal and gas-fired turbines,
the burning fuel heats up water to a high temperature,
producing steam at high pressure. The steam is directed
against the vanes of the turbine.

The emf that is produced by a generator has a frequency
that is the same as the frequency of the rotation of a coil in
a magnetic field.

Using the Faraday equation for average emtf:

_ —NA®y —NA(B A)
T At At FIGURE 6.19 Doubling the frequency
doubles the induced emf.

€

and ignoring the — sign (which relates to direction), the ways to
produce a larger emf can be deduced, as follows: Coil turned twice as fast
* increase the number of turns or coils \
* increase the strength of the magnetic field emf
¢ increase the area of each coil
e decrease the time for one turn (that is, increase the frequency
of rotation).
(Note that turning the coil twice as fast doubles both the \ Time
induced emf and the frequency — that is, it halves the period.)

EXTENSION: Other technological strategies can also increase the emf

® The pole ends of the magnet can be curved so that the coils are close to the magnets for more time during
the rotation.

® An iron core can be placed inside the coils to strengthen the magnetic field.

® The coils can be wound onto the iron core in grooves cut into the outer surface so that the iron core is as
close as possible to the magnetic poles to increase the magnetic field.

TOPIC 6 Generation of electricity 337



FIGURE 6.20 Improvements to the design of a DC motor and an alternator
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6.5 Quick quiz on)| 6.5 Exercise L 6.5 Exam questions

6.5 Exercise

1. Jaidev and Ahn have constructed a simple alternator. It consists of a single rectangular coil of wire, 0.60 m x
0.50 m, which is connected to slip rings, as shown in the following diagram. The coil is in a uniform magnetic
field of 260 mT and can be turned in the direction as shown in the diagram. Jaidev and Ahn test this alternator
by rotating the loop 90 degrees in 0.5 s.

Qutput

a. Calculate the magnitude of flux through the coil when orientated as shown in the diagram.
b. Calculate the average voltage measured through the slip rings.
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c. Ahn now rotates the coil at a constant rate of 6 revolutions per second, and the students observe that the
voltage between the slip rings varies with time as shown in the following graph.

emf

Jaidev decides to test the effect of rotation speed and turns the coil at a rate of 3 revolutions per second.
Copy the graph shown and sketch the effect this would now have on the variation of voltage with time.
2. A model electric generator, similar to the one shown in the following diagram, is being tested by some
students. The coil consists of 50 turns of wire and has an area of 6.0 x 10~ m?. The magnetic field between

the poles of the magnets is measured to be 0.15 T.

Axis of rotation

a. Calculate the magnitude of the magnetic flux threading the coil when it is in the position shown.
b. As the students rotate the coil through an angle of 90°, the magnitude of the average induced emf is 40 mV.
What time interval is required for this rotation to produce an average induced emf of 40 mV during a

quarter-turn?

a. The number of loops of the coil is increased.
b. The rate of rotation of the coil is decreased.
c. The strength of the magnetic field is increased.

Describe the effect of the following changes on the size of the current produced by a generator.
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4. A student builds a model electric generator, similar to that shown below. The coil consists of 50 turns of wire.
The student rotates the coil in the direction indicated on the diagram. The coil is rotated a quarter turn (90°).

Axis of rotation

a. Using the points P and Q, identify in which direction the current flows through the external resistor.
b. Sketch a flux versus time graph and an emf versus time graph as the coil completes one rotation at a
steady rate starting from the instant shown in the diagram.

6.5 Exam questions

Question 1 (5 marks)
Source: /CE 2022 Physics Exam, Section B, Q.6; © VCAA
Figure 6 shows a simple alternator consisting of a rectangular coil of area 0.060 m? and 200 turns, rotating

in a uniform magnetic field. The magnetic flux through the coil in the vertical position shown in Figure 6 is
1.2x107° Wh.

Figure 6

a. Calculate the strength of the magnetic field in Figure 6. Show your working. (2 marks)
b. The rectangular coil rotates at a frequency of 2.5 Hz.
Calculate the average induced EMF produced in the first quarter of a turn. Begin the quarter with the coil in
the vertical position shown in Figure 6. (3 marks)

Question 2 (3 marks)
Source: VCE 2021 Physics Exam, NHT, Section B, Q.4; © VCAA

Figure 4 shows a schematic diagram of a simple one-coil DC motor. A current is flowing through the coil.
a. Draw an arrow on Figure 4 to indicate the direction of the force acting on the side JK of the cail. (1 mark)
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split-ring commutator

l«—DC power supply
Figure 4

b. Explain the purpose of the split-ring commutator. (2 marks)

Question 3 (11 marks)
Source: VCE 2019, Physics Exam, Section B, Q7; © VCAA

Students in a Physics practical class investigate the piece of electrical equipment shown in Figure 5. It consists
of a single rectangular loop of wire that can be rotated within a uniform magnetic field. The loop has dimensions
0.50 m x 0.25 m and is connected to the output terminals with slip rings. The loop is in a uniform magnetic field
of strength 0.40 T.

output
Figure 5
a. Circle the name that best describes the piece of electrical equipment shown in Figure 5. (1 mark)
alternator DC generator DC motor AC motor
b. i. What is the magnitude of the flux through the loop when it is in the position shown in Figure 5? (1 mark)
ii. Explain your answer to part b.i. (1 mark)

The students connect the output terminals of the piece of electrical equipment to an oscilloscope. One student
rotates the loop at a constant rate of 20 revolutions per second.
c. Calculate the period of rotation of the loop. (1 mark)
d. Calculate the maximum flux through the loop. Show your working. (2 marks)
e. The loop starts in the position shown in Figure 5.

What is the average voltage measured across the output terminals for the first quarter turn? Show

your working. (2 marks)
f. State two ways that the amplitude of the voltage across the output terminals can be increased. (2 marks)
g. Figure 6 shows the output voltage graph shown on the oscilloscope for two cycles.
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V (volts)
A

»

P time

Figure 6

The students now replace the slip rings in Figure 5 with a split-ring commutator.

On Figure 7, sketch with a solid line the output that the students will now observe on the oscilloscope.
Show two complete revolutions. The original output is shown with a dashed line. (1 mark)

V (volts)
A

Figure 7

Question 4 (5 marks)
Source: VCE 2019 Physics Exam, NHT, Section B, Q.3; © VCAA

Figure 3 shows a simple DC motor consisting of a square loop of wire of side 10 cm and 10 turns, a magnetic
field of strength 2.0 x 1073 T, and a commutator connected to a 12-V battery. The current in the loop is 2.0 A.

Figure 3

a. Calculate the magnitude of the total force acting on the side EF when the loop is in the position shown in
Figure 3. Show your working. (2 marks)

b. Explain the role of the commutator in a DC motor. (3 marks)
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Question 5 (5 marks)
Source: VCE 2018 Physics Exam, Section B, Q.3; © VCAA

Students build a model of a simple DC motor, as shown in Figure 3.

Figure 3

a. The motor is set with the coil horizontal, as shown, and the power source is applied. Will the motor rotate in a
clockwise (C) or anticlockwise (A) direction? Explain your answer. (3 marks)
b. One student suggests that slip rings would be easier to make than a commutator and that they should use
slip rings instead.
Explain the effect that replacing the commutator with slip rings would have on the operation of the motor, if no
other change was made. (2 marks)

More exam questions are available in your learnON title.

6.6 Photovoltaic cells

KEY KNOWLEDGE

¢ Describe the production of electricity using photovoltaic cells and the need for an inverter to convert power
from DC to AC for use in the home (not including details of semiconductors action or inverter circuitry)

Source: VCE Physics Study Design (2024-2027) extracts © VCAA; reproduced by permission.

6.6.1 The production of electricity using photovoltaic cells

Visible light is a part of the electromagnetic spectrum. Light behaves like waves, and it is often described in
terms of its wavelength. The wavelength of light depends on the energy of the light: high energy light has a short
wavelength, and low energy light has a long wavelength. Red light is low energy and has wavelengths greater
than 700 nm (nanometres). Violet light is high energy and has wavelengths less than 400 nm.

Light also behaves like particles or discrete packets of energy. These particles are called photons.
You will learn more about this dual behaviour of light in Unit 4.

Solar energy is the energy we receive from the Sun. The Sun emits the full range of radiation of the
electromagnetic spectrum.
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FIGURE 6.21 The electromagnetic spectrum
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When photons strike a photovoltaic cell, they are either absorbed by the cell or reflected from the surface.
If photons have enough energy, they cause electrons to be removed from atoms in the cell.

If the photons do not have enough energy, their energy is transformed into thermal energy and the solar cell
heats up. Solar cells are not very efficient because most of the photons in light from the Sun do not have enough
energy to release electrons in the cells.

Released electrons are collected and travel around an electrical circuit. The resulting electrical current is a direct
current (DC). It flows in one direction. As the intensity of the light increases, it has more photons that release
more electrons, creating a bigger electric current.

The voltage produced by a solar cell depends on the materials used to manufacture the cell. The voltage
produced by the cell is not affected by the intensity of the light.

Silicon-based solar cells

Most household solar cells are silicon-based. Silicon-based solar cells are p-n junction diodes.

A silicon-based solar cell has two thin layers of silicon sandwiched together, as shown in figure 6.22. The

two silicon layers in the figure are both made from highly purified silicon. In the silicon layer on the right,

phosphorus atoms are inserted among the silicon atoms, in a process called ‘doping’.

A phosphorus atom has one more electron in the outer shell than does a silicon atom. photovoltaic cell device that
This extra electron is held quite loosely, which is why a phosphorus atom releases RS ElEHETE CE S AEE,
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