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CHAPTER

Forces in action

Before beginning this chapter, you should be able to:

» describe and analyse uniform straight line motion
graphically and algebraically

m explain how changes in motion are caused by the
action of forces

» model forces as external pushes and pulls acting through
the centre of mass of an object

m use Newton’s three laws of motion to explain movement

= apply the vector model of forces, including addition and
components of forces.

KEY IDEAS

After completing this chapter, you should be able to:

m apply algebraic and graphical methods to the analysis of
changes in motion
apply Newton’s three laws of motion to situations in which
two or more coplanar forces act in a straight line and
two dimensions
analyse the motion of projectiles near Earth’s surface
analyse uniform circular motion in a horizontal plane
apply Newton’s second law to non-uniform circular
motion in a vertical plane.

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.




Distance is a measure of the length
of the path taken when an object
changes position. It is a scalar
quantity.

Displacement is a measure of the
change in position of an object. It
is a vector quantity.

A scalar quantity has magnitude
(size) but not direction.

A vector quantity has direction as
well as magnitude (size).

Speed is a measure of the time rate
at which an object moves over a
distance.

Velocity is a measure of the time
rate of displacement, or the time
rate of changing position. It is a
vector quantity.

Instantaneous speed is the speed
at a particular instant of time.

Instantaneous velocity is the
velocity at a particular instant
of time.

Describing motion

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

The language of motion

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 change in position of an object. In order
to fully describe a displacement, a direction must be specified as well as a
magnitude. Displacement is therefore a vector quantity.

REMEMBER THIS

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

Scalar quantities are those that can be described without specifying
a direction. Mass, energy, time and temperature are all examples of scalar
quantities.

Vector quantities are those that can only be fully described by spec-
ifying a direction as well as a magnitude. Force, displacement, velocity
and acceleration are all examples of vector quantities.

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:

distance travelled

average speed = ———
time interval

Velocity is a measure of the rate of displacement of an object. Because dis-
placement (change in position) is a vector quantity, velocity is also a vector
quantity. The velocity has the same direction as the displacement. The symbol
v is used to denote velocity. (The symbol v is often used to represent speed
as well.)

The average velocity of an object, v,, during a time interval can be expressed
as:

Ax
Y =5
where
Ax represents the displacement
At represents the time interval.

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 par-
ticular instant of time is called, not surprisingly, 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.

CHAPTER 1 Forces in action

3



4

Acceleration is the rate of change
of velocity. It is a vector quantity.

Solution:

UNIT 3

path taken

Acceleration

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:

Av
ayy ZE

where
Av = the change in velocity (v — u) during the time interval A¢.

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 accel-
eration 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 it can have a non-zero value when
either or both of the magnitude and direction of the velocity change. Sample
problem 1.1 illustrates this.

Sample problem 1.1

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.

(a) The change in velocity of the car is 60 km h™! north. In order to determine
the acceleration in SI units, the velocity should be expressed in m s™1.

60 kmh™!'=16.7ms™! (divide by 3.6 to convert from km h=!to m s™!)

Thus,
_Av
Aay = AL
_16.7ms ™! north
B 5.0s
=3.3 ms2 north.

(b) The change in velocity must first be found by subtracting vectors because
Av=v—u.
The magnitude of the change in velocity can be found by using Pythagoras’s
theorem or by trigonometry.

Av= \/(20 ms')?+(15ms™)?

=25ms™!

The direction can be found by calculating the value of the angle 6.

tan 0 = E
20

=0.75
= 0=37°

The direction of the change in velocity is therefore N37°E.



path taken

The average acceleration of the car is given by:
Av
At

Ayy =

_25m s71 N37°E
258
=10 m s~2 N37°E.

(c) The magnitude of the change in velocity can be found by applying
Pythagoras’s theorem to the vector diagram.

Av= \/(8.0 ms)?+(8.0ms™!)?
=11.3ms™!

The triangle formed by the vector diagram shown is a right-angled isosceles
triangle. The angle 6 is therefore 45° and the direction of the change in
velocity is south-east.

The average acceleration of the cyclist is given by:
Av

T A
11.3 ms™! south-east

- 4.0s

aav

= 2.8 m s~2 south-east.

Determine the average acceleration of:

(a) a rocket launched from rest that reaches a velocity of 15 m s~! during the
first 5.0 s after lift-off

(b) aroller-coaster cart travelling due north at 20 m s~! that turns left during an
interval of 4.0 s without changing speed

(c) arally car travelling west at 100 km h™! that turns left and slows to a speed
of 80 km h~! south. The turn takes 5.0 s to complete. Provide your answer
inms2

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 accel-
eration 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 graph.
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

CHAPTER 1 Forces in action 5
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UNIT 3

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.

At ty, v=Ax
At

= rise

run

This is the same as
the average velocity
A X between the instants
represented by the
points A and B.

Position (m)

to Time (s)

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.

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 at an instant of time can be
obtained from a velocity-time graph, by determining the gradient of the line
or curve at the point representing that instant. This method is a direct conse-
quence of the fact that acceleration is defined as the rate of change of velocity.
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.

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.

Acceleration-time graphs

A graph of acceleration versus time provides information about the accel-
eration 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.



Sample problem 1.2

The velocity-time graph below describes the motion of a car as it travels due

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 average 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.

s

3 10-

(2]

i

(2]

£

2

8 5-

=

0 T T T T T
4 8 12 16 20
Time (s)

Solution: (a) The displacement of the car while it was slowing down is given by the area
under the graph describing the time interval between 4.0 s and 6.0 s.

area = 1 % 2.0 s X 10 m s~! south
2

=10 m south
Note that the units need to be considered when calculating the area. In
this case, the area has a direction as well.

(b) The average acceleration is given by the gradient of the graph describing
the first 4.0 s after the lights turned green; that is, the time interval between
12 and 16 s.
_ rise
"~ run
12 m s7! south
B 4.0s

=3.0 m s~? south

(c) The average velocity is determined by the formula:

_As

vav_ At

The displacement during the whole time interval described by the graph is
given by the total area under the graph.

CHAPTER 1 Forces in action 7
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1 1
area=4.0sx10ms™ + (5 x20sx 10ms™) + (3 x4.0sx 12ms™)
+ (4.0 s x 12 m s~! south)

=40 m + 10 m + 24 m + 48 m south
=122 m south

122 m south

= Vav= 20 s

=6.1 m s~! south

Revision question 1.2

Use the velocity-time graph in sample problem 1.2 to answer the following

questions.

(a) What was the acceleration of the car while it had a positive southerly
acceleration?

(b) What was the acceleration of the car during the 2.0 s before it came to a stop
at the traffic lights?

(c) What was the average velocity of the car during the 6.0 s before it stopped at
the traffic lights?

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 formulae. The formulae are expressed in
terms of:

« initial velocity, u

final velocity, v

acceleration, a

time interval, ¢

displacement, s.

REMEMBER THIS

Each of these four formulae allows you to determine an unknown charac-
teristic of straight line motion with a constant acceleration, as long as you
know three other characteristics.

1 1
v=u+at s=5(u+v)t s=ut+5at2 v?=u?+2as

The first two formulae above can be derived from the definitions of velocity
and acceleration. The other two can be derived by combining the first two.
Because the formulae describe motion along a straight line, vector notation is
not necessary. The displacement, velocity and acceleration can be expressed
as positive or negative quantities.

Sample problem 1.3

Amy rides a toboggan down a steep snow-covered slope. starting from rest,
she reaches a speed of 12 ms™! as she passes her brother, who is standing



Solution:

19m 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?

1

(a) a=2,u=0,v=12ms !, s=19m

The appropriate formula here is v?> = u? + 2as, because it includes the
three known quantities and the unknown quantity a.

v?=u?+2as
=2 (12ms1)?=0+2xax19m
=38mxa=144m?s?
= a = 3.8 m s> down the slope

M i=2,u=0v=12ms ', s=19m

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

The appropriate formula here is s = % (u+v)t.

=19m= ! (0+12ms Dt
2

=>19m=6.0ms!xt

19m
S>f=—" "
6.0ms™!

=32s

(c) The magnitude of the average velocity during a period of constant accel-
eration is given by:

_u+u
Uav_ 2

_0+12 ms™
B 2

=6.0m s

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

s=?2,u=0,v=6.0ms™}, a=3.8ms 2 (Here we have no choice but to use
calculated data rather than given data.)

The appropriate formula here is v? = u? + 2as.
= (6.0ms1)?=0+2x3.8ms?2xs

=36m?s2=76ms?2xs

36 m? s72

Ss=" >

7.6 m s
=>=47m

Note that this is well short of the halfway mark in terms of distance.

CHAPTER 1 Forces in action
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(d) t=2,u=0,v=6.0s,a=3.8ms 2
The appropriate formula here is v = u + at.

=260ms!'=0+38ms?xt

_ 6.0ms™!

>f=a
3.8ms™

=1.6s (rounded off from 1.58)

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.

Revision question 1.3

A car initially travelling at a speed of 20 m s~! on a straight road accelerates at a
constant rate for 16 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?

Newton’s 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. How-
ever, Einstein and others have since shown that Newton’s laws have limi-
tations. 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.

Changing motion
When explaining changes in motion, it is necessary to consider another prop-
erty of the object — its mass. It is clear that it is more difficult, for example, to
stop a truck moving at 20 m s~! than it is to stop a tennis ball moving at the
same speed. The 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.

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

p = mv.

Momentum is a vector quantity that has the same direction as that of the

velocity. The SI unit of momentum is kg m s~*.

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.



Net force is the vector sum of all
the forces acting on an object.
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REMEMBER THIS

The vector sum of the forces acting on an object is called the net force. It
is usually denoted by the symbol F,;.

Newton'’s First Law of Motion explains, for example, why you need to strike
a golf ball with the club before it soars through the air. Without a net force
acting on it, the golf ball will remain in its state of rest on the tee or grass (or
sand, if you're having a bad day). It explains why seatbelts must be worn in
a moving car and why you should never leave loose objects (like books, lug-
gage 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. They continue their motion until stopped by a non-zero net force.
Without a properly fitted seatbelt, you would move forward until stopped
by 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.

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.
This can be expressed algebraically as:
Ap

net — At .

The net force can also be expressed in terms of the acceleration.

A A
Foo = A_’t, = mAtv (provided the mass is constant)

= F,..=ma

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 s72 results when a net force of 1 N acts on an object of
mass 1 kg.

Newton’s Third Law of Motion

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

FonAbyB = —FonBbya

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, the net force on the brick wall at left
is the sum of the force applied to it by the car (shown by the red arrow) and
all of the other forces acting on it. The force shown by the blue arrow is not
applied to the brick wall and does not affect its motion. The net force on the
car is the sum of the force applied by the brick wall (shown by the blue arrow)
and all of the other forces acting on it.

CHAPTER 1 Forces in action 11



Newton’s third

XD
Summary screen

Topic 1 and practice

| concent 3Ll

eBook

Interactivity
Going up?
int-6606

Feeling lighter — feeling heavier

As you sit reading this, your weight force, the force on you by the Earth
(W = myg), 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 reaction force (), because if you were not
sitting on the chair, there would be no force. If these two forces, the weight
force and the reaction force, balance, the net force on you is zero.

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 downward force through the compression in
the bones in your pelvis.

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 experi-
ence each of these stages differently.

Accelerating upwards

When you are accelerating upwards, the net force on you is upwards. The only
forces acting on you are your weight force down and the reaction force by the
floor acting upwards. Your weight force is not going to change. So if the net
force on you is up, then the reaction force on you must be greater than your
weight force, N > mg.

GOING UP GOING UP
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UNIT 3

reaction
3 force, N
(4]
normal
reaction
force, N
SPEEDING ¢ weight SLOWING ¢ weight
upP force, mg DOWN force, mg

apparently heavier apparently lighter

You sense your weight only because the floor pushes up on you. The magnitude
of the normal reaction force determines how heavy you feel.

If the reaction force on you by the floor of the lift is greater than your weight
force, then by Newton’s third law, the force on the floor of the lift by you is also
greater than your weight force. This means you feel a greater compression in
the bones in your legs. You ‘feel heavier!

Accelerating downwards

When you are accelerating downwards, the net force on you is downwards. So
the reaction force on you must be less than your weight force, N < mg. You feel
a lesser compression in the bones in your legs. You ‘feel lighter’



Solution:

Applying Newton’s Second Law of
Motion

The following sample problem shows how Newton’s Second Law of Motion
can be applied to single objects or to a system of two objects.

Sample problem 1.4

Alarge car of mass 1600 kg starts from rest on a horizontal road with a forward thrust

0f5400 N due 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 forward thrust 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 exerted by the trailer on the car?
(The force is labelled P, in the following figure.)

(a) A diagram mustbe drawn to show the forces acting on the car and trailer. The
vertical forces can be omitted in this case because it is clear that the sum of
the vertical forces is zero. (Otherwise, there would be a vertical component of
acceleration.) The vertical forces have been omitted in the figure below.

Assign due east as positive.

direction of motion

e

Pe P
i Gy T

road friction road friction thrust

The net force on the car is:
F,..= 5400 N — 600 N
= 4800 N.
Applying Newton’s second law to the car gives:
F,.c.=ma
Fiec
m

4800 N
1600 kg
=3.0 m s~? east.

(b) (i) The net force on the entire system is:

Foer = 5400 N — 600 N — 200 N
=4600 N.
Applying Newton’s second law to the entire system gives:
F,..=ma

F net

>a=—"

_ 4600N
"~ 2000 kg

=2.3m s 2 east.

CHAPTER 1 Forces in action 13
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(ii) Newton’s second law can be applied to either the car or the trailer to
answer this question.

Method 1: Applying Newton’s second law to the car gives:
Foet=ma
=1600 kg X 2.3 m s~2
= F,.. = 3680 N.
The net force on the car is also given by:
F,..=5400 N — 600 N - P,

(where P, is the magnitude of the force exerted by the trailer on
the car)

= 3680 N = 5400 N — 600 N — P,
= P, =5400 N — 600 N — 3680 N

= 1120 N.
Method 2: Applying Newton’s second law to the trailer gives:
F,ec.=ma
=400 kg X 2.3 m s72
= F e =920 N.

The net force on the trailer is also given by:
Fpoi =P — 200 N
(where P is the magnitude of the force exerted by the car on
the trailer)
=920 N =P, - 200N
= P, =920 N + 200 N
= 1120 N.
Applying Newton'’s third law, P, = 1120 N.

Revision question 1.4

(a) A car of mass 1400 kg tows a trailer of mass 600 kg due 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
B S E——

"
O O

(i) Determine the forward thrust 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 thrust applied to the car?

UNIT 3
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Handy tips for using Newton’s second law

Below are some handy tips for using Newton’s Second Law of Motion.

1. Draw a diagram of the system.

2. Use clearly labelled diagrams to represent the forces acting on each object
in the system. The diagram can be simplifed, if necessary, by drawing all of
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
until you have the information you need.

On the level

Whether you are walking on level ground, driving a car, riding in a roller-coaster or
flying in the space shuttle, your motion is controlled by the net force acting on you.

The figure below shows the forces acting on a car moving at a constant
velocity on a level surface.

~&— air resistance

normal reaction force )
normal reaction force

road friction driving force

weight

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

The forces acting on the car are described below.
o Weight. The weight of an object is equal to the pull of gravity on it and is
usually given the symbol W. The weight of an object is given by:

W=mg

where
m = mass
g = gravitational field strength.

Throughout this text, the magnitude of g at Earth’s surface will be taken
as 9.8 N kg~l. The weight of a medium-sized sedan carrying a driver and
passenger is about 15000 N.

o Normal reaction. The normal reaction force is the upward push of the surface.
A normal reaction 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. It is described
as a reaction force because it acts in response to the force that the object
applies to the surface. Unless the surface itself is accelerating up or down,
the force applied to the surface by the object is the same as the weight of
the object. The total normal reaction force is therefore equal and opposite in
direction to the weight force.

o Driving force. The force that pushes the car forward is provided at the driv-
ing 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 move-
ment of one surface across another. In this case, it is the force that prevents the
tyres from sliding across the road. If the road or tyres are too smooth, the driv-
ing force is reduced, the tyres slide backwards and the wheels spin.

CHAPTER 1 Forces in action 15
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e 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 the previous figure, 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 rolling friction, which is considerably smaller
than both the sliding friction that acts when the brakes are applied and the
friction that acts on the driving wheels.

The centre of mass

The forces on a moving car do not all act at the same point on the car. When
analysing the translational motion of an object (its movement across space
without considering rotational motion), all of the forces applied to an object
can be considered to be acting at one particular point. That point is the
centre of mass. The centre of mass of a symmetrical object with uniform mass
distribution is at the centre of the object. For example, the centre of mass of
each of a ruler, a solid ball or an ice cube is at the centre. However, the centre
of mass of a person or a car is not.

AS A MATTER OF FACT

If you hold an object like a ruler at its centre of mass, it will balance.
However, the centre of mass does not have to be within the object. For
example, the centre of mass of a doughnut is in its centre. 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 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 Earth’s surface.

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

Inclined to move

The forces acting on objects on an inclined plane are similar to those acting
on the same objects on a level surface. However, the direction of some of the
forces is different. As a result, the direction of net force may also be different.
The forces acting on a car rolling down an inclined plane are shown in
the figure at left. In order to simplify the diagram, all the forces are modelled
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as if they were acting through the centre of mass of the car. The car is then
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. It is also helpful in analysing the forces and subsequent motion of
the car to ‘break up; or resolve, the forces into components. The figure at left
shows how the weight can be resolved into two components — one parallel to
the surface and one perpendicular to the surface.

By resolving the weight into these components, the analysis of the forces
and subsequent motion of the car is made simpler. Consider the forces per-
pendicular to the inclined plane. It can be seen in the figure at left that the
magnitude of the normal reaction force is equal to the component of weight
that is perpendicular to the surface. Thus the net force has no component per-
pendicular to the surface. (Imagine what would happen if this wasn’t the case!)

Now consider the forces parallel to the inclined plane. The horizontal com-
ponent of the weight 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.

Sample problem 1.5

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

Determine:

(a) the normal reaction force

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

A diagram must be drawn to show the forces acting on the skier.

(a) The net force on the skier has no component perpendicular to the surface
of the snow. Thus:

N=W,
= Wcos 15°

. Wy

(since cos 15° = —~ = W, = W cos 15°)
w

= mg cos 15°

=70 kg x 9.8 N kg~! x cos 15°

=663 N, rounded to 660 N.
The normal reaction force is therefore 660 N in the direction perpendicular
to the surface as shown.
(b) The net force on the skier in the direction parallel to the surface is zero.
We know this because the skier has a constant velocity. The magnitude

of the sum of resistance forces therefore must be equal to the component
of the weight that is parallel to the surface.

R=W,
. ° . . ° Wx : o
= Wsin 15° (since sin 15° = W =W, = Wsin 15°)
= mg sin 15°
=70 kg x 9.8 N kg~! x sin 15°

=178 N, rounded to 180 N

The sum of the resistance forces (air resistance and friction) acting on the
skier is 180 N opposite to the direction of motion.

CHAPTER 1 Forces in action
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Revision question 1.5

(a) A cyclist rides at constant speed up a hill that is inclined at 15° to the hori-
zontal. The total mass of the cyclist and bicycle is 90 kg. The sum of the road
friction and air resistance on the cyclist and bicycle is 20 N. Determine:

(i) the forward driving force provided by the road on the bicycle
(ii) the normal reaction force.

(b) If the cyclist in part (a) coasts down the same hill with a constant total resis-

tance of 50 N, what is the cyclist’s acceleration?

Projectile motion

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 (like a guided missile), projectiles
generally follow a parabolic path. Deviations from this path can be caused either
by air resistance, by 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 book.

Falling down

Imagine a ball that has been released some o
distance above the ground. Once the ball air resistance
is set in motion, the only forces acting on it

are gravity (straight down) and air resistance

(straight up).

After the ball is released, the projection
device (hand, gun, slingshot or whatever) velocity
stops exerting a downwards force. *

The net force on the ball in the figure at
right is downwards. As a result, the ball accel-
erates downwards. If the size of the forces and
the mass of the ball are known, the accel-
eration can be calculated using Newton’s
Second Law of Motion.

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 that the acceleration of the ball is
due only to gravity and is a constant 9.8 m s~2
downwards.

weight

The forces acting on a ball
falling downwards

Sample problem 1.6

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
0.50s, 1.0's, 1.5 s, 2.0 s etc. until the package has hit the ground. (You may
like to use a spreadsheet here.) Draw a scale diagram of the package’s pos-
ition at half-second intervals.



Solution:
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A falling object reaches its
terminal velocity when the
upwards air resistance becomes
equal to the downward force of

gravity.

(@) u=0ms ', s=100m,a=98ms>2 =2

1 2
s=ut+ —at
2

1
100m=0ms ' X+ > (9.8 ms72)¢2

100
49 —
t=4.52s, rounded to 4.5 s

t2

(Note: The negative square root can be ignored here as we are interested
only in motion that has occurred after the package was released at t = 0,
i.e. positive times.)

(b) t=050s, u=0ms !, a=98ms2s=2?
1
s=ut+=at?
2

=0x05s +% (9.8 m s72)(0.5 5)?
=1.23 m, rounded to 1.2 m

Repeat this for t =15, 1.5 5, 2 s etc. to gain the results listed in the following
table and illustrated at left.

TABLE 1.1 Vertical distance travelled over time

Time (s) 050 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Vertical

. 1.2 4.9 11 20 31 44 60 78 99
distance (m)

Revision question 1.6

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 below?

Terminal velocity

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

Moving and falling

If a ball is thrown horizontally, the only force acting on the ball once it has been
released is 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
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as there is no net force acting horizontally. This means that while the ball’s ver-
tical 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.

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

The vertical @~ ---------- Q\
velocity =~ """ T"-7o- - \\\
increases =~ c---------- L v ¢

I I
(i.e.object ! X X
accelerates). | !
I

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

Position of a ball at constant time intervals

Keep them separated

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 hori-
zontally once it has hit the ground, the target or whatever else it might col-
lide with.

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

Sample problem 1.7

Imagine the helicopter described in sample problem 1.6 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?

(c) Calculate the vertical distance the package has fallen after 0.50 s, 1.0s,
1.5, 2.0 s, etc. 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.

Remember, the horizontal and vertical components of the package’s motion
must be considered separately.



Solution: (a) In this part of the question the vertical component is important. Vertical
component: u=0ms~!,s=100m,a=9.8ms> t=2?

1
s=ut+ —af?
2

100m=0ms ' X+ % (9.8 m s72)¢2
100 _

4.9
t=4.52 s, rounded to 4.5 s

t2

(Note: Again, the positive square root is taken as we are concerned only
with what happens after t = 0.)

(b) The range of the package is the horizontal distance over which it travels. It
is the horizontal component of velocity that must be used here.

Horizontal component: u = 20 m s~! (The initial velocity of the package is
the same as the velocity of the helicopter in which it has been travelling.)

a=0ms~2(No forces act horizontally so there is no horizontal acceleration.)
t = 4.5 s (from part (a) of this example)
s=7?

L
s=ut+—at
2

=20ms!'x45s+0
=90m
(c)

TABLE 1.2 Vertical and horizontal components of the package’s motion

Vertical component Horizontal component

u=0ms ' t=0.50s,a=10ms2 s=? u=20ms %, t=0.50s,a=0ms 2 s="2
s=ut+%at2 s=ut+%at2
=0ms‘1x0.508+%(10ms‘2)(0.55)2 =20ms™' X 0.50 s + 0
m =12m =10m

eModellin . . .
Falling fromga helicopter Repeat the calculations shown in table 1.2 for f=1.0's, 1.5 5, 2.0 s, etc. to gain

doc-0033 the results shown in table 1.3. The scale diagram of the package’s position is
shown on page 22.

TABLE 1.3 Vertical and horizontal distance travelled over time

Time Vertical distance Horizontal distance

(m) (m)

0.50 1.2 10

1.0 4.8 20
1.5 11 30
2.0 20 40
2.5 31 50
3.0 44 60
3.5 60 70
4.0 78 80
4.5 99 90
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Revision question 1.7

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?

(c) 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?

What goes up must come down

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

Notice that, when air resistance is ignored, the motion of the ball is iden-
tical whether it is going up or coming down. The ball will return with the same
speed with which it was projected. Throughout the motion illustrated in the



figure below (and for which graphs are shown), the acceleration of the ball is a
constant 10 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?

(@) going up (b) going down (@
X s (m)
()
t(s)
(b)
v(ms™)
t(s)
©
a(ms
t(s)
¢ -10
The motion of a ball projected Graphs of motion for a ball thrown
vertically upwards straight upwards

AS A MATTER OF FACT

The axiom ‘what goes up must come down’ applies equally so to bul-
lets 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 roughly the same
speed. This speed is well and truly fast enough to kill a person who is hit
by the returning bullet.

Sample problem 1.8

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.
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Solution:

There are several ways of arriving at the same answer. As has been done
in this example, it is always good practice to minimise the use of answers
from previous parts of a question. This makes your answers more reliable,
preventing a mistake made earlier on from distorting the accuracy of your
later calculations. For this problem, assign up as positive and down as
negative.

(@) u=40ms ', a=-98ms2 v=0ms~! (as the dancer comes to a halt at

the highest point of the jump), t = ?

v=u+at

Oms'=40ms '+ (-9.8ms?) x¢t
_ 40ms™!

t_ [ —
9.8ms2

=041s

The dancer takes 0.41 s to reach her highest point.
(b) u=4.0ms!,a=-9.8ms 2 v=0ms"! (as the dancer comes to a halt at
the highest point of the jump), s =?
v? = u? + 2as
(0ms™1)?=(4.0ms™ )2 +2(-9.8ms™?)s
16 m = 19.6s
$§=0.82m

The maximum displacement of the dancer’s centre of mass is 0.80 m.

(c) At the top of the jump, the only force acting on the dancer is the force
of gravity (the same as at all other points of the jump). Therefore the
acceleration of the dancer is acceleration due to gravity: 9.8 ms—2
downwards.

(d) For this calculation, only the downwards motion needs to be investigated.

u=0ms™! (as the dancer comes to a halt at the highest point of the jump),
a=-9.8ms 2 s= —0.82m (as the motion is downwards), v = ?

v =u?+2as

»=(0ms1)2 +2(-9.8ms2?)(-0.82m)
v=-40ms!

(Note: Here, the negative square root is used, as the dancer is moving
downwards. Remember, the positive and negative signs show direction
only.)

The velocity of the dancer’s centre of mass when it returns to its original
height is 4.0 m s~! downwards.

Revision question 1.8

A basketball player jumps directly 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?




Vvertical = V sin ¢

0 O

Vhorizontal = V COS 0

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

PHYSICS IN FOCUS

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 tech-
nique allows her to clear a higher bar than other techniques for the same
amount of energy.

Croatian high jumper Ana Simic’s centre of mass passes under the bar,
while her body passes over the bar!

Shooting at an angle

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

If the velocity and the angle to the horizontal are known, the size of the com-
ponents 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. However, the initial velocity must be separated into its
vertical and horizontal components.

CHAPTER 1 Forces in action
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Solution:

Sample problem 1.9

A stunt driver is trying to drive a car over a small river. The car will travel up a
ramp (at an angle of 40°) and leave the ramp travelling at 22 m s~. The river is
50 m wide. Will the car make it?

50m '

Assign up as positive and down as negative.

Before either part of the motion can be examined, it is important to calculate
the vertical and horizontal components of the initial velocity.

Vyertical = 22 Sin 40°
=14ms!

Vhorizontal = 22 €OS 40°
=17ms™’

-1

Therefore the initial vertical velocity is 14ms™ and the initial horizontal

velocity is 17m s~

In order to calculate the range of the car (how far it will travel horizontally), it
is clear that the horizontal part of its motion must be considered. However, the
vertical part is also important. The vertical motion is used to calculate the time
in the air. Then, the horizontal motion is used to calculate the range.

TABLE 1.4 Calculating the horizontal and vertical components

Vertical component Horizontal component

(Use the first half of the motion — from u=17ms}, r=2.8s (being twice the

take-off until the car has reached its time taken to reach maximum height as
highest point.) calculated for the vertical component),
u=14ms!, a=-9.8ms>? a=0ms2 s="?

v=0ms"! (as the car comes to a s=ut

vertical halt at its highest point),

i =17ms~ ! x2.8s

v=u+at =48m
0=14ms '+ (-9.8ms™2) x ¢
e 14 ms™!
9.8 ms~2
=14s

As this is only half the motion, the total
time in the air is 2.8 s. (It is possible

to double the time in this situation
because we have ignored air resistance.
The two parts of the motion are
symmetrical.)
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Therefore, the unlucky stunt driver will fall short of the second ramp and will land
in the river. Maybe the study of physics should be a prerequisite for all stunt drivers!

Revision question 1

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?

Projectile motion calculations

Here are some tips for projectile motion calculations.

It helps to draw a diagram.

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.

o At the end of any calculation, check to see if the quantities you have calcu-
lated are reasonable.

The real world — including air resistance

So far in this chapter, the effects of air resistance have been ignored so that we can
easily model projectile motion. The reason the force of air resistance complicates
matters so much is that it is not constant throughout the motion. It depends on
the velocity of the projectile, the surface area that is being hit by the air, the type of
surface and even the spin of the projectile. For objects with the same surface and
spin, air resistance increases as the speed of the object increases.

No matter what affects the amount of air resistance, one thing is always true
— air resistance opposes the motion of the projectile.

________ path of a projectile
- F.. ~~~. with air resistance

~

. path of a
. projectile
\\ without air

% resistance

While the magnitude of air resistance changes throughout the motion,
it always opposes the direction of the motion.
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28 UNIT 3

Uniform circular motion

Humans seem to spend a lot of time going around in circles. Traffic at round-
abouts, children on merry-go-rounds, cyclists in velodromes. If you stop to think
aboutit, 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.

The motion of satellites around Earth can be modelled as circular motion with a
constant speed.

Getting nowhere fast

Ralph has been a bad dog and has been chained up. To amuse himself, he runs
in circles. Ralph’s owner, Julie, is a physics teacher. She knows that no matter
how great Ralph’s average speed is, he always ends up in the same place, so his
average velocity is always zero.

Instantaneous velocity

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 direc-
tion is continually changing. At one point, Ralph is travelling east, so his instan-
taneous 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.

The speed is therefore constant and can be calculated using the formula

X . . . . .
v = =, where v is the average speed, x is the distance travelled and ¢ is the time
interval. It is most convenient to use the period of the object travelling in a
circle. Thus:
Ax
v=—
At
circumference

period
2nr
T
where

r = radius of the circle
T = period.
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Sample problem 1.10

Ralph’s chain is 7.0 m long and attached to a small post in the middle of the

garden. It takes an average of 9 s to complete one lap.

(a) What is Ralph’s average speed?

(b) What is Ralph’s average velocity after three laps?

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

(a) To calculate Ralph’s speed, we need to know how far he has travelled.
Using the formula for the circumference of a circle (distance = 2xr):
distance =2 Xt X 7.0 m
=44 m.

Now the average speed can be calculated.

X
v=—"
t
_44m
9s

=5ms~

1

Ralph travels with an average speed of 5ms™..

(b) After three laps, Ralph is in exactly the same place as he started, so his dis-
placement is zero. No matter how long he took to run these laps, his average
Ax
velocity would still be zero, as v,, = A
(c) Ralph’s velocity is a constant 5 m s~! as he travels around the circle. At the
instant in question, the magnitude of his instantaneous velocity is also
5m s~'. This means Ralph'’s velocity is 5 m s™! north.

Revision question 1.10

A battery operated toy car completes a single lap of a 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?

(b) What is the magnitude of the toy car’s instantaneous velocity halfway
through the lap?

(c) What is the average velocity of the toy car after half of the lap has been
completed?

(d) What is the average velocity of the toy car over the entire lap?

m See more
Uniform circular

motion

Changing velocities and accelerations

Any object moving in a circle has a continually changing velocity. Remember
that although the magnitude of the velocity is constant, the direction is
changing. As all objects with changing velocities are experiencing an accel-
eration, this means all objects that are moving 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, it moves off with the velocity it had at the instant of
release. The net force on the hammer is the gravitational force on it (neglecting
the small amount of air resistance), and the hammer will experience projectile
motion.
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The direction in which the
hammer moves if let go

The direction in which the
hammer moves while being
spun around

As long as the thrower keeps
turning, the hammer moves in
a circle. When the hammer is
released, it moves in a straight
line.

The hammer is always accelerating while it moves in a circle.

In which direction is the force?

The figure at left shows diagrammatically the head of the hammer moving in a
circle at two different times. It takes ¢ seconds to move from A to B. To deter-
mine the acceleration, the change in velocity between these two points must
be determined. Vector addition must be used to do this.

Av = U2 - Ul

Av=uv,+ (-v,).

Notice that when the Awv 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 the figure below.) (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.)

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

different magnitude and different units.

Velocity vectors for a hammer (@) (b)
moving in an anticlockwise
circle

Vs

(a) Vector addition (b) The change in velocity is towards the centre of the circle.

No matter which time interval is chosen, the acceleration vector always
points towards the centre of the circle. So, in order for an object to have
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Centripetal acceleration is the

centre-directed acceleration of an

object moving in a circle.

The triangles shown in parts (a)
and (b) are both isosceles
triangles.

(@) vt

B A

The two triangles are similar
triangles.

uniform circular motion, the acceleration of the object must be towards the
centre of the circle. Such an acceleration is called centripetal acceleration.
The word centripetal literally means ‘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.

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).

Calculating accelerations and forces
Using vector diagrams and the formulae a = av and F,.; = ma, it is possible

to calculate the accelerations and forces invoived in circular motion. How-
ever, doing calculations this way is tedious, and results can be inaccurate if the
vector diagrams are not drawn carefully. It is much simpler to have a formula
that will avoid these difficulties. The derivation of such a formula is a little
challenging, but it is worth the effort!

By re-examining the two previous figures (see p. 30), it is possible to see that
they both ‘contain’ isosceles triangles. These are shown at left.

Figure (a) is a diagram showing distances. It has the radius of the circle
marked in twice. These radii form two sides of an isosceles triangle. The third
side is formed by a 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 length of the chord
is virtually the same as the length of the arc which also joins these two points.
As this is a distance, its length can be calculated using s = vt.

Figure (b) is a diagram showing 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 parts of the figure at left are
derived from the bottom figure on page 30, 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 are similar triangles — they can be thought
of as the same triangle drawn on two different scales. The figure below left
shows these triangles redrawn to make this more obvious.

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

& _v

vt r

Multiplying both sides by v:

Av VP
t o
Asa=£:
t
l/2
>a=—

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.

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

Foet = ma = mv?,
r
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Sample problem 1.11

A car is driven around a roundabout at a constant speed of 20 km h™! (5.6 m s™1).
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 force on the car?

Solution: (a) v=5.6ms ', r=35m,a="?
v

a=—
,

_(5.6ms™)?
3.5m

=9.0ms™2

The car accelerates at 9.0 m s~2 towards the centre of the roundabout.
(b) There are two different formulae that can be used to calculate this answer.
(i) Use the answer to (a) and substitute into F,.; = ma.

a=9.0ms2 m=1200kg, Fp=?
Foet=ma
=1200 kg X 9.0 m s™2

=1.1x10*N

2
muv
(ii) Use the formula F, o = ——

v=>5.6ms™, r=3.5m, m=1200kg, Fo=?
Free=——

~ 1200kg (5.6 ms™')?
3.5m
=11x10*N

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

Sometimes it is not easy to measure the velocity of the object under-
going circular motion. However, this can be calculated from the radius of
the circle and the time taken to complete one circuit using the equation

2nr
v=_""
T
2
a=—
B
3l
r
_An’r
=
Substituting this into F, o = ma:
mA4n2r
Free= 2

UNIT 3



Revision question 1.11

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
in your answer.)

(c) Draw a labelled diagram showing all the forces acting on Kwong.

Examples of 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 common situations
involving forces producing centripetal acceleration follow.

Tension

In physics, tension is used to describe the force applied by an object that is
being pulled or stretched.

(b)

(@) Tension contributes to the net force in many amusement park rides. (b) The
net force acting on a compartment in the ride

Not to scale

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

weight (W)

normal
reaction (N)

CHAPTER 1 Forces in action 33



34

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

Leaning into a corner increases
the size of the net force,
allowing a higher speed while
cornering. The sideways
friction is greater, and the
reaction force of the ground
has a component towards the
centre of the circular motion.

UNIT 3

Friction

When a car rounds a corner, the sideways frictional forces contribute to the
net force. The forwards 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. In this situation, the net
force is less than the force required to keep the car moving in a circle at this

radius, and the car will not make it around the corner!
2

The formula F,, = shows that as the velocity increases, the force

needed to move in a circle greatly increases (F,¢  v?). This is why it is vital
that cars do not attempt to corner while travelling too fast.

normal
reaction (N)

-

-
Firiction [gees
e

H )
weight (W)

Track athletes, cyclists and motorcyclists also rely on sideways frictional
forces to enable them to move around corners. To increase the size of the side-
ways frictional force, which will therefore allow them to corner more quickly,
they often lean into the corner. The lean also means that they are pushing on
the surface at an angle, so the reaction force is no longer normal to the ground.
It has a component towards the centre of their circular motion.




In velodromes, the track is banked so that a component of the normal
reaction 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.

Going around the 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. In order for a car to travel around a corner safely, the net force acting
on it must be towards the centre of the circle.

Part (a) of the next figure 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 weight, W, friction and the normal reaction, N.

N N _Nsing
O
(@)

F net « SiC:CG.Wta.'ys <
riction
(Ffriction) [. .]

w

(@) 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
reaction to contribute to the centripetal force.

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,e; = sideways friction

muv?

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.

If the road is banked at an angle 0 towards the centre of the circle, a com-
ponent of the normal reaction N sin 6 can also contribute to the net force. This
is shown in diagram (b) above.

Fpet = Fiiction€0S € + N 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.
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UNIT 3

Solution:

Solution:

Sample problem 1.12

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.

The car will maintain the circular motion around the bend if:
2

muv
Frec=
where
v = maximum speed. 2

muv
If v were to exceed this speed, F,,; < ——, the circular motion could not be
r

maintained and the vehicle would skid.
F,e; = sideways friction = 16 400 N = 1280 kg x
12.0m
1280 kg

= 153.75 m? s2
1

2

12.0 m

= v?>= 16400 N x

v=124ms"-

The maximum constant speed at which the vehicle can be driven around the
bend is 12.4 m s7L.

Revision question 1.12

Calculate the maximum constant speed of the car in sample problem 1.12 (without
skidding off the road) if the road is banked at an angle of 10° to the horizontal.

Inside circular motion

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

Let’s think about 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 pas-
sengers are also to move in a circle (therefore keeping the same position in the
bus) they need, too, to 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 legs
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 of tension through their arms. Hopefully, the sum of the frictional force
of the seat on a passenger’s legs and the horizontal component of tensile force
through the passenger’s arms will provide a large enough centripetal force to
keep that person moving in the same circle as the bus!

Sample problem 1.13

When travelling around a roundabout, John notices that the fluffy dice sus-
pended 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?

When John enters the roundabout, the dice, 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 ver-
tical. 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.

v=8.0ms!, r=5.0m, m=0.100 kg
Consider the vertical components of the forces.
The acceleration has no vertical component.

=> mg=Tcos0

> T=—8 (1)

" cos O

Consider the horizontal components of the forces.
2
Foet = MV — Tsing
r
2

= Tsin 0 (2)

r

To solve the simultaneous equations, substitute for T (from equation (1)) into
equation (2).

mu?

= X sin 6
r cos 6

muv?
=, =mgtan 0

2
— =tand
rg

8.0 -1)2
(80ms™) =tan ¢

5.0 mx9.8 Nkg!

= 6§ =53°

Revision question 1.13

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 ms~.
(a) What angle does the rope make the vertical?

(b) What is the magnitude of the tension in the rope?

Performer’s
centre of mass

Circular path
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Non-uniform circular motion

So far, we have considered only what happens when the circular motion is
carried out at a constant speed. However, in many situations this is not the
case. 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.

When a skateboarder enters a half-pipe from the top, that person has a cer-
tain amount of potential energy, but a velocity close to zero. At the bottom of
the half-pipe, some 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 the speed at that point.

Sample problem 1.14

A skateboarder (mass 60kg) enters the half-pipe at point A, as shown in the
figure at left. (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 reaction force on the skateboarder at B?

Solution: (a) At point A the skateboarder has potential energy, but no kinetic energy. At
point B, all 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.

m=60kg, Ah=4.0m, g=9.8ms2
decrease of potential energy from A to B =increase of kinetic energy from Ato B
—(PEB - PEA) = I(EB - I(EA

1
—(mghg — mghy) = > mvg? — 0

1
study() —mg (hy — hy) = 5 mv?

Motion in a Cancelling m from both sides:
m» horizontal plane 1 )
Summary screen —g(hg — hy) = 5 v
questions L,

-98(0m—-4.0 =

| Concept2 (0m-40m)= v

v2=78.4m?s?

v =8.854ms”}, rounded to 8.9 ms™.

The skateboarder’s speed at B is 8.9 m s~
2
(b) The formula F,, = mv- can still be used for any point of the centripetal
r

motion. It must be remembered, however, that the force will be different at
each point as the velocity is constantly changing.

m=60kg r=4.0m,v=89ms!

muv?
Foee= —
_ 60kg x(8.854ms™")?
B 4.0m
= 1176 N, rounded to 1200 N

The net force acting on the skateboarder at point B is 1200 N upwards.
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normal reaction
force

acceleration

l

weight = mg

Forces acting on the
skateboarder

(c) Asthere is more than one force acting on the skateboarder, it helps to draw
a diagram. (See the figure at left.)

F,.. = N (normal reaction force)
+ W (weight) (when forces are written as vectors)

F,..= N — W(when direction is taken into account using sign)

N=F,,+mg
=1200N + 60kg X 9.8 ms~2
= 1788 N, rounded to 1800 N

The normal reaction force acting on the skateboarder at point B is 1800 N
upwards. This is larger than the normal reaction force if the skateboarder
were stationary. This causes the skateboarder to experience a sensation of
heaviness.

Revision question 1.14

A roller-coaster car travels through the bottom of a dip of radius 9.0 m at a speed
of 13ms™L

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

(b) What is the normal reaction force on the passenger by the seat?

(c) Compare the size of the reaction force to the weight force.

Amusement park physics

The experience of heaviness described in N
the previous section, when the reaction
force is greater than the weight force, Rk

occurs on a roller coaster when the roll-
er-coaster car travels through a dip at the
bottom of a vertical arc. When the car is mg
at the top of a vertical arc, the passengers la
experience a feeling of being lighter. How
can this be explained?
When the roller-coaster car is on the top of the track, the reaction force is
upwards, and the weight force and the net force are downwards. So,

F.ot = ma=mg— N.

For circular 2motion, the acceleration is centripetal and is given by the

. v
expression —:
r

Sample problem 1.15

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 reaction force on the passenger equal half their
weight force?

(b) What happens to the reaction force as the speed increases?

(c) What would the passenger experience?
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UNIT 3

Solution:

(a) Let N:%,r:&Om.

2

Using my =mg—-N,
r
mv? mg
= g——
r 2
v_8
ro 2
b [
2
_ [9.8%9.0
2
=6.6ms™!

2

. mw : >
(b) Rearranging —— = mg — N gives N = mg —
r

muv

The weight force, mg, is constant, so as the speed, v, increases, the reaction
force, N, gets smaller.

(c) The reaction force is less than the weight force, so the passenger will feel
lighter.

The reaction 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 downwards force. So as the speed increases, there is a
limit on how small the reaction force can be. That smallest value is zero.
What would the passenger feel? And what is happening to the roller-coaster
car?

When the reaction 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 back-
side. For the car, at this point it 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 reaction force. No reaction 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 reaction 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.

(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 reaction
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 reaction would have to have
decreased to zero.)



Chapter review

Summary

Motion can be described in terms of distance, dis-
placement, speed, velocity, acceleration and time.
Distance is a measure of the length of the path taken
when an object changes position.

Displacement is a measure of the change in position
of an object.

Speed is a measure of the rate at which an object
moves over a distance.

distance travelled

average speed = ——
time interval
Velocity is a measure of the rate of displacement, or
the rate of changing position.

AXx

V,, =
av At

Acceleration is the rate of change of velocity.
Av

Ay = At

Displacement, velocity and acceleration are vector
quantities.

Instantaneous speed is the speed at a particular
instant of time. Instantaneous velocity is the velocity
at a particular instant of time.

The velocity (or speed) of an object at an instant is
equal to the gradient of the graph of position versus
time (or distance versus time) for that instant.

The acceleration of an object at an instant is equal to
the gradient of the graph of velocity versus time for
that instant.

The displacement of an object during a time interval
is equal to the area under the velocity-time graph
representing the time interval.

The change in velocity of an object during a time
interval is equal to the area under the acceleration-
time graph representing the time interval.

The motion of an object moving in a straight line can
be described algebraically using several formulae
including:

v=u+at
1
s=5(u+v)t
s—ut+lat2
2
s=vt—lat2
2

¥ =u?+ 2as.

m Circular motion
Topics 1 & 4 ::I

Sit Topic test

Newton’s three laws of motion can be applied to
explain, predict or analyse situations in which one or
more forces act on an object or system of objects.

- Newton’s First Law of Motion states that every
object continues in its state of rest or uniform
motion unless made to change by a non-zero net
force.

- Newton’s second Law of Motion can be expressed
algebraically as
F, Fpu=

net = M@ O Fner = AL

- Newton’s Third Law of Motion states that when-
ever an object applies a force to a second object,
the second object applies an equal and opposite
force to the first object.

FonAbyB= —Fon by A*

The forces acting on a moving vehicle include weight,
normal reaction, driving force and resistive forces
including air resistance and road friction. The motion
of the car depends on the net force acting on the
vehicle.

For a vehicle on a slope, analysis of forces acting
on, and motion of, the vehicle can be undertaken
by resolving the forces into two components — one
parallel to the slope and one perpendicular to the
slope.

Momentum is the product of the mass of an object
and its velocity. Momentum is a vector quantity.
There are two forces acting on a projectile in flight:
gravity acting downwards and air resistance acting in
the opposite direction to that of the motion. In mod-
elling projectile motion, it is helpful to ignore the air
resistance.

To analyse the motion of a projectile, the equations
of motion with constant acceleration can be applied
to the horizontal and vertical components of the
motion separately.

An object projected horizontally near Earth’s sur-
face travels in a parabolic path if air resistance is
negligible.

The average speed and velocity of an object moving
in a circle is quite different from its instantaneous
speed and velocity. The speed v of an object moving
at constant speed in a circle of radius r is given by the
21r

equation v =
d T

motion.

The acceleration of an object in uniform circular
motion is always directed towards the centre of the
circle. It is called centripetal acceleration.

where T'is the period of the circular
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The magnitude of the acceleration a of an object in
uniform circular motion can be calculated using the

equations:
2 2
v 4
a=-— o a= %
r T

The net force on an object in uniform circular motion
is always towards the centre of the circle.

Questions

In answering the questions on the following pages,
assume, where relevant, that the magnitude of the
gravitational field at Earth’s surface is 9.8 N kg~!.

Describing and analysing motion

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. When a netball is thrown straight up on a still day,
what is its acceleration at the very top of its flight?

3. A car travelling north at a speed of 40 km h~! turns
right to head due 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™2.

Newton’s laws of motion

4. 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.

5. Itis often said that seatbelts prevent a passenger
from being thrown forward in a car collision. What
is wrong with such a statement?

6. Draw a sketch showing all of 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) onits upward path after bouncing on the
ground.
The length of the arrows representing the forces
should give a rough indication of relative size.

7. A coin is allowed to slide with a constant velocity
down an inclined plane as shown. Which of the
arrows A to G on the diagram represents the
direction of each of the following? If none of the
directions is correct, write X.

(a) The weight of the coin
(b) The normal reaction
(c) The net force

UNIT 3

8. Achild pulls a 4.0 kg toy cart along a horizontal path
with a rope so that the rope makes an angle of 30°
with the horizontal. The tension in the rope is 12 N.
(a) What is the weight of the toy cart?

(b) What is the component of tension in the
direction of motion?
(c) What is the magnitude of the normal reaction?

9. What is the matching ‘reaction’ to the gravitational
pull of Earth on you?

Applying Newton’s Second Law of Motion

10. A dodgem car of mass 200 kg 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.

The graph below describes the motion of a 40 t

(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 8000 N. The brakes are

not applied until the final 20 s of the journey.

11.

A

20 1

10 4

Speed (m s™)

0 20 40 60 80 100 120

Time (s)

(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?

12. 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 that 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
reaction force.

(c) What is the net force acting on the car?

(d) What is the magnitude of the frictional force
acting on the car?

13. 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™L.

(a) What is the direction of the net force acting on
the skier?

(b) What is the magnitude of the sum of the air
resistance and frictional forces opposing the
skier’s motion?

14. A waterskier of mass 70 kg is towed in a northerly
direction by a speedboat with a mass of 350 kg.
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~2 due north, what is the tension in the
rope towing the waterskier?

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

15. A 4.0 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?

16. 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 s=2?

Projectile motion

17. Aball 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 diagrams all
the forces acting on the ball at each time.

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

19. 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 the case.

20. In each of the cases shown below, calculate
the magnitude of the vertical and horizontal
components of the velocity.

(b)

v=11ms’

23°

© (d)

v=10kmh'
—_—

\@
v=33ms’

21. Explain why the horizontal component of velocity
remains the same when a projectile’s motion is
modelled.

22, 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 this is so.

23. A cube-shaped parcel of flour with a volume about
the size of a refrigerator is dropped from a height
of 500 m from a helicopter travelling horizontally
at a speed of 20 m s,

(a) Describe the effects of air resistance on:

(i) the horizontal component of the motion
of the parcel

(ii) the vertical component of motion of the
parcel.

(b) Which of the horizontal or vertical
components of the motion of the parcel is
likely to experience the greater air resistance
during:

(i) the first 2 s of its fall
(ii) the final 2 s of its fall?
Give reasons for each answer.

24. A ball falls from the roof-top tennis court of an
inner city building. This tennis court is 150 m
above the street below. (Assume the ball has no
initial velocity and ignore air resistance.)

(a) How long would the ball take to hit the street?

(b) What would the vertical velocity of the ball be
just prior to hitting the ground?

25. After taking a catch, Ricky Ponting throws the
cricket ball up into the air in jubilation.

@ : : :
h i How long will the ball take

andsis 18 m s~
to return to its original position?
(b) What was the ball’s maximum vertical
displacement?
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26.

27.

28.

(c) Draw vectors to indicate the net force on the
ball (ignoring air resistance)

(i) the instant it left Ponting’s hands
(ii) at the top of its flight

(iii) as it returns to its original position.

The metal shell of a wrecked car (mass 500 kg)

is dropped from a height of 10 m when the

electromagnet holding it is turned off.

(a) What was the vertical component of the
velocity of the car just before it hit the ground?

(b) How long did the car take to fall?

(c) If the electromagnet was moving horizontally
at a constant speed of 0.5 m s~! as it was
turned off, how far (horizontally) did the car
land from the point at which it was dropped?

(d) What was the velocity of the car just before
it hit the ground? Include a direction in your
answer.

(e) What was the magnitude and direction of the
net force acting on the car:

(i) while it was attached to the moving
electromagnet
(ii) while it was falling?

A car is travelling along the freeway at a speed of

100 km h~!. Seeing an accident ahead, the driver

slams on the brakes. A tissue box flies forward

from the back shelf.

(a) Explain, in terms of Newton’s laws, why the
tissue box continued to move when the car
stopped.

(b) What was the velocity of the tissue box as it
left the shelf?

(c) The tissue box flew through the interior of

the car and hit the windscreen, a horizontal

distance of 2.5 m from the back shelf. What
vertical distance had the tissue box fallen

in this time? State any assumptions that

you have made in modelling the motion of

the box.

(d) Why is it important to secure all items when
travelling in a car?

A friend wants to get into the Guinness Book of

Records by jumping over 11 people on his push

bike. He has set up two ramps as shown below,

and has allowed a space of 0.5 m for each person
to lay down in. In practice attempts, he has
averaged a speed of 7.0 m s~! at the end of the
ramp. Will you lay down as the eleventh person
between the ramps?

UNIT 3

29.

30.

31.

32.

You have entered the javelin event in your school

athletics competition. Not being a naturally

talented thrower, you decide to use your brain

to maximise your performance. Using your

understanding of the principles of projectile

motion, decide on the best angle to release your

javelin. Back up your answer with calculations.

A skateboarder jumps a horizontal distance of

2 m, taking off at a speed of 5 m s1. 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?

During practice, a young soccer player shoots for

goal. The short goalkeeper is able to stop the ball only

ifitis more than 30 cm beneath the cross-bar. The ball

iskicked at an angle of 45° and a speed of 9.8 ms~!.

The arrangement of the players is shown below.

$
> 0.30m
o y 20m

(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?

(¢) 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?

A motocross rider rides over the jump shown

below at a speed of 50 km h~1,

(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?
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33. A waterskier 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.)

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

35. A horse rider wants to jump a 3.0 m wide stream.
The horse can approach the stream with a speed
of 7m s~!. At what angle must the horse take off?

(Hint: You will need to use trigonometric identities

from mathematics, or model the situation using a
spreadsheet to solve this problem.)

Uniform circular motion

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

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

37. At the school fete, Lucy and Natasha have a ride
on the merry-go-round. The merry-go-round
completes one turn every 35 s. Natasha's horse
is 2.5 m from the centre of the ride, while Lucy’s
horse is a further 70 cm out. Which girl would
experience the greatest centripetal acceleration?
Support your answer with calculations.

38. 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.
39. The toy car in a slot car set runs on a circular track.

The track has a radius of 65 cm, and the 0.12 kg
car completes one circuit in 5.2 s.

(a) What is the centripetal acceleration of the car?

(b) What is the net force acting on the car?

(c) Draw a labelled diagram showing all the
forces acting on the car. Also include the
direction and magnitude of the net force on
your diagram.

40.

41.
42,

43.

44.

45.

46.

47.

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.

Explain why motorcyclists lean into bends.

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:

(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.

A ball is tied to the end of a string and whirled in a

horizontal circle of radius 2.0 m. The string makes

an angle of 10° with the horizontal. The tension in

the string is 12 N.

(a) Calculate the magnitude of the centripetal
force acting on the ball.

(b) If the mass of the ball is 200 g, what is its
speed?

(c) What is the period of revolution of the ball?

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) Whatis the net force acting on Carl and his bike?

(b) What is the sideways frictional force acting on
the tyres of the bike?

(c) Carlrides onto a patch of oil on the road;
the sideways frictional forces are now 90% of
their original size. If Carl maintains a constant
speed, what will happen to the radius of the
circular path he is taking?

A cyclist rounds a bend. The surface of the road is

horizontal. The cyclist is forced to lean at an angle

of 20° to the vertical to ‘only just’ take the bend

successfully. The total sideways frictional force on

the tyres is 360 N. The cycle has a mass of 20 kg.

What is the mass of the cyclist?

A road 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?

A car of mass 800 kg travels over the crest of a

hill that forms the arc of a circle, as shown in the

following figure.

(a) Draw a labelled diagram showing all the
forces acting on the car.

(b) The car travels just fast enough for the car to
leave the ground momentarily at the crest of
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the hill. This means the normal reaction 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?

"4
B

r=40m

48. A gymnast, of mass 65 kg, who is swinging on the
rings follows the path shown in the figure at right.
(a) What is the speed of the gymnast at point B, if
he is at rest at point A?

UNIT 3

(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.




CHAPTER

Collisions and other
Interactions

REMEMBER analyse collisions between objects moving along a
- . straight line in terms of impulse and momentum
Before beginning this chapter, you should be able to: trans%er P
use Newton’s three laws oflmotlon to explain movement apply the Law of Conservation of Momentum to straight
apply the energy conservation model to energy transfers line collisions

and transformations

model work as the product of force and distance travelled
in the direction of the force for a constant force

equate the work done on an object by a net force to the
object’s change in kinetic energy

use the area under a force—distance (or displacement)
graph to determine work done by a force with changing
magnitude

define kinetic energy and strain potential energy.

analyse collisions in terms of energy transfers and
transformations

analyse energy transfers and transformations in which
work is done by a force in one dimension

analyse energy transfers and transformations during
interactions between objects and springs that obey
Hooke’s Law

describe the Law of Conservation of Energy and apply it
to collisions between objects moving in a straight line

KEY IDEAS describe the energy lost from a system of objects during
a collision and explain the loss in terms of the Law of
After completing this chapter, you should be able to: Conservation of Energy
define impulse and momentum in an isolated system analyse elastic and inelastic collisions in terms of energy
relate impulse to a change in momentum transfer and conservation of kinetic energy.
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Impulse is the product of a force
and the time interval over which it
acts. Impulse is a vector quantity
with ST units of Ns.

Solution:

48 UNIT 3

Impulse and momentum in a collision

Newton’s second Law of Motion describes how the effect of a net force on an
object depends on its mass. In sample problem 1.4, it was useful to express
Newton’s second law in terms of acceleration. However, it is sometimes useful
to express it in terms of the change in momentum of an object. That is:

Ap

Frei = E

= F o At=Ap
= F o At = mAv. (provided the mass is constant)

The product F,.; At is called the impulse of the net force. Impulse is a
vector quantity which has SI units of Ns. Calculations can be carried out to
show that

INs=1kgms

Thus, the effect of a net force on the motion of an object can be summarised
by the statement:

impulse = change in momentum.

Sample problem 2.1

A 1200kg car collides with a concrete wall at a speed of 15ms™! and takes

0.06 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 magnitude of the force exerted by the wall on the car?

(d) What would be the 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 0.06 s?

(a) Assign the initial direction of the car as positive.
m=1200kg, u=15ms™, v=0ms™!, At=0.06s
Ap=mv-mu

=m (v-u)

=1200kg (0-15)ms™!
=1200 x -15 kgms!
=-1.8 x 10*kgms!

The change in momentum is 1.8 x 10*kgms™! in a direction opposite to
the original direction of the car.

(b) Impulse on the car = change in momentum of the car
=-1.8 x 10*kgms!

The impulse on the car is 1.8 X 10*N's in a direction opposite to the orig-
inal direction of the car.

(c) Magnitude of impulse = FAt¢
= 1.8 X 10*Ns=Fx0.06s
4

= 1.8 x10* N
0.06 s

=3.0x10°N



(d) In this case, v=-3.0ms..

Impulse = mAv
=1200 kg (-3 -15) ms™!
=1200 X -18kgm !
=-2.16x 10*Ns

= 2.16 X 10*N's = FAt

= 2.16 X 10*Ns=F x 0.06 s

2.16 x10* N
F=———
0.06 s

=3.6 x 10°N

Revision question 2.1

A dodgem car of mass 200 kg strikes a barrier head-on at a speed of 8.0 ms™' due

west and rebounds in the opposite direction with a speed of 2.0 ms™!.

(a) What is the impulse delivered to the dodgem car?

(b) If the dodgem car is in contact with the barrier for 0.8 s, what force does the
barrier apply to the car?

(c) What force does the car apply to the barrier?

Impulse from a graph

The force that was determined in sample problem 1.6 was actually the average
force on the car. In fact, the force acting on the car is not constant. The impulse
delivered by a changing force is given by:

impulse = F,,At.

If a graph of force versus time is plotted, the impulse can be determined
from the area under the graph.

Sample problem 2.2

The graph below describes the changing horizontal force on a 40kg
rollerskater as she begins to move from rest. Estimate her speed after
2.0 seconds.

400

300
3 , S N
8 200 /,’/ A 3 7777777777777777777777777 ;
o] e ] 1
L :

100 3 B

0l T T : T |
0.5 1.0 1.5 2.0
Time (s)
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Solution:

Cars are designed to crumple
in collisions. This increases
the time interval over which
the momentum changes. The
magnitude of the net force on
the car, and its subsequent
deceleration, is decreased,
making it safer for the
occupants.

Bicycle helmets: Newton’s
second law provides an
explanation for their life-saving
function.

UNIT 3

The magnitude of the impulse on the skater can be determined by calculating
the area under the graph. This can be determined by either counting squares
or by finding the shaded area.

Magnitude of impulse = area A + area B + area C

=(%X1.1X400+0.9X200+ % X 0.9 X200)N's

=(220 +180+90)N's
=490Ns

Magnitude of impulse = magnitude of change in momentum = mAv

= 490N s =40kg X Av

490 N's
> Av=
40 kg

=12ms™!

As her initial speed is zero (she started from rest), her speed after

2.0 seconds is 12ms~!.

Estimate the speed of the rollerskater in sample problem 2.2 after 1.0s.

Momentum and impulse

When two or more objects collide, the change in the motion of each object
can be described by Newton’s Second Law of Motion. By expressing Newton’s

Ap . . . .
—p, it is possible to examine the effect of col-

second law in the form F, . =
lisions on the human body.

When a car collides with an ‘immovable’ object like a large tree, its change
in momentum is fixed. It is determined by the mass of the car and its initial
velocity at the instant of impact. The final momentum is zero. Since the
impulse is equal to the change in momentum, the impulse F,.; At is also fixed.
By designing the car so that At is as large as possible, the magnitude of the net
force on the car (and hence its deceleration) can be reduced. The decrease in
the deceleration of the car makes it safer 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 during a collision.

The polystyrene liner of bicycle helmets is designed to crush during a col-
lision. This increases the time interval during which the skull accelerates (or
decelerates) during a collision, decreasing the average net force applied to the
skull.

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 object. By applying the formula F,., = % toa
t

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.



An isolated system is one on
which no external forces act. The

only forces acting on objects in the

system are those applied by other
objects in the system.
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This statement is an expression of the Law of Conservation of Momentum. It
is also expressed as: if there are no external forces acting on a system, the total
momentum of the system remains constant.

A system on which no external forces act is called an isolated system. In
practice, collisions at the surface of Earth do not take place within isolated
systems. For example, a system comprising two cars that collide is not isolated
because forces are applied to the cars by objects outside the system. Road fric-
tion and the gravitational pull of Earth are two examples of external forces on
this system.

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 reaction 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 to be 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.

Modelling a collision

Consider the system of the two blocks labelled A and B in the figure below.
The blocks are on a smooth horizontal surface. The system can be treated as
isolated because the gravitational force and normal reaction force on each
of the blocks have no effect on their horizontal motion. Because the sur-
face is described as smooth, the frictional force can be assumed to be neg-
ligible. The net force on the system is zero. Therefore, the total momentum
of the system remains constant. The momentum of the centre of mass of
the system also remains constant. However, the momentum of each of the
blocks changes during the collision because each block has a non-zero net
force acting on it.

Pa PB
S ~————
before the collision A
B
Pa+ P
B —
duri isi F, A
uring the collision A Fs
B
Pas
——
after the collision A
B

The net force on this system of two blocks is zero. Its total momentum therefore
remains constant.

The force exerted on block A by block B (F,, 5 1y g) during the collision is
equal in magnitude and opposite in direction to the force exerted on block B
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UNIT 3

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 =—TonBbyA
=>FonAbyBAtz_ oanyAAt

where
At = time duration of interaction

= Apy=-Aps
=> APA + APB =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.

o The total momentum of the system remains constant.

o The change in momentum of the system is zero.

o The momentum of the centre of mass of the system remains constant.

o The force that block A exerts on block B is equal and opposite to the force

that block B exerts on block A.

o The change in momentum of block A is equal and opposite to the change in

momentum of block B.

Sample problem 2.3

A 1500kg car travelling at 12ms™ on an icy road collides with a 1200kg car

travelling at the same speed, but in the opposite direction. The cars lock

together after impact.

(a) What is the momentum of each car before the collision?

(b) What is the total momentum before the collision?

(c) What is the total momentum after the collision?

(d) with what speed is the tangled wreck moving immediately after the
collision?

12 m s-1 12 m s-1

-
Yy

before collision

m = 1500 kg m = 1200 kg

after collision

m = 2700 kg

(e) What is the impulse on the 1200 kg car?
(f) What is the impulse on the 1500 kg car?



Solution: (a) Assign the direction in which the first car is moving as positive.
1500 kg car: m=1500kg, v=12ms™!
p=mv
=1500kg x 12ms™!
=18000kgms~!
1200 kg car: m=1200kg, v=-12ms~!
p=mv
=1200kg x -12ms™!
=-14400kgms~!

(b) Momentum: ,=18000kgms™!—-14400kgms!
P g g

=3600kgms!

(c) The description of the road suggests that friction is insignificant. It can be
assumed that there are no external forces acting on the system.

= Pr=pi
=3600kgms!
(d) The tangled wreck can be considered as a single mass of 2700 kg.
m = 2700kg, p;=3600kgms™!, v="2
pt=mv
= 2700kg v = 3600 kg ms~!

v=1.3 ms™ in the direction of the initial velocity of the
first car

(e) The impulse on the 1200 kg car is equal to its change in momentum.
Ap =pi—p;
=1200kg X 1.33ms™! - (-14400kgms™!)

=1600kgms~! + 14400 kg m s~ (p; expressed to 2 significant
figures)

=16 000 N s in the direction of motion of the tangled wreck.

(f) The impulse on the 1500kg 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.

Ap =pi—pi
=1500kg x 1.33ms™! — (18000 kgm s™1)

=2000kgms~! — 18000 kg ms~! (p; expressed to 2 significant
figures)

=-16000kgms™!

= 16000 Ns in the direction opposite that of the 1200 kg car.
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Revision question 2.

A 1000 kg car travelling north at 30 ms™! (108 km h™!) 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™!, what velocity would the car have?

AS A MATTER OF FACT

Can you feel the Earth move when you bounce a basketball on the court?
If the Earth and your basketball were an isolated system, the Earth would
move! Its change in speed can be calculated by applying the Law of Con-
servation of Momentum.

The mass of the Earth is 6.0 x 102 kg. If the mass of a basketball is 600 g
and it strikes the ground with a velocity of 12 ms™! downwards, estimate
the velocity of the Earth after impact.

Work in energy transfers and
transformations

Energy can be transferred from one object to another as a result of a tempera-
ture 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, as a dropped
tennis ball falls to the ground, gravitational potential energy is 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
tennis ball.

REMEMBER THIS

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:

Kinetic energy is the energy
associated with the movement of
an object. Like all forms of energy,

kinetic energy is a scalar quantity. 1 ’
Ek = —mv-.

Strain potential energy is the 2

energy stored in an object as a

Strain potential ener also known as elastic potential ener is
result of a reversible change in P 8y, P gy

energy that can be stored in an object by changing its shape. Com-

shape. pressing, stretching, bending or twisting objects can increase their strain
Gravitational potential energy potential energy. Strain potential energy can be transformed into other
is the energy stored in an object forms of energy by allowing the object to resume its natural shape.

as a result of its position relative Gravitational potential energy is the energy stored in an object as
to another object to which it is a result of its position relative to another object to which it is attracted

attracted by the force of gravity. by the force of gravity. The gravitational potential energy of an object

increases as it moves away from the object to which it is attracted and
decreases as it moves towards an object to which it is attracted.

54 UNIT 3



Work is the energy transferred
to or from another object by the
action of a force. Work is a scalar
quantity.
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Getting down to work

The amount of energy transferred to or from another object or transformed to
or from another form by the action of a force is called worlk.

The work W done when a force F causes a displacement s in the direction of
the force is defined as:

work = magnitude of the force
X displacement in 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 magnitude of 1 newton causes a displacement of 1 metre
in the same direction of the force.

The work done on an object of mass m by the net force acting on it is given by:

W= Fhee s

= mas
where
s = the magnitude of the object’s displacement.
(v?*-u?) s o
But s can be expressed as ———— because v° = u* + 2as,

2a
where

a = acceleration
v = final velocity
u = initial velocity.

ma (v?-u?)
2a

Thus W=

= AF,.

In other words, the work done on an object by the net force is equal to the
change in kinetic energy of the object.

If the initial kinetic energy of the object is zero, the work done by the net
force is equal to the final kinetic energy. If work is done to stop an object, the
work done is equal to the initial kinetic energy.

Sample problem 2.4

A car of mass 600kg travelling at 12m s~ collides with a concrete wall and
comes to a complete stop over a distance of 30 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?
(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

1
— mv?
2

1 600 kg X (12ms~1)?
2

=4.32x10%]
The work done by the wall was 4.3 x 10].
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(b) The magnitude is determined by:
W=F,s
432%x10*] =F,;x0.30m (F,, = F, in this case)
Foet=1.44x10°N

The magnitude of net force was 1.4 x 10°N.

Revision question 2.4

A car travelling at 15 m s~! brakes heavily before colliding with another vehicle.
The total mass of the car is 800kg. The car skids for a distance of 20 m before
making contact with the other vehicle at a speed of 5ms™!.

(a) How much work is done on the car by road friction during braking?

(b) Calculate the average road friction during braking.

The amount of work done by a changing force is given by:
W=F,;s

where
F,, = the average force.

It can be determined by calculating the area under a graph of force versus
displacement in the direction of the force.

Gravitational potential energy

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.)

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. In order to lift an object without changing its kinetic energy, a force
F equal to the weight of the object is needed. The work done is:

W=Fs
=mgAh
= AE, = mgAh

where
AE, = change in gravitational potential energy.

This formula provides a way of calculating changes in gravitational potential
energy. If the gravitational potential energy of an object is defined to be
a zero at a reference height, a formula for the quantity of gravitational
potential energy can be found for an object at height / above the reference
height.

AEg = mgAh
= Eg-0=mg(h-0)
= E, = mgh

Usually the reference height is ground or floor level. Sometimes it might be
more convenient to choose another reference height. However, it is the change
in gravitational potential energy that is most important in investigating energy
transformations.
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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 the next figure is
the same whether she falls from rest, jumps upwards first or completes a com-
plicated dive with twists and somersaults.

-

A

The change in gravitational potential energy of the diver is independent of the

path taken.

Because a change in gravitational potential energy is equal to the work done
on an object by, or against, the gravitational force, it can be found by calcu-
lating the area under a graph of force versus height.

REMEMBER THIS

The quantity g is known as the gravitational field strength (sometimes just

referred to as gravitational field).

The change in gravitational potential energy of an object can also be
determined by calculating the area under a graph of gravitational field
strength versus height (equal to gAh) and multiplied by its mass.

Gravitational field

strength, g

Ah

—

Area =g Ah

|
= change in 1
gravitational |
potential energy
=mass x area !

= mgh !

hy

Height, h L
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Solution:

A jack-in-the-box. When
the lid opens, the spring
does work on the ‘jack’,
transforming strain potential
energy into kinetic energy.

UNIT 3

Sample problem 2.5

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.

(a) AEg=mgAh
=35kgx 9.8ms?2x9.0m
=3100]

(b) %mvzz mgAh, s0 v*> =2gAh.

v=\/2><9.8ms‘2><9.0m

=13ms™!

Revision question 2.5

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 0.5ms™ at the top, what would be their
maximum speed at the lowest point?

Strain potential energy and springs

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. The work can also be determined
by calculating the area under a graph of force versus displacement. In the case
of a simple spring, rubber band or running shoe, the gain in strain potential
energy can be calculated by determining the area under a graph of force versus
extension or force versus compression.

When an object loses strain potential energy, it can do work on other
objects. The amount of work done by the object (and hence the change
in potential energy) is equal to the area under a graph of force versus
compression.

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. The spring does work on the ‘jack’ when the lid is opened, transforming
strain potential energy into kinetic energy.

Sample problem 2.6

The graph on page 59 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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Solution: The energy stored in the spring is equal to the amount of work done on it.
W = area under graph

= area A + area B + area C

(L x0.15mx 15N) + (0.10m x 15N) + (% X 0.10m X 5.0N)
2

=1.125J+1.5]+0.25]
=2.9]

Revision question 2.6

If the length of the spring represented by the graph above is 35 cm:

(a) how much strain potential energy is stored in it 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.)

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:

F=-kAx
where
F =restoring force

Ax = displacement of the end of the spring from its natural position
k = spring constant (also known as force constant).

The restoring force applied by
a spring is the force it applies to
resist compression or extension.

The negative sign is necessary because the restoring force is always in the

opposite direction to the displacement.
study (T} ~ It is usually more convenient to express Hooke’s Law in terms of magnitude
so that the negative sign is not necessary. That is:

Hooke’s Law

| roso Skl
and practice

where
Topic 2 questions

m F = magnitude of the restoring force

Ax = compression or extension of the spring
k = spring constant.
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Some important points to remember about Hooke’s Law are listed below.

« 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).

o The measure Ax is not the length of the spring. Rather, it is a measure of its
compression or extension — the change in length of the spring.

o The spring constant has SI units of Nm™.

o A graph of Fversus Ax produces a straight line with a gradient of k.

The strain potential energy of a spring that obeys Hooke’s Law can be
expressed as:

strain potential energy = é k(Ax)2.
This can be verified by calculating the work done in extending the spring

described in the figure at left. This is done by calculating the area under the
graph of force versus extension.

Strain potential energy = work done on spring

= area under graph

=% X Ax X kAx

1 k(Ax)?
2

Sample problem 2.7

The graph below left describes the behaviour of two springs that obey Hooke'’s
Law. Both springs are extended by 20 cm.

(a) What is the spring constant of spring A?

(b) Which spring has the greatest spring constant?

(c) What is the strain potential energy of spring B?

(a) The spring constant k is equal to the gradient of the graph.
40N

= 0.20m

=200Nm™!

>k

(b) The gradient of the graph for spring A is greater than that for spring B.
Therefore, spring A has a greater spring constant than spring B — in fact, it
is twice as great.

(c) Since the spring obeys Hooke’s Law, the strain potential energy of spring B
can be calculated using the formula:

strain potential energy = % k(Ax)?

k = gradient
20N
~020m

=100Nm™!

strain potential energy = 1 100Nm x (0.20m)?
2

=2.0]J.
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Revision question 2.7

(a) What is the spring constant of spring B, described in sample problem 2.4?
(b) How much strain potential energy is stored in spring A when it is extended
by 20 cm?

Sample problem 2.8

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 Nm.
When the toy car is released, what will its speed be at the instant that the spring
returns to its natural length? Assume that there is no friction within the spring
and no frictional force resisting the motion of the toy car.

1
The strain potential energy stored in the spring equals > k(Ax)2.

strain potential energy gained = % k(Ax)?

1
= x 50 Nm~! x (0.10m)?
=0.25]

= % mv2=0.25]

% x 0.50kg x v2=0.25]
0.25]

v?=

1
= x0.50k
5 g

v=1.0ms!

The speed of the toy car is 1.0ms™.

Revision question 2.8

A model car of mass 0.40 kg travels along a frictionless horizontal surface at a

speed of 0.80 ms™!. It collides with the free end of a spring that obeys Hooke’s

Law. The spring constant is 100 Nm!.

(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?

Elastic and inelastic collisions

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.

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.
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In an elastic collision the total
kinetic energy is conserved.
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A tale of two collisions

The Law of Conservation of Momentum states: 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.

—>

A 0

before

— I —
before @ﬁ@é ®-®

Two collisions — momentum is conserved in both of them.

Consider the differences between the two collisions shown in the diagram
above: 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 col-
lision. 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.

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 trans-
ferred to particles in the surrounding air (and within the balls themselves).



study () 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

Inelastic
collisions objects do not actually make contact with each other. A perfectly elastic
AOS3 ) . :
Summary screen interaction can take place when two electrons move towards each other in
Topic 3 and practice a vacuum.
m questions o The collision between the two cars is an inelastic collision. Even though

momentum is conserved, the total kinetic energy of the cars after the 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 bodies of both
study(]) cars, changing their shapes and heating them. Some of the initial kinetic
energy is also transformed to sound energy.

Elastic

BETERD o e | ENergy transformations in collisions

WL and practice Whether or not a collision is elastic depends on what happens to the colliding
questions objects during the collision. When two objects collide, each of the objects is

deformed. Each object applies a force on the other (in fact, 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
of 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 above, the work
done on each billiard ball as it returns to its original shape is almost as much as
the work done during deformation. Therefore, almost all of the strain potential
energy stored in each ball while they are in contact with each other is returned
as kinetic energy.

The graph (below left) shows that in an elastic collision the work done
on an object during deformation (the area under the force versus defor-
mation graph) is equal to the work the object does on the other object as it
returns to its original straight. The graph (below right) illustrates a collision
between an electron and second electron. The work done to slow down the
approaching electron is the same as the work done to increase its speed
during separation.
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A graph of force versus A graph of force versus
deformation for an object separation for an electron
involved in an elastic collision approaching another electron

The graph on page 64 illustrates 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 col-
lision the sum of the kinetic energy and strain potential energy decreases
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because energy is lost from the system of objects as heat, permanent deforma-
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Energy transformations during an elastic collision

PHYSICS IN FOCUS

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 the
crumple zones is the more rigid passenger ‘cell; designed to protect occu-
pants from the intrusion of the engine or other solid objects that would
injure or even kill them.

Crumple zones at the front and rear of cars absorb energy and reduce the
magnitude of acceleration during an accident.

In the previous section on momentum, an analysis using Newton'’s
Second Law of Motion reveals that the acceleration of the occupants
is decreased because the time during which the velocity changes is
increased if the car is designed to crumple.
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eBook
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Car safety systems

The reason that crumple zones work can be also understood by analysing
a collision in terms of energy transformations. When a car collides with a
rigid object, the object does work on the car, transforming its kinetic energy
into other forms of energy and transferring some of this energy to the sur-
roundings. A lot of the kinetic energy of the car is used to heat the body of
the car and the surrounding air. Without the crumple zone, the distance
over which the force acts would be less and the cars would be more inclined
to 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 can also be analysed
in terms of energy. Like the crumple zones of cars, they are designed to
ensure that collisions are inelastic.

Sample problem 2.9

A white car of mass 800 kg is driven along a slippery straight road with a speed
of 20ms™! (72kmh1). It collides with a stationary blue car of mass 700kg.
During the collision the blue car is pushed forwards with a speed of 12m s~
(a) What is the speed of the white car after the collision?

(b) Show that the collision is not elastic.

(a) Assign the direction in which the white car is moving as positive. Assume
that friction in this case is negligible. Therefore momentum is conserved.
The initial momentum of the system, p;, is given by:

Puwhite + Pblue = 800kg X 20m s~ + 0kgms™!

=16000kgms™!.

The final momentum of the system, py, is given by:
Puhite + Polue = 800 kg X Vypie + 700 kg X 12m s~

= 800 kg X Vypire + 8400 kgm s~}

where
Vynite = Velocity of the white car after the collision.

But since p; = py:
800 kg X Uypire + 8400 kgms~! = 16 000 kg m s~*
= 800 kg X Vypite = 7600 kgm s~?
1

= Uyhite = 9.5ms™

The speed of the white car after the collision is 9.5ms™1.

(b) If the collision is elastic, the total kinetic energy after the collision will be
the same as the total kinetic energy before the collision.

Total kinetic energy before the collision is given by:

1
5x%ng@MnyW+o=1mmmL
Total kinetic energy after the collision is given by:

1
% X 800kg X (9.5ms™1)? + 5 X 700kg x (12ms™1)? = 86500 ]J.

Kinetic energy is not conserved. The collision is not elastic.
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UNIT 3

Revision question 2.9

(a) A green dodgem car of mass 400kg has a head-on collision with a red

dodgem car of mass 300kg. Both dodgem cars were travelling at a speed
of 2.0ms™ before the collision. What is the rebound speed of the green

dodgem car if the red dodgem car rebounds at a speed of:
(i) 1.oms™
(i) 2.0 ms™1?

(b) Are either of the collisions in part (a) elastic? If so, which one?

AS A MATTER OF FACT

Most deaths and injuries in car crashes are caused by collisions between
occupants and the interior of the car. Driver airbags are designed to
reduce the injuries caused by impact with the steering wheel. They
should inflate only in head-on collisions.

Testing airbags

Airbags inflate when the crash sensors in the car detect a large decelera-
tion. When the sensors are activated, an electric current is used to ignite a
chemical called sodium azide (NaNj;). 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 as the kinetic energy of its molecules.




Chapter review

Summary

Impulse is the product of a force and the time interval
over which it acts. Impulse is a vector quantity with
SI units of N's.

The change in momentum of an object is equal to the
impulse of the net force acting on it.

The impulse delivered to an object by a force can
be determined from the area under the graph of the
force versus time.

If there are no external forces acting on a system, the
total momentum of the system remains constant.
This statement is an expression of the Law of Conser-
vation of Momentum.

The Law of Conservation of Momentum can be
applied to collisions between two objects moving
along a straight line, as long as external forces such
as friction are negligible.

When two objects collide, the impulse applied to the
first object by the second object is equal and oppo-
site in direction to the impulse applied to the second
object by the first object.

The amount of energy transferred to or from another
object, or transformed to or from another form, by
the action of a force is called work.

The work done on an object by the net force is equal
to the object’s change in kinetic energy.

A change in gravitational potential energy is equal to
the work done by or against a gravitational force and
is equal to mgAh. It can also be determined by calcu-
lating the area under a graph of force versus height.
The work done when a force causes a displacement
alongthelineofactionoftheforceisequaltotheproduct
of the magnitude of the force and the displacement.
Strain potential energy is the energy stored in an
object as a result of a reversible change in shape.
When an elastic spring is compressed or extended,
the spring applies a restoring force in a direction
that would restore the spring to its natural length.
The restoring force F is related to the displacement
of the spring from its natural length by the equation
F = —kAx, where kis the spring constant and Ax is the
displacement from the spring’s natural length. This
equation is an expression of Hooke’s Law. The strain
potential energy stored in a spring that obeys Hooke’s

Law is equal to 1 k(Ax)>2.

The Law of Conservation of Energy applies to col-
lisions as it applies to all interactions between objects.
However, the total energy of the objects that collide is
not conserved, because when the objects make contact
some of their energy is transferred to the surroundings.

Work and energy
Momentum and

m collisions
a[ <) Sit Topic test

Collisions in which the total kinetic energy of the objects
is conserved are called elastic collisions. In elastic colli-
sions, the work done on each object during deformation
is the same as the work done as each object resumes its
original shape. Collisions in which the total energy is
not conserved are called inelastic collisions.
Momentum is conserved in both elastic and inelastic
collisions as long as the external forces are negligible.
Many safety features of motor vehicles are designed
to reduce injuries by ensuring that collisions between
vehicles, or between vehicles and other objects, are
not elastic.

Questions

In answering the questions on the following pages,
assume, where relevant, that the magnitude of the
gravitational field at Earth’s surface is 10 N kg~

Momentum and impulse

1.

2.

3.

Describe the relationship between impulse and
momentum in eight words or fewer.

Regarding momentum, what is the fundamental
purpose of airbags, collapsible steering wheels and
padded dashboards in passenger vehicles?

Can an object have energy but no momentum?
Explain. Can an object have momentum, but no
energy?

Conservation of momentum

4.

5.

In a real 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.

An empty railway cart of mass 500 kg is moving along

ahorizontal low-friction track at a velocity of 3.0 m s~!

due south when a 250 kgload 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) Ifthefullyloaded railway cart s travelling along
the track at the velocity calculated in (a) and the
entire load of coal falls out through a large hole
inits floor, what is the final velocity of the cart?

Two iceskaters, Melita and Dean, are performing

an ice dancing routine in which Dean (with a mass

of 70 kg) glides smoothly at a velocity of 2.0 m s~!
due east towards a stationary Melita (with a mass of
50kg), holds her around the waist and they both
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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
comprising 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?

A car of mass 1500 kg travelling due west at a speed of

20ms~!on anicyroad collides with a truck of mass

2000 kg travelling at the same speed in the opposite

direction. The vehicles lock together after impact.

(a) What is the velocity of the tangled wreck
immediately after the collision?

(b) Use your answer to part (a) to determine what
impulse is applied to the truck during the
collision.

(c) Which vehicle experiences the greatest (in
magnitude) change in velocity?

(d) Which vehicle experiences the greatest change
in momentum?

(e) Which vehicle experiences the greatest force?

Areyou generally safer in a big car or a small carin

the event of an accident? If so, what is the reason? By

considering the questions below you might be able to
work it out by making some estimates and applying

Newton'’s laws to each car. You might also have to

make some assumptions in predicting the outcomes

of such a collision. Consider the following questions.
How do the forces on each car compare?
How do the masses of the cars compare with
each other?
What is the subsequent change in velocity of
each car as a result of the collision?
How does your body move during a collision
and what does it collide with?

Work in energy transfers and transformations

9.

10.

11.

A 900 kg car travelling at 20m 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?

A rock is dropped from a height into mud and

penetrates. If it was dropped from twice the

height, what would be the depth of penetration

compared to the depth from the first drop?

A car travelling at 60 km h™! collides with a large

tree. The front crumple zone folds, allowing the

UNIT 3

car to come to a complete stop over a distance

of 70 cm. The driver, of mass 70 kg, is wearing a

properly fitted seatbelt. As a result, the driver’s

body comes to rest over the same distance as the

whole car.

(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.

Gravitational potential energy
12. Calculate the gravitational potential energy of the

13.

following objects.

(a) A 70kg pole vaulter 6.0 metres above the
ground

(b) A pile driver of mass 80 kg raised 7.0 m above
the pile

(c) A 400kg lift at the bottom of an 80 m mine
shaft relative to the ground

Estimate the gravitational potential energy of the

following objects.

(a) The roller coaster in the opening image of
chapter 1 when it is at the top of the loop, with
reference to the bottom of the loop

(b) The high jumper in the section on projectile
motion in chapter 1 with reference to the ground

(c) This textbook with reference to the floor

(d) A tennis ball about to be hit during a serve
with reference to the ground

(e) A20-storeybuilding with reference to the ground

Strain potential energy and springs
14. The graph below describes the behaviour of three

springs as known weights are suspended from
one end.
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(a) What is the force applied by spring A to a 19. The graph in figure (a) below shows how the

1.0 kg mass suspended from one end? restoring force of a spring changes as it is
(b) What is the spring constant of spring B? compressed. A 2.5 kg mass is pushed against
(c) Which spring has the greatest stiffness? the spring so that its length is 5.0 cm and
(d) How much work is done by a 500 g mass on then released. Friction can be assumed to be
spring C to extend it fully? negligible.
(e) Which spring has the greatest strain energy at (a) How much energy is stored in the spring?
maximum extension? (b) What will be the speed of the mass when
15. The ancient Egyptians relied on knowledge of the the spring returns to its original length of
physics of energy transformations to build the 20 cm?
Great Pyramids at Giza. They used ramps to push (c) What is the spring constant of the spring?
limestone blocks with an average mass of 2300 kg
to heights of almost 150 m. The ramps were @) 40 -
sloped at about 10° to the horizontal. Friction was
reduced by pumping water onto the ramps. =
(a) How much work would have to be done to lift o 30
an average limestone block vertically through s
a height of 150 m? > 20 -
(b) How much work would have been done to -%
push an average limestone block to the same 2 40
height along a ramp inclined at 10° to the o
horizontal? Unfortunately, you will have to
assume that friction is negligible. 0 I I I '
16. A weightlifter raises a barbell of mass 150 kg 5 10 15 20
vertically through a height of 1.2 m. Length of spring (cm)
(a) Sketch a graph of gravitational field strength fully
versus height of the barb.ell. ' () I W — compressed
(b) Use the graph to determine the change in
gravitational potential energy of the barbell. 5.0 om

—>v="7

barbell? KEBEEB8 586088685 yuuumum

(¢) How much work did the weightlifter do on the

17. A crane drops a 1600 kg car from a height of 8.0 m
onto the ground. At the same time, a cricket ball of
mass 160 g is dropped from the same height. What
is the value of the ratio:

(@) initial gravitational potential energy of car

20 cm

20. The following graph shows how the force applied
by the rubber bumper at the front of a 450 kg
dodgem car changes as it is compressed during
factory testing.

initial gravitational potential energy of cricket ball

landing kinetic energy of car

(b)

landing kinetic energy of cricket ball 300 4

landing speed of car

(c)

18. 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 100 -
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 0 —
ride is measured to be 7.2 ms™!. What is the 0.2 04 06 08 1.0
magnitude of the frictional force? Compression (cm)

landing speed of cricket ball 250

>
200 =3
23
0
&Q
150 S

Force (kN)

50
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(a) If the dodgem car collides head on with a
solid wall at a speed of 2.0 m s~!, what will be
the maximum compression of the front rubber
bumper?

(b) How much work is done on the dodgem car
by the rubber bumper as it is compressed?

(c) If the rubber bumper obeys Hooke’s Law, with
what speed will the dodgem car rebound from
the wall?

Elastic and inelastic collisions

21.

22,

23.

24,

Three springs, each obeying Hooke’s Law, are
hidden in a container without a lid. Weights are
added to the arrangement of springs and a graph
of applied weight versus compression is drawn.
The resulting graph is shown below.

50
40
30

20+

Applied weight (N)

10+

>

T T T T T
10 20 30 40 50

Compression (cm)

(a) Describe how the three springs are arranged.

(b) Determine the spring constant of the longest
spring.

(c) What is the spring constant of the shortest
spring?

Consider a tennis ball that has been dropped

vertically onto a hard surface.

(a) Is the collision of the falling tennis ball with
the ground elastic?

(b) How do you know?

(c) Is momentum conserved during this collision?

Consider a collision between two cars on an icy

intersection where road friction is insignificant.

Assume that the cars bounce off each other.

(a) How do you know without performing any
calculations that the collision is not elastic?

(b) Is momentum conserved in such a collision?

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

UNIT 3

25.

26.

27.

28.

after the collision. If one car was travelling due

west at 20 m s~! immediately before the collision:

(a) what was the velocity of the other car?

(b) what fraction of the initial kinetic energy was
‘conserved’ during the collision?

Two cars of equal mass and travelling in opposite

directions with equal speeds on a wet and slippery

road collide head on.

(a) If the vehicles lock together on impact, what
is the speed of the tangled wreck after the
collision?

(b) If both vehicles were fitted with rubber
bumpers so that the collision was perfectly
elastic, what would be the final speed of each
vehicle if their initial speed was 60 km h~!?

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:

(a) the kinetic energy of the bungee-jumper at the
instant that the cord begins to stretch beyond
its natural length

(b) the 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
upward by the cord.) The height of the
bungee-jumper is 170 cm.

A white billiard ball of mass 200 g moving with a

velocity of 2.0 m s™! due north strikes a stationary

red billiard ball of the same mass. The red billiard
ball moves off with a velocity of 1.7 ms™! due
north.

(a) What is the final velocity of the white billiard
ball?

(b) What percentage of the initial kinetic energy is

returned to the system of the two billiard balls

after the collision?

A billiard player claims that he can make the

same stationary red ball move off with a speed

of 2.5 m s~! when the same white ball strikes

it with a speed of 2.0 m s™!. When challenged,

he responded that according to the Law of

Conservation of Momentum, the white ball

would rebound with a speed of 0.5ms™.

(i) Show that the player’s claim is consistent
with the Law of Conservation of
Momentum.

(ii) Explain, using calculations, why the
player’s claim is not correct — even
though it is consistent with the Law of
Conservation of Momentum.

In an elastic collision between two objects of

mass m, and m,, show that the speed of approach

(uy, — uy) is equal to the speed of separation

(v, + vy). The symbols u,, u,, v, and v, each

represent speeds, not velocities.

(c)
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Impulse and momentum

29. A 200 g billiard ball strikes the side of the table at
right angles to its edge at a speed of 1.5m s™! and
rebounds in the opposite direction with a speed
of 1.2m s™!. The billiard ball is in contact with the
table for 0.10 s. Assume that the frictional force on
the ball is negligible.

(a) Whatis the net force applied to the billiard ball?

(b) What is the impulse on the billiard ball?

(¢) Accordingto Newton'’s Third Law of Motion,
the billiard ball applies a force on the edge of
the table equal and opposite to the force that
the edge of the table applies to the billiard ball.
Does the table move? Explain your answer.

30. When abulletis fired from a rigidly held rifle, the
force exerted by the rifle on the bullet is equal and

opposite to the force exerted by the bullet on the rifle.

(a) Explain why the bullet accelerates while the
rigidly held rifle does not.

(b) In most cases when a rifle is fired, the
shooter’s shoulder moves back as the rifle
recoils. If a 4.0 kg rifle fires a 20 g bullet with
an initial speed of 300 m s~!, what is the initial
recoil speed of the rifle?

31. The graph below shows how the net force on an
object of mass 2.5 kg changes with time.

104
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32.

33.

(a) Calculate the change in momentum of the
object during the first 6.0 s.
(b) If the object was initially at rest, what is its
momentum after 12 s?
(c) Draw a graph of velocity versus time for the
object, assuming that it was initially at rest.
Use the ideas presented in this chapter to explain
why:
(a) the dashboards of cars are padded
(b) cars are deliberately designed to crumple at
the front and rear
(c) the compulsory wearing of bicycle helmets
has dramatically reduced the number of
serious head injuries in bicycle accidents.
A single answer (rather than three separate
answers) is acceptable.
A car travelling at 50 km h=! (14 m s™!) collides
with a concrete wall. The front crumple zone
of the car folds, allowing the car to come to a
complete halt over a distance of 50 cm. The driver
is wearing a properly fitted seatbelt, but the front
seat passenger is unrestrained. The head of the
front seat passenger strikes the dashboard and
stops over a distance of 2.5 cm. The restrained
driver comes to rest over the same time and
distance as the whole car. The driver and front seat
passenger each have a mass of 70 kg.
(a) Calculate:
(i) the impulse on the driver
(ii) the impulse on the front seat passenger
(iii) the average acceleration of the driver
during the car’s impact with the concrete
wall
(iv) the average acceleration of the passenger’s
head during its impact with the
dashboard.
(b) Express your answers to (iii) and (iv) in
the number of gs to which each person is
subjected. The number of gs is the multiple of
the magnitude of acceleration due to gravity to
which an object is exposed.
(c) Write a paragraph explaining how seatbelts
reduce the likelihood of death or serious
injury in the event of a front-end collision.
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CHAPTER

Special relativity

The velocity of a yacht can be measured relative to wind, land, water
or other yachts, and all of these measurements can be different.

Before beginning this chapter, you should
be able to: d
m calculate average speed using v = 7

= convert between different units of speed
and velocity

= use Newton’s laws of motion to analyse
movement

= use the concept of half-life to describe
decay rates of particles

= understand that fusion of hydrogen is the
source of the Sun’s energy

m calculate kinetic energy using E = Emvz.

KEY IDEAS

After completing this chapter, you should

be able to:

m recognise that velocity, time, distance,
mass and energy are relative and depend
on the reference frame of the observer

= understand what is meant by frame of
reference and inertial frame of reference

n define the principle of relativity as the
condition that the laws of physics are the
same in all inertial reference frames

m understand that special relativity
established the speed of light as an
invariant quantity

m describe Maxwell’s observation that
the speed of electromagnetic waves
depends only on the electrical and
magnetic properties of the medium they
pass through

m describe Einstein’s two postulates for the
Special Theory of Relativity

= recognise and describe proper time and
proper length

m calculate time dilation and length
contraction for moving reference frames

m explain how muons can reach the surface
of the Earth despite their short half-lives

m discuss the equivalence of mass and
energy through the equation E = mc?

m calculate relativistic kinetic energies

m explain the relationship between the
Sun’s energy output and its mass loss.




_ [study@m) . What is relativity?

The speed of an object depends on the relative motion of the observer. So

Relativity . X N X X
Concept summary do the object’s time, kinetic energy, length and mass; that is, these properties
and practice are relative rather than fixed. Albert Einstein discovered that some of the
Topic 5 questions physical properties that people assumed to be fixed for all observers actually
m depend on the observers’ motions. But not everything is relative. The laws of

physics and the speed of light are the same for all observers. Major develop-
ments in physics have come about at times when physicists such as Galileo

A quantity is relative when it and Einstein developed a clearer understanding of what is relative and what
has different values for different is not.
observers. Albert Einstein (1879-1955) is one of the most famous figures in his-

tory, largely due to his work on relativity. Einstein did not invent the idea of
relativity — it dates back to Galileo — but he brought it into line with nine-
teenth-century developments in the understanding of light and electricity,
leading to some striking changes in how physicists viewed the world. In this
chapter, we look at the first revolution in relativity, then explore some of the
ideas of Einstein’s Special Theory of Relativity.

There is no rest

Let’s start with a down-to-earth scenario. Consider a police officer pointing
her radar gun at an approaching sports car from her car parked on the road-
side. She measures the sports car’s speed to be 90 km h~!. This agrees with the
speed measured by the driver of the sports car on his car’s speedometer. How-
ever, another police car drives towards the sports car in the opposite direction
at 60kmh~!. A speed radar is also operating in this car, and it measures the
speed of the sports car to be 150 km h~'. So each police officer has a different
Albert Einstein (1879-1955) measurement for the speed of the sports car. Which measurement is cor-
rect? The answer is that they are both correct — the speed measured for the
car is relative to the velocity
of the observer — but
only the speed measured
by the officer at rest on the
roadside is relevant when
receiving a speeding ticket.
The sports car is approa-
ching the oncoming police
car at the same rate as if the
police car was parked and
the sports car had a reading
of 150 kmh~! on its speed-
ometer. We say that the
speed of the car is relative
to the observer rather than
being an absolute quantity,
agreed on by all observers.
The significance of relative
speed becomes all too
clear in head-on collisions.
For example, you might be
driving at only 60kmh™!,
but if you collide head-on
with someone doing the
same speed in the opposite
direction, the impact occurs
for both cars at 120 km h=!

A speed limit is the maximum
allowed speed relative to the
road.

The radar gun would measure a different
speed if it was in a moving vehicle.
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Galileo Galilei (1564-1642),
from a nineteenth-century
engraving

Aristotle had the
Earth at rest.
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Galileo had the

150 km h-" 20 km h™

Two different measurements of the speed of a car

Relativity is about the laws of physics being meaningful for all observers.
Newton'’s First Law of Motion states that an object will continue at constant
velocity unless acted on by an unbalanced net force. The speed itself does not
matter. In the example above, this law works for both of the police officers, as
do the other laws of motion.

The Italian scientist Galileo Galilei (1564-1642) did not know about police
cars and speed limits. His examples featured sailing ships and cannon balls,
but the physics ideas were the same. In Galileo’s time, much of physics was
still based on ancient ideas recorded by the Greek philosopher Aristotle
(384-322BC). Aristotle taught that the Earth was stationary in the centre of
the universe. Motion relative to the centre of Earth was a basis for Aristotelian
physics, so a form of relativity was key to physics even before Galileo. But Gal-
ileo had to establish a new understanding of relativity before it became widely
accepted that the Earth moved around the Sun.

Galileo’s insight helped provide the platform for physics as we know it today,
but the idea of a fixed frame of reference persisted. Following on from Galileo,
Isaac Newton considered the centre of mass of the solar system to be at abso-
lute rest. James Clerk Maxwell (1831-1879), who put forward the theory of
electromagnetism, regarded the medium for electromagnetic waves (light) to
be at rest. It was Einstein who let go of the concept of absolute rest, declaring
that it was impossible to detect a place at absolute rest and therefore the idea
had no consequence. Once again, relativity was updated to take into account
the latest discoveries and enable physics to make enormous leaps of progress.

The speed (velocity) of bodies in motion is truly relative to whoever is meas-
uring it. We will return to Einstein’s advances shortly, but let’s look at some
more examples from Galilean relativity.

T x

SN

Einstein said it was

impossible to tell if

something was truly
at rest.

Maxwell had the aether

Sun at rest. at rest.

What should we measure speed relative to?

The principle of relativity

Consider the driver of the sports car discussed earlier. His position relative
to features of the landscape he drives through is continuously changing, but



inside the car life goes on as normal. He has the same position, weight, mass
and height; everything inside the car behaves just as he remembers it from
when the car was parked. On a smooth road at constant speed, his passenger
could pour a drink without difficulty. The effect of the bumps in the road
would be indistinguishable from a situation in which the car was stationary
and someone outside was rocking it.

Nothing inside a vehicle moving with constant velocity can be affected by
the magnitude of the velocity. If it was, we would need to ask: which velocity?
If a velocity of 90 km h™! caused a passenger to have a mass of 50 kg, but a velo-
city of 150 km h™! caused the passenger to have a mass of 60 kg, we would have
a problem. The driver cannot simultaneously observe his passenger to have
two different masses.

The principle of relativity is the name that physicists give to this realisa-
tion. This states that the laws of physics do not depend on the velocity of the
observer. Galileo played a major role in the development of the principle of
relativity, and Newton'’s laws of motion are fully consistent with it. Another way
of describing the principle of relativity is that there is no way that anyone in the
car can measure its velocity without making reference to something external to
the car. The sports car driver can measure his speed relative to the two police
officers mentioned above. He would measure that he is moving relative to each
of them at different speeds, but he would not feel any difference. As long as the
road is straight and smooth and the car is travelling at a constant speed, there is
no way to detect that the car is moving at all! He could be stationary while one
police car is approaching him at 90 km h~! and the other at 150 km h~!.

No,
you are!

You are
speeding!

0 km h~T 120 km h~!

How can we tell who is actually speeding?

Even on an aeroplane travelling smoothly at 700 km h~!, we feel essentially
the same as we do at rest. The only giveaway is the turbulence the aircraft
experiences and the change in air pressure in our ears. Neither of these effects
is dependent on the forward velocity of the plane. The laws of physics are the
same: you can pour your can of drink safely, walk down the aisle, and drop a
pencil and notice it fall vertically to the floor just as it would if you were on the
ground.

By introducing the principle of relativity, Galileo provided the necessary
framework for important developments in physics. Physics builds on the
premise that the universe follows some order that can be expressed as a set
of physical laws. The Aristotelian ideas that were held at the time of Galileo
suggested that a force is necessary to keep objects moving. This led to one of
the major arguments against Earth’s motion: everyone would be hurled off the
Earth'’s surface as it hurtled through space, and the Moon would be left behind
rather than remaining in orbit around Earth. Galileo’s physics, including the
principle of relativity, helped to explain why this argument was wrong. Forces
are not required to keep objects moving, only to change their motion.
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The science of Galileo and Newton was spectacularly successful: it explained

the motion of everything from cannon balls to planets. Later, however, as new
theories of physics developed in the nineteenth century, physicists faced the
challenge of how to make everything fit together. It was not until the early
twentieth century that Einstein found a way to make sense of it all.

Examples of Galilean relativity

Here are some examples that support the Galilean principle of relativity.
1. If you are in a car stopped at the lights and another car next to yours slowly

rolls past, it is difficult to tell whether you or the other car is moving if
nothing but the other car is in view.

. In IMAX and similar films, viewers can feel as though they are going on

a thrilling ride, even though they are actually sitting on a fixed seat in a
cinema. Theme parks enhance this effect in virtual reality rides by jolting
the chairs in a way that mimics movements you would feel on a real ride.
Virtual reality rides are very convincing because what you see and feel
corresponds with an expected movement, and your senses do not tell you
otherwise. As long as the jolts correspond with the visual effects, there is
no way of telling the difference. The motion or lack of motion of the seat is
irrelevant.

A virtual reality ride

3. Acceleration does not depend on the velocity of the observer. An astronaut

in a spacecraft travelling through deep space with constant velocity feels
weightless, regardless of the magnitude of the velocity. She moves along
with the same velocity as the spacecraft, as Newton’s first law would sug-
gest. When the spacecraft accelerates due to the force of its rocket engines,
the astronaut feels pushed against the back wall of the spacecraft by a force
that depends on the magnitude of the acceleration. The effect of the accel-
eration on the astronaut is noticeable, and may even cause the astronaut to
lose consciousness if it is too great.

. When you are riding in a car with the window down, most of the wind you

feel on your face is due to the motion of the car through the air. It is present



even on a still day. Only very severe winds exceed 60 km h~!; whenever you
drive at greater than 60 kmh~!, your windscreen is saving you from gale-
force winds! Similarly, it is always windy on moving boats. This is because
on deck you are not as well protected from the apparent wind as you are
in a car.

5. Apparent wind becomes especially significant when sailing. As the boat
increases its speed, the sailor notices that he is heading more into the wind,
even though neither he nor the wind has changed direction relative to the
shore. This leads the sailor to change the sail setting to suit the new wind

direction.

@) (b) T v
apparent
wind wind \\
Boat at rest Boat moving forward
(c) wind
) negative of Apparent wind velocity is the difference
apparent boat velocity between the wind velocity and the velocity
wind of the boat.

The faster the boat moves, the more the wind appears to blow from in front.

Sample problem 3.1

Compare the following two scenarios in terms of velocity.
1. A car travelling down the highway at 80 kmh™! collides with a stationary
car.
2. A car travelling down the highway at 100 km h~! collides with a car travel-
ling at 20 km h~! in the same direction.

Solution: In the first scenario, the first car is travelling at 80 kmh™! relative to the
second car.

In the second scenario, the first car is travelling at 100 — 20 = 80 km h~! relative
to the second car. Although the speeds relative to the road in each case are dif-
ferent, the relative speeds of the cars are the same and will cause similar effects
on collision.

Revision question 3.1

The key to Galilean relativity is that:
A. acceleration

B. velocity

C. time

D. mass

is relative.
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Frames of reference

To help make sense of all of the possible velocities, physicists consider frames of
reference. A frame of reference involves a system of coordinates. For example,
where you are sitting reading this book, you view the world through your frame
of reference. You can map the position of things around you by choosing an
origin (probably the point where you are), then noting where everything else
is in reference to that: the window is one metre in front of you, the door is
two metres behind you, and so on. Your reference frame also includes time, so
you can see that the position of the window in front of you is not changing and
you can therefore say its velocity is zero.

A reference frame is a set of space and time coordinates that are stationary
relative to an observer.

When we say something is ‘at rest, we mean it is at rest in the reference
frame in which we view the world. In everyday life we have a tendency to take
a somewhat Aristotelian point of view and regard everything from the perspec-
tive that the Earth is at rest. For example, another student walking behind you
has her own reference frame. As she walks, your position in her frame of refer-
ence is moving. However, she would probably say that she is moving past you
while you are stationary, rather than saying that she is stationary while you and
the rest of the room are on the move!

In many situations, considering the Earth to be at rest is a convenient
assumption. In more complex examples of motion, such as sports events, car
accidents involving two moving vehicles, or the motions of the Solar System, it
can be useful to choose alternative frames of reference.

In classical physics, the differences between frames of reference are their
motion and position. (‘Classical physics, simply put, is the physics that pre-
dated Einstein’s discoveries leading to the laws of relativity and quantum mech-
anics.) In other words, position and speed are relative in classical physics. For
example, I might record an object to have a different position than you would
(it might be 3 metres in front of me but 4 metres behind you), and I might also
record it as having a different speed (maybe it is stationary in my frame of ref-
erence but approaching you at 2m s~!). The position and speed are dependent
on the observer. However, in classical physics all observers can agree on what
3 metres and 2 m s~! are. The rulers in my frame of reference are the same as
the ones I see in yours, and the clocks in my frame of reference tick at the same
rate as I measure those ticking in yours. Time and space are seen as absolute
in the classical physics established by Galileo, Newton and the other early
physicists.



Frames of reference that are not accelerating are called inertial reference
frames. An inertial reference frame moves in a straight line at a constant speed
relative to other inertial reference frames.

Sample problem 3.2

Consider the reference frame in which a spacecraft is initially at rest (reference
frame A). Astronaut Axel is in the spacecraft and he fires its rockets for 10s,
achieving a final velocity of 100 m s~!. Show that the acceleration of the rocket
does not depend on the reference frame.

Reference frames that are not
accelerating are called inertial
reference frames.

Solution: We will show this by determining what the acceleration of the spacecraft is in
reference frame A and randomly choosing another inertial reference frame, B,
to see if the acceleration is the same.

According to the measurements made in A, the rocket accelerated for 10 s at:

Av
a=—
t
~100ms'-0ms™!
10s

=10ms~2.

Axel would feel a force towards the rear of the spacecraft similar in magni-
tude to his weight on Earth.

a=10ms=2

Axel’s spacecraft
viewed from
reference frame A

Axel’s spacecraft
viewed from
reference frame B

Now we choose a different reference frame. Effie is in reference frame B in
another spacecraft, moving at 50 m s~! relative to A. She also measures the accel-
eration of Axel’s spacecraft from her reference frame. Effie measures the velocity
of Axel’s spacecraft to change from 50 m s~ to (50 + 100) m s~} in 10 s. From B:

Av
a=—
t
~150ms ' -50ms™!
10s
=10ms2.

The acceleration is the same whether it is measured from frame A or frame B.
We observe that it will still be 10 m s=2 regardless of the speed of the reference
frame.
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An invariant quantity is a quantity
that has the same value in all
reference frames.

UNIT 3

An invariant quantity is a quantity that has the same value in all reference
frames. In classical physics, mass is the same in all reference frames, so all
observers will observe that Newton'’s second law holds. In sample problem 3.2,
all observers would agree on the forces acting on the astronauts. Unlike velo-
city, acceleration in Galilean relativity does not depend on the motion of the
frame of reference; it is also invariant.

It is interesting to consider the motion of Axel’s spacecraft as viewed by Effie
in reference frame B. Reference frame B is in an inertial reference frame as it is
not accelerating. Axel, however, looks back at Effie and sees her falling behind
at an increasing rate. Is it Axel or Effie that is accelerating? The answer is clear
to them: the force experienced by Axel is not felt by Effie. The acceleration
can be measured by this force without any reference to the relative motions of
other objects; an object’s velocity cannot.

(a) Explain what is meant by the statement ‘speed is relative to the frame of
reference!

(b) By referring to Newton’s laws of motion, explain why it is important for
acceleration to be invariant, but velocity can be relative.

(c) Explain why the principle of relativity is so important to physics.

Electromagnetism brings new
challenges

Galilean relativity seemed to work well for the motion of massive bodies, but
by the nineteenth century physicists were learning much more about other
physical phenomena.

James Clerk Maxwell’s theory of electromagnetism drew together the key
findings of electricity and magnetism to completely describe the behaviour of
electric and magnetic fields in a set of four equations. One of the outcomes of
this was an understanding of electromagnetic waves. The equations dictated
the speed of these waves, and Maxwell noticed that the speed was the same
as what had been measured for light. He suggested that light was an electro-
magnetic wave and predicted the existence of waves with other wavelengths
that were soon discovered, such as radio waves. A medium for these fields and
waves was proposed, called the luminiferous aether. The speed of light, c, was
the speed of light relative to this aether.

Understanding electromagnetic phenomena was the foundation for Einstein’s
special relativity. In particular, the physicists of the nineteenth century, such as
Michael Faraday, knew that they could induce a current in a wire by moving
a magnet near the wire. They also knew that if they moved a wire through a
magnetic field, a current would be induced in the wire. They saw these as two
separate phenomena.

Imagine this: two students are in different Physics classes. Annabel has
learned in her class that electrons moving in a magnetic field experience
a force perpendicular to their direction of motion and in proportion to the
speed. Her friend Nicky has learned in her class that a current is induced in a
loop of wire when the magnetic flux through the wire changes. Are these two
different phenomena? Because they have also learned about the principle of
relativity, Annabel and Nicky have doubts. They get together after class to per-
form experiments. The force depends on the speed. Annabel holds a stationary
loop of conducting wire. Nicky moves the north pole of a magnet towards the
loop, and they notice that a current is present in the wire as she does this.



Annabel is stationary Nicky moves Nicky says that this is consistent with what she has learned.

-~ The conclusion is that a current is induced by a changing
magnetic field. Then Nicky holds the magnet still so that the
magnetic field is not changing. Annabel moves her loop of
wire towards Nicky’s magnet. Annabel states that the result
agrees with what she learned in class — that electrons and
other charged particles experience a force when moving in
a magnetic field.

Einstein realised that there was only one phenomenon at
work here. Both experiments are doing exactly the same
thing, and it is only the relative speeds of the coil and the
magnet that are important. This may seem obvious, but to
make this jump it was necessary to discard the idea that the
electric and magnetic fields depended on the luminiferous
aether. It was the relative motion that was important, not
whether the magnet or charge was moving through the
aether.

Before Einstein’s realisation, the understanding was that
if light moves through the aether, then the Earth must also
Annabel moves Nicky is stationary ~be moving through the aether. Changes in the speed of light

— as the Earth orbits the Sun should be detectable. Maxwell
predicted that electromagnetic waves would behave like
sound and water waves, in that the speed of electromag-
netic waves in the medium would not depend on the
motion of the source or the detector through the medium.

To understand the significance of this aether, consider the
sound produced by a jet plane. When the plane is stationary
on the runway preparing for takeoff, the sound travels away
from the plane at the speed of sound in air, about 340 ms~!.
When the plane is flying at a constant speed, say 200 m s},
the speed of sound is still 340 ms~! in the air. However, to
find the speed relative to the reference frame of the plane,
we must subtract the speed of the plane relative to the air.
From this we find that the sound is travelling at:

340 — 200 = 140 m s~! in the forward direction relative to

the plane
340 — —200 = 540 m s~! in the backward direction relative
to the plane.
An experiment in electromagnetism
(@) Velocity of sound relative to plane v=200ms™'
v=540ms! v=140ms™!
(b) Velocity of sound relative to air v=0ms"' 3
Sound moving away from a V=340 m s V=340 m s

plane
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In this example we could measure the speed of the plane through the air by
knowing the speed of sound in air (340 ms™!) and measuring the speed of a
sound sent from the back of the plane to the front (140 ms™!) in the reference
frame of the plane. As long as the plane is flying straight, we could infer the
speed of the plane relative to the air by setting the forward direction as positive
and subtracting the velocities:

340 — 140 =200ms™L.

The speed of the plane has been measured relative to an external reference
frame, that of the air, and therefore this example has not violated Galilean rela-
tivity. As light had been shown to travel in waves, scientists felt they should be
able to measure Earth’s speed through the aether in the same way.

Sample problem 3.3

Explain how Maxwell’s concept of electromagnetic waves such as light chal-
lenged the Galilean principle of relativity.

The principle of relativity states that the laws of physics hold true in all inertial
reference frames. Maxwell predicted that the speed of light was constant relative
to the aether. Different explanations were required for electromagnetic phen-
omena depending on the speed of magnets and charges through the aether.

Revision question 3.3

Assuming that electromagnetic waves travel at c relative to the aether, determine
the speed of light shining from the rear of a spacecraft moving at half the speed of
lightrelative to the aether according to Kirsten, who is on board the spacecraft.

The Michelson—-Morley experiment

In 1887, Albert Michelson and Edward Morley devised a method of using inter-
ference effects to detect slight changes in time taken for light to travel through
different paths in their apparatus. As with sound travelling from the front and
rear of a plane through the air, the light was expected to take different amounts
of time to travel in different directions through the luminiferous aether as the
Earth moved through it. Much to their astonishment, the predicted change in
the interference pattern was not observed. It was as though the speed of light
was unaffected by the motion of the reference frame of its observer or its source!

E c relative to
’ the aether

light moving away from Ilght moving away from
Earth faster than ¢ (c + v) Earth slower than c (c — V)

The idea behind the Michelson—-Morley experiment

Einstein’s two postulates of special relativity

Physicists tried all sorts of experiments to detect the motion of Earth through
the luminiferous aether, and they attempted to interpret the data in ways that
would match the behaviour of light with what they expected would happen.
Their attempts were unsuccessful.



Einstein managed to restore order to our understanding of the universe. While
others suspected the new theory of electromagnetism to be wrong, Einstein took
apart the established theory of Newtonian mechanics, even though its success
had given physicists reason to believe in relativity in the first place. Einstein dared
to see what would happen if he embraced the results of the Maxwell equations
and the experiments with light, and accepted that the speed of light was invariant.
The results were surprising and shocking, but this bold insight helped usher in the
modern understanding of physics.

Einstein agreed with Galileo that the laws of physics must be the same for
all observers, but he added a second requirement: that the speed of light in a
vacuum is the same for all observers. The speed of light is not relative, as had
been expected by those who went before him, but invariant. He set these two
principles down as requirements for development of theoretical physics. They
are known as Einstein’s two postulates of special relativity:

1. The laws of physics are the same in all inertial (non-accelerated) frames of
reference.

2. The speed of light has a constant value for all observers regardless of their
motion or the motion of the source.

The physics based on these postulates has become known as special relativity.

It is ‘special’ because it deals with the special case where there is no gravity. To

deal with gravity, Einstein went on to formulate his theory of general relativity,

but that is beyond the scope of this course.

Einstein’s postulates were radical. The consequence of his insistence that
physics be based on these two postulates was that ideas that had been taken for
granted for centuries were thrown out. As well as the removal of the luminiferous
aether, the intuitive notions that time passed at the same rate for everyone, that
two simultaneous events would be simultaneous for all observers, and that dis-
tance and mass are the same for all observers had to be discarded.

Einstein’s work explained why the velocity of Earth could not be detected.
His first postulate implied that there is no experiment that can be done on
Earth to measure the speed of Earth. We must take an external reference
point and measure the speed of Earth relative to that point in order for the speed
of Earth to have any meaning. With his second postulate, Einstein also declared
that it does not matter which direction the Michelson-Morley apparatus was
pointing in; the light would still travel at the same speed. No change in the inter-
ference pattern should be detected when the apparatus was rotated.

Sample problem 3.4

How do Einstein’s postulates differ from the physics that preceded him?

Solution: Firstly, the principle of relativity is applied to all laws of physics, not just the
mechanics of Galileo and Newton.
Secondly, the speed of light is constant for all observers. Before Einstein, the
speed oflight was assumed to be relative to its medium, the luminiferous aether.

Einstein realised that something that had been regarded as relative was actually
invariant. As a result of this, quantities that had been regarded as invariant now
had to be regarded as relative. What did he find to be invariant and what relative?

Broadening our horizons

Why did scientists before Einstein (and most of us after Einstein) not notice
the effects of light speed being invariant? Newton’s laws provided a very good
approximation for the world experienced by people before the twentieth century.
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at a significant fraction of the
speed of light, it is easier to

use the speed of light as the
unit. For example, instead of
1.5 x 108 m s7!, a physicist can
simply write 0.5c.

Solution:

84 UNIT 3

By the beginning of the twentieth century, however, physicists were able to take
measurements with amazing accuracy. They were also discovering new par-
ticles, such as electrons, that could travel at incredible speeds. Indeed, these
speeds were completely outside the realm of human experience. Light travels at
¢ =3x108ms™! or 300 000 km per second. (To be precise, ¢ =299792458 ms™1.)
Atthis speed, light covers the distance to the Moon in roughly 1.3 seconds!

Sample problem 3.5

To get a sense of how fast light travels, Andrei considers how long it would
take to accelerate from rest to a tenth of this great speed at the familiar rate of
9.8 m s~2 — the acceleration of an object in free fall near the surface of Earth.
u=0ms L v=01c=3x10"ms,a=98ms> t="?
v=u+at

3107
9.8
=3.06 x 10° seconds
=35.4 days
It would take more than 35 days to achieve a speed of 0.1c! (This is the

fastest speed for which use of Newtonian kinematics still gives a reasonable
approximation.)

0.018
0.016 /]

0.014 /
0.012 /

0.01 /
0.008 =
0.006 /

0.004
/

0.002 /

Speed (c)

0 1 2 3 4 5 6 7
Time (days)

This graph shows how speed as a fraction of ¢ increases over time
at an acceleration of 9.8 ms2.

Revision question 3.5

With an acceleration of 9.8 m s~2, occupants of a spacecraft in deep space would
reassuringly feel the same weight they feel on Earth. What would happen to the
astronauts if the acceleration of the spacecraft was much greater to enable faster
space travel?




Light speed really is beyond our normal experience! Maybe Einstein’s pre-
dictions would not be so surprising if we had more direct experience of objects
travelling at great speeds, but as it is they seem very strange.

AS A MATTER OF FACT

The distance light travels in a year is known as a light-year. Even on Earth,
we now measure distance in terms of the speed of light. One metre is

1 1
defined as the distance light travels in exactly —=—————— of a second.
c 299792458

The speed of light is constant

This simple statement of Einstein’s second postulate may not seem remark-
able. To highlight what it means, we will again compare light with sound. In
the nineteenth century, sound and light were thought to have a lot in common,
because they both exhibited similar wavelike behaviours, such as diffraction
and interference. However, sound is a disturbance of a medium, whereas light
does not require any medium at all. Sound has a speed that is relative to its
medium. If the source of the sound is moving through the medium, then the
speed of the sound relative to the source is different to the speed of sound rel-
ative to the medium. Its speed can be different again from the reference frame
of the observer.

Einstein was saying there is no medium for light, so the concept of the
speed of light relative to its medium is not meaningful. Light always moves
away from its source at 299792458 ms~! and always meets its observer at
299792 458 m s~!, no matter what the relative speeds of the observer and the
source. Even if the Earth were hurtling along its orbit at 0.9¢, the result of the
Michelson-Morley experiment would have been the same.

As an example, consider a spacecraft in the distant future hurtling towards
Earth at 0.5c. The astronaut sends out a radio message to alert Earth of his
impending visit. (Radio waves, as part of the electromagnetic spectrum,
have the same speed as visible light.) He notices that, in agreement with the
Michelson-Morley measurements of centuries before, the radio waves move
away from the spacecraft at c. With what speed do they hit the Earth? Relative
velocity, as treated by Galileo, insists that as the spacecraft already has a speed
of 0.5c relative to the Earth, then the radio waves must strike the Earth at 1.5c.
However, this does not happen. The radio waves travel at c regardless of the
motion of the source and the receiver.

radio
signal

A spacecraft approaching Earth at 0.5c. The radio signal is travelling at c relative
to both Earth and the spacecraft!

This concept was very difficult for physicists to deal with, and many resisted
Einstein’s ideas. But the evidence is irrefutable. Newtonian physics works as
a very good approximation only for velocities much less than c. The faster
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Solution:

something moves, the more obvious it is that the Newtonian world view does
not match reality. It was not until the twentieth century that scientists dealt
with objects (such as cosmic rays) moving at great speeds. Satellites in orbit
need to be programmed to follow Einstein, rather than Newton, if they are to
provide accurate data.

Space-time diagrams

In 1908, Hermann Minkowski invented a useful method of depicting situ-
ations similar to the spacecraft scenario described above. His diagrams are like
distance-time graphs with the axes switched around. However, they differ from
time-distance graphs in an important way. When reading these diagrams, the
markings on the scales for time and position are only correct for the reference
frame in which the axes are stationary.

Sample problem 3.6

Light reflecting off planet A radiates in all directions at c so that after one year,
the light that left the planet forms a circle one light-year in radius. Another
planet, B, passes planet A at great speed, just missing it. Light from B’s surface
also leaves at c, according to the second postulate, forming a circle around it.
How can both planets be at the centre of their light circles as the postulates
demand?

Draw Minkowski diagrams for each planet. Diagram (a) shows the situation for
planets A and B from the reference frame of the planet, with the planet at the
centre — the labels refer to planet A, but the diagram is the same for both planets.
The light radiates in all directions at the same rate, and the diagram shows where
the light in one direction and the opposite direction would be after one year.

Diagram (b) shows what is happening on B according to observers on A. The
light moving out behind the moving planet reaches the one-light-year distance
sooner than the light moving out from the front! But we know that planet B is
at the centre of this light circle. The way to achieve this is to move away from
absolute space and time and understand that these are relative to the observer.
When we do this, we see that it is possible for planet B to be at the centre
of the light circle. However, this requires that A and B disagree about when
two events occur. According to planet A, the different sides of the light circle
reach the light-year radius at different times, but from planet B this must occur
simultaneously.

(@ t b T

light beams

RN SN

1 light-year planet A 1 light-year 1 light-year planet B 1 light-year
behind A ahead of A behind B from A ahead of B

Events that are simultaneous in one reference frame are not simultaneous in another.
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Thought experiments (also known
as gedanken experiments) are
imaginary scenarios designed to
explore what the laws of physics
predict would happen.

Revision question 3.6

State whether the simultaneity of events is invariant or relative in:
(a) classical physics
(b) special relativity.

Time dilation

The passing of time can be measured in many ways, including using the pos-
ition of the Sun in the sky, the position of hands on a watch, the changing of
the seasons, and the signs of a person ageing. Galileo is known to have made
use of the beat of his pulse, the swinging of a pendulum and the dripping of
water. As already stated, Newtonian physics assumed that each of these clocks
ticked at the same rate regardless of who was observing them. However, the
theory of relativity shows that this assumption that time is absolute is actually
wrong. This error becomes apparent when the motion of the clock relative to
the observer approaches the speed of light.

Consider a simple clock consisting of two mirrors, A and B, with light
reflecting back and forth between them. This is an unusual clock, but it is very
useful for illustrating how time is affected by relativity. Experiments that involve
pursuing an idea on paper without actually performing the experiment are
common in explanations of relativity. They are known as thought experiments.

Let the separation of the mirrors be L. The time for the pulse of light to pass
from mirror A to mirror B and back is calculated in the conventional way:

2L

C=—-
)

2L

t0:—
C

where £, is the time for light to travel from A to B and back, as measured in the
frame of reference in which the clock is at rest. We will define this time, £, to be
one tick of the clock. In this case, the position of the clock does not change in
the frame of reference. The passing of time can be indicated by two events sep-
arated by time but not by space — the event of the photon of light first being at
A and the event of the photon being back at A.

B’ B’ O B’ I
I
|
|
[ L
|
|
|
Al —————— Al Vo
| Vs |

A light clock (a) at rest relative to the observer, and (b) in motion relative to the
observer

Imagine an identical clock, with mirrors A’ and B’, moving past this light
clock at speed v. At what rate does time pass on this moving clock according to
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Time dilation describes the
slowing of time by clocks moving
relative to the observer.

UNIT 3

the observer? Label the time interval measured by this clock ¢ to distinguish it
from t,. The light leaves A’ and moves towards B’ at speed c. The speed is still
c even though the clock is moving, as stated by Einstein’s second postulate.
In the time the light makes this journey, the clock moves a distance d = vt,p,
where t,5 is the time the light takes to travel from A’ to B’. Diagram (b) depicts
this situation and shows that the light in the moving frame of reference has
further to travel than the light in the rest frame. Using Pythagoras’s theorem,
the light has travelled a distance of 2/I? +(vt,z)? from A’ to B’ and back to A’.
This is a greater distance than 2L, given v # 0 and c is constant. Therefore, the
time the light takes to complete the tick must be greater than for the rest clock.
The speed of the light relative to the observer is:

c=—
t

2\}L2 +(UtAB )2
C=———-—"7"

ZtAB

Transpose the equation to make a formula for #:

2CtAB 22\}L2 +v2(tAB)2

c(tap)? = I* +v2(t5p)?

t
Butt,g=—.
AB=5
ﬁ_vztzzﬁ
4 4
tz(cz—vz)—4L2
2L
=
c2 — 12
2L

{ 2
v
Cyl——
c2

We have already determined that 7, = 2L , SO
/1
t= 702.
-2
c

The expression appears frequently in special relativity. So that

v
s

we do not have to write it all the time, it is simply called gamma, y. It is also

known as the Lorentz factor.

We can now write the equation as ¢ =Y.

The equation t =,y is the known as the time dilation formula. This formula
enables us to determine the time interval between two events in a reference
frame moving relative to an observer.

Note that gamma is always greater than 1. As a result, ¢ will always be greater
than £, hence the term ‘time dilation’ In a reference frame moving relative to
the observer like this, the two events that we are using to mark the time interval,
the time between the light being at A, occur at different points in space. The
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The proper time between two
events is the time measured in

a frame of reference where the
events occur at the same point in
space. The proper time of a clock is
the time the clock measures in its
own reference frame.

Solution:

Solution:

time #, is the time measured in a frame of reference where the events occur at

the same points in space. It is known as the proper time. This is not proper in

the sense of correct, but in the sense of property. It is the time in the clock’s
own reference frame, whatever that clock might be.
Examples:

1. A mechanical clock’s large hand moves from the 12 to the 3, showing that
15 minutes have passed. Fifteen minutes is the proper time between the
two events of the clock showing the hour and the clock showing quarter
past the hour. However, if that clock was moving relative to us at great
speed, we would notice that the time between these two events was longer
than 15 minutes. The time is dilated.

2. Acandle burns 2 centimetres in 1 hour. One hour is the proper time between
the events of the candle being at a particular length and the candle being
2 centimetres shorter. If the candle was moving relative to the observer, she
would notice that it took longer than 1 hour for the candle to burn down
2 centimetres.

. A man dies at 89 years of age. His life of 89 years is the time between the
events of his birth and his death in his reference frame. To an observer
moving past at great speed, the man appears to live longer than 89 years.
He does not fit any more into his life; everything he does appears to the
observer as if it was slowed down.

Sample problem 3.7

James observes a clock held by his friend Mabry moving past at 0.5c. He
notices the hands change from 12 pm to 12.05 pm, indicating that 5 minutes
have passed for the clock. How much time has passed for James?

w

The proper time £, is the time interval between the two events of the clock
showing 12 pm and the clock showing 12.05 pm, which is 5 minutes.

1
Y=—=—==1.155when v = 0.5c.

U2
1=
C

So t=tyy =5 %X 1.155 = 5.775 minutes.

James notices that the moving clock takes 5.775 minutes (or 5 minutes
46.5 seconds) for its hands to move from 12 pm to 12.05 pm.

Revision question 3.7

In another measurement, James looks at his own clock and waits the 5 minutes
it takes for the clock to change from 1 pm to 1.05 pm. He then looks at Mabry’s
clock as she moves past at 0.5c. How much time has passed on her clock?

Unlike in Newtonian physics, time intervals in special relativity are not
invariant. Rather, they are relative to the observer.

Sample problem 3.8

Mabry is travelling past James at 0.5c. She looks at James and sees his clock
ticking. How long does she observe it to take for his clock to indicate the
passing of 5 minutes?

In this case it is James’s clock that is showing the proper time. Mabry notices
that 5.775 minutes pass when James’s clock shows 5 minutes passing. These
situations are symmetrical. Mabry sees James as moving at 0.5c, and James
sees Mabry moving at 0.5c, so her measurement of time passing is the same
as his.
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With a GPS device you can
know your position to within a
few metres.

UNIT 3

Revision question 3.8

Aixi listens to a 3-minute song on her phone. As soon as she starts the song she
sees her friend Xiaobo start wrestling with his brother on a spaceship moving by
at 0.8c. When the song finishes, she sees Xiaobo stop wrestling. How long were
the two boys wrestling for?

Sample problem 3.9

A car passes Eleanor at 20 m s~!. She compares the rate that a clock in the car
ticks with the rate the clock in her hand ticks.

1

> =1.000 0000000000022 when v =20ms™".
i

C

’}/:

The difference between the rates of time in the two perspectives is so small that
it is difficult to calculate, much less to notice it.

Revision question 3.9

Jonathan observes a clock on a passing spaceship to be ticking at half the rate
of his identical clock. What is the relative speed of Jonathan and the passing
spaceship?

Newton’s assumption that all clocks tick at the same rate, regardless of their
inertial reference frame, was very reasonable. Learning the very good approxi-
mation of Newton’s laws is well justified. They are simpler than Einstein’s laws,
and they work for all but the highest speeds. A good theory in science has to
fit the facts, and Newton’s physics fit the data very successfully for 200 years. It
was a great theory, but Einstein’s is even better.

If Newton knew then what we know now, he would realise that his theories
were in trouble. At speeds humans normally experience, time dilation is negli-
gible, but the dilation increases dramatically as objects approach the speed of
light. If you passed a planet at 2.9 x 108 ms™!, you would measure the aliens’
usual school lessons of 50 minutes as taking 195 minutes. An increase in speed
t0 2.99 x 108 m s~! would dilate the period to 613 minutes. If you could achieve
the speed of light, the period would last forever — time would stop.

Photons do not age, as they do not experience time passing!

Time dilation and modern technology

Time dilation has great practical significance. A global positioning system (GPS)
is able to tell you where you are, anywhere on Earth, in terms of longitude, lati-
tude and altitude, to within a few metres. To achieve this precision, the system
has to compensate for relativistic effects, including time dilation, because it
depends on satellites moving in orbit. Einstein’s general relativity also shows that
the difference in gravity acting on a satellite in orbit affects the time significantly.
Nanosecond accuracy is required for a GPS, but if Newtonian physics was used
the timing would be out by more than 30 microseconds. GPSs are widely used in
satellite navigation, and ships, planes, car drivers and bushwalkers can find their
bearings far more accurately than they ever could using a compass.

Length contraction

Once we accept that simultaneity of events and the rate that time passes are
relative, we have to accept that length must be relative as well. The length of
an object is simply the distance between the two ends of the object. To find



that distance, the position of both ends must be noted at the same time. If they
were measured at different times, a moving object would have changed pos-
ition, so the distance between the end that was measured second and the end
that was measured first would have changed. The fact that any two inertial ref-
erence frames do not agree on which events are simultaneous is going to cause
the measurement of length to be different in different reference frames. The
speed of light is invariant and time is relative, so we have even more reason to
doubt that lengths will be the same for all observers.

A clever thought experiment of Einstein’s enables us to determine the effect
the speed of an observer has on a length to be measured. It is essentially the
same as the thought experiment used to derive the time dilation equation, but
with the light clock tipped on its side so that its length is aligned with the direc-
tion of its motion.

@) A B
L,
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Light journeys in (a) a clock at rest and (b) a clock moving to the right at speed v

. 2L
From the reference frame of the clock, again ¢, =—. What about the reference
c

frame of an observer with a speed of v relative to the clock? We can measure
the distance between the ends of the clock using the time for light to travel
from one end to the other and back.

From A to B:

L+ UtAB = CtAB

where

L = the length of the clock as observed by the moving observer

vt = the distance the clock has moved in the time the light passes from A
to B

ctyg = the distance the light has travelled passing from A to B.

Transposing the equation to make #,5 the subject:

L

C—v

tAB=
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The proper length of an object is
the length measured in the rest

frame of the object.

UNIT 3

From B to A:
L— UtBA = CtBA
where

viga = the distance the clock has moved in the time the light passes from B

back to A
ctga = the distance the light has travelled passing from B back to A.

Transposing the equation to make %, the subject:

L
Iap=—"-
c+v

As A moves to meet the light, the time #3, is less than #,. The total time is:

tztAB +tBA
L L

= 4

c—v c+v
_ 2Lc

22
2L

:—Uz .
cll——

According to the time dilation formula:

Ly

UZ
-5
C

=

Substituting this for our time in the moving clock gives:

tp 2L
v? 2
Jl‘cz G
2L
fo =

N 2Ly .
Substituting t, = =2 gives:
c

2Ly 2L

¢ c,fl—Z—z
= Ly= L orLzﬁ.
l—c—2 r

Ve, .
The formula L= Ly,/1-—- is known as the Lorentz contraction formula after
c

one of the early pioneers of relativity theory, Hendrik Antoon Lorentz (1853-
1928). The Lorentz contraction is the shortening of an object in its direction of
motion when measured from a reference frame in motion relative to the object.

The proper length of an object, L, is the length measured in the rest frame
of the object. L is the length as measured from an inertial reference frame



at rest

000 ——> v =0.86¢c

A spaceship travelling at

high speed has its length
contracted. The contraction is
only in the direction of motion
of the spaceship.
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Solution:

travelling at a velocity v relative to the object. This change in length applies
only to the length along the direction of motion. The other dimensions are not
affected by this contraction.

AS A MATTER OF FACT

George Fitzgerald and Hendrik Lorentz independently proposed an
explanation for the result of the Michelson-Morley experiment (in 1889
and 1892 respectively). If the length of the apparatus contracted in the
direction of Earth’s movement, then the light would take the same time
to travel the two paths. This explanation assumed that the aether existed
and that light would travel at constant speed through it; therefore, light
would travel at different speeds relative to Earth as Earth moved through
the aether. This explanation was not completely satisfying as there was no
known force that would cause the contraction, and the aether had never
been directly detected. The contraction would be measured by those in
the reference frame at rest with respect to the aether.

In special relativity, any observer in motion relative to an object
measures a contraction. As the contraction is simply a feature of observ-
ation from different reference frames, no force is required to cause the
contraction. Nothing actually happens to the object in its reference frame.

The Lorentz contraction is negligible at velocities we commonly experience.
Even at a relative speed of 10% of the speed of light, the contraction is less than
1%. As speed increases beyond 0.1c, however, the contraction increases until
at relative speed c, the length becomes zero.

Sample problem 3.10

Observers on Earth observe the length of a spacecraft travelling at 0.5c¢ to have
contracted. By what percentage of its proper length is the spacecraft contracted
according to the observers?

_L
Y
L1
Ly vy
_ 1
1.155
=0.866

The spacecraft appears to be only 0.866 or 86.6% of its proper length. This is a
contraction of 13.4%.

Revision question 3.10

Rebecca and Madeline take measurements of the journey from Melbourne to

Sydney. Rebecca stays in Melbourne and stretches a hypothetical tape measure

between the two cities. Madeline travels towards Sydney at great speed and

measures the distance with her own measuring tape that is in her own reference

frame.

(a) How would the two measurements compare, assuming that perfect preci-
sion could be achieved?

(b) Which measurement could be considered to be the proper length of the
journey? Explain.
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UNIT 3

AS A MATTER OF FAC

The twins paradox

A paradox is a seemingly absurd or contradictory statement. Relativity
provides a few paradoxes that are useful in teaching the implications of
relativity. The ‘twins paradox’ is probably the best known. Despite its
name, the twins paradox is explained fully by the logic of relativity.

Imagine a spacecraft that starts its journey from Earth. After 3 years
in Earth time it will turn around and come back, so that those on Earth
measure the total time between the events of the launch and the return
to take 6 years. The astronaut, Peter, leaves his twin brother, Mark,
on Earth. During this time, Peter and Mark agree that Earth has not
moved from its path through space, it is Peter in his spaceship who has
gone on a journey and has experienced the effects of acceleration that
Mark has not. Mark measures the length of Peter’s journey from Earth.
His measurement is longer than Peter’s due to length contraction, but
the speed of Peter is measured relative to Earth. They disagree on dis-
tance travelled but not speed, so they must disagree on time taken. This
is not just an intellectual dispute — the difference in time will show in
their ageing, with Peter actually being younger than Mark on his return
to Earth.

We all go on a journey into the future; we cannot stop time. Relativity
shows us that the rate that time progresses depends on the movements
we make through space on the journey. Coasting along in an inertial
reference frame is the longest path to take. Zipping through different ref-
erence frames then returning home enables objects to reach the future
in a shorter time: they take a longer journey through space but a shorter
journey through time.

The twins scenario may sound incredible, but it has been verified
experimentally. The most accurate clocks ever built are atomic clocks.
They make use of the oscillation of the atoms of particular elements.
The period of this oscillation is unaffected even by quite extreme tem-
peratures and accelerations, making the clocks without rival in terms of
accuracy. These clocks have been flown around the world on airliners,
recording less elapsed time than for similar clocks that remained on the
ground. The effect is tiny, but the clocks have more than adequate preci-
sion to detect the difference. The difference measured is consistent with
the time difference predicted by special relativity.

AS A MATTER OF FAC

The parking spot paradox

Can a long car enter a parking spot that is too short for it by making use
of length contraction? The answer is yes and no. To explain, consider
another famous paradox of relativity.

Charlotte’s car is 8 m long and she proudly drives it at a speed of 0.8c.
She observes her friend Alexandra, who is stationary on the roadside, and
asks her to measure the length of her car. (For the sake of argument, we
will ignore the issues of where a car could go at such a huge speed, and
how Alexandra communicates with Charlotte and measures the car.)

Alexandra says that Charlotte must be dreaming if she thinks her car is
8 m long, because she measures it to be only 4.8 m long. She believes her
measurements to be accurate.



To prove her point, Alexandra marks out a parking spot 4.8 m long.
She says that if Charlotte can park her car in the spot, then the car is not
as long as she thinks. Charlotte argues that her car will not fit in a 4.8 m
parking spot, but she agrees to the test.

From Charlotte’s frame of reference, the parking spot would be merely
2.9m long. This is because it has a length contraction due to the car’s rela-
tive motion of 0.8c. Alexandra’s measuring equipment detects that the
front of the car reaches the front of the parking spot at the same instant as
the back of the car fits in the back. However, much to Alexandra’s amaze-
ment, the stopped car is 8 m long. Charlotte and Alexandra now agree that
the stopped car does not fit the 4.8 m parking spot, and that it has a length of
8 m. This may at first seem impossible, which is why it is sometimes called
a paradox. Once we consider that Charlotte and Alexandra do not agree on
which events are simultaneous, the paradox is resolved. Alexandra meas-
ured the front and the back of the car to be within the parking spot at the
same time but did not check that the front and back had stopped.

(@) Alexandra’s view when the back of
the car enters the parking spot

(b) The view from
Charlotte’s frame
of reference

The parking spot paradox

A note on seeing relativistic effects

In this chapter, we use the term observer frequently. Much of the imagery
used in teaching relativity is in principle true but in practicality fantasy. Seeing
anything in detail that is moving at close to the speed of light is not feasible.
However, measuring distances and times associated with these objects is
reasonable. Images formed of objects moving at speeds approaching c will be
the result of time dilation, length contraction and other effects including the
relativistic Doppler effect and the aberration of light.

Imagine speeding through space in a very fast spacecraft. When you planned
your trip on Earth, you forgot to take relativity into account. Everything on
board would appear normal throughout the trip, but when you looked out the
front window, the effects of relative speed would be obvious. Some examples
of what you would see include: aberration of light causing the stars to group
closer together, so that your forward field of vision would be increased; the
Doppler effect causing the colours of stars to change; and the voyage taking
much less time than you expected.

The journey of muons

Bruno Rossi and David Hall performed a beautiful experiment in 1941, the
results of which are consistent with both time dilation and length contraction.
Earth is constantly bombarded by energetic radiation from space, known as
cosmic radiation. These rays collide with the upper atmosphere, producing
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Muons are a measurable
example of special relativistic
effects.

Solution:

UNIT 3

particles known as muons. Muons are known to have a very short half-life,
measured in the laboratory to be 1.56 microseconds. Given the speed at which
they travel and the distance they travel through the atmosphere, the vast
majority of muons would decay before they hit the ground.

The Rossi-Hall experiment involved measuring the number of muons col-
liding with a detector on top of a tall mountain and comparing this number
with how many muons were detected at a lower point. They found that far
more muons survived the journey through the atmosphere than would be pre-
dicted without time dilation. The muons were travelling so fast relative to Earth
that the muons decayed at a much slower rate for observers on Earth than they
would at rest in the laboratory. The journey between the detectors took about
6.5 microseconds according to Earth-based clocks, but the muons decayed
as though only 0.7 microseconds had passed. Due to length contraction, the
muons did not see the tall mountain but, rather, a small hill. Rossi and Hall
were not surprised that the muons survived the journey at all.

| (@ The number of muons decaying between
I muoﬂﬁi It detector 1 and detector 2 implies that
‘ | W”HHW‘ less time has passed for the muons than
Earth-based clocks suggest.

I/l (b) The muons see the distance
between detectors greatly

1 I
2000 m IHHHAHN contracted. ons
et HHitHEHAR ww
I 1| ] /| H}H“ MN
detector 1 x|
. el ‘\ N
detector 2 detector 2

Sample problem 3.11

Use the description of the Rossi-Hall experiment above to answer the following

questions.

(a) What is the proper time for the half-life of muons?

(b) What is the value of gamma as determined from the journey times from
the different reference frames?

(c) How fast were the muons travelling though the atmosphere according to
the value for gamma?

(d) Calculate the half-life of the muons from the reference frame of the Earth.

(a) The proper time for the half-life is in the reference frame of the muon and
is 1.56 microseconds.

(b) t=tyy
_L_g—ggg
r o 07
1
(©) v= 5
v
e
vV=cC 1_i= \/1— ! =0.994c
y? 9.292
(d) t=1ty

t=1.56 X 10°Xx 9.29 = 14 us



Use the description of the Rossi-Hall experiment above to answer the following

questions.

(a) Use the travel time from the Earth reference frame and the speed of the
muons to calculate the height of the mountain.

(b) Use the travel time of the muons to determine how high the mountain
appeared to the muons.

The most famous equation: E = mc?

The result of special relativity that people are most familiar with is the equation
E = mc? In fact, it is probably the most well known equation of all. This for-
mula expresses an equivalence of mass and energy. If we do work, AE, on an
object, that is we increase its energy, its mass will increase. Usually, however,
we do not notice this increase in mass because of the factor ¢ =9 x 10! m?s~2.
According to AE = Amc?, it would take 9 x 10'] of energy to increase the mass
by 1kg. This is similar to the amount of electrical energy produced in Victoria
every year. Conversely, if we could convert every gram of a 1 kg mass into elec-
tricity, we would supply Victoria’s electricity needs for a year. Nuclear fission
reactors produce electricity from the small loss of mass that occurs when large
nuclei such those of uranium-235 undergo fission. The Sun and other stars
generate their energy by losing mass to nuclear fusion.

A simplified derivation of this equation can help us gain a sense of the
physics involved. Consider a box suspended in space, with no external forces
acting on it, as shown in the figure below. Maxwell found that electromagnetic

radiation carries momentum p =— where E is the energy transmitted and c is
c

the speed of light. In the context of photons, each photon carries a momentum

p=—.Asaresult, lightexerts pressure on surfaces. This effect can nudge satellites

C
out of orbit over time.

(@) The box begins at rest.

I
I
4 centre of momentum = 0
| mass
|
A | B
I
(b) A photon is emitted from end A. '
hoton ! E
= — < p_t?g  centre of momentum = — — My =0
MpoxC velocity = ¢ | mass c
|
A | B
(c) The box has moved a distance x '
to the left. '
I
I
t
¢ g?rr]nfss momentum = 0
I
Einstein’s box suspended in |
space A B

<—x—>|
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In (a), the box begins at rest. The total momentum is zero and its centre of
mass is in the centre.

In (b), a photon of energy E is emitted from end A, carrying momentum
with it. To conserve momentum, the box moves in the direction opposite to the
movement of the photon.

Pphoton + Prox =10
E

= ——MpxV =0
C

where
myx = the mass of the box
v = the velocity of the box. E

Rearranging gives us the velocity of the box in the leftward direction, v = )
a very small number! MpoxC

In (c), after time Af, the light pulse strikes the other end of the box and is
absorbed. The momentum of the photon is also absorbed into the box, bringing
the box to a stop. In this process, the box has moved a distance x where:

X = VAL
Substituting v= from (b) gives
MpoxC
_ EAt
mboxc.

As v is very small (almost non-existent), we can assume that the photon travels

the full length of the box and put At = £ Susbtituting this into x= EAL

gives:
C MpoxC
EL
x= =
MppxC
XMy C2
or E=—"2%—,

There are no external forces acting on the box, so the position of the centre
of mass must remain unchanged (see the dotted line in the diagram). The box
moved to the left as a result of the transfer of the energy of the photon to the
right. Therefore, the transfer of the photon must be the equivalent of a transfer

XMpox .
of mass. If we can show that =—2°% js the same as the mass equivalent of the

transferred energy, we have our answer. To show this, we will pay attention to
the shift in the box relative to the centre of mass of the system.

The centre of mass is the point where the box would balance if suspended.
This can be determined by balancing moments — the mass times the distance
from a reference point. We choose the centre of the box as the reference point
to ensure that the distance x is in our calculations. The moment for the box is
My anticlockwise, because the mass of the box can be considered to be acting
through a point at distance x to the left of the reference point. The photon’s

. . . . L . .
equivalent mass is acting at distance — to the right of the reference point, so
: L . 2 . :
itsmomentis m— clockwise. However, this moment was acting on the other end
of the box before the photon was emitted, so we can consider its absence from
that end of the box as an equal moment in the same direction. We then have:

m x—m£+m£
box 2 2

Mpox X .
orm= % as required.



. .. xrnboxc2 2
Substitute this into E = — and we have E = mc-.

Centre of mass of the
| box after the photon

is reabsorbed
5 l,\

Photon mass—energy Photon mass—energy
missing = —-m gained =m
When x is chosen correctly, Centre of mass of the box before the
the box will balance here. photon is emitted. Choose this as the

reference point; my, acts through here.

Balancing Einstein’s box

In other words, when the photon carried energy to the other end of the box,
it had the same effect as if it had carried mass. In fact, Einstein concluded that
energy and mass are equivalent. If we say that some energy has passed from
one end of the box to the other, we are equally justified in saying that mass has
passed as well. Note the distinction: the photon carries an amount of energy that
is equivalent to an amount of mass, but the photon itself does not have mass.

One implication of this is that the measurement of mass depends on the
relative motion of the observer. The kinetic energy of a body depends
on the inertial reference frame from which it is measured. The faster the
motion, the greater the kinetic energy. So kinetic energy is relative, and so is
mass! Energy is equivalent to mass, so the mass of an object increases as its
velocity relative to an observer increases.

The mass of an object that is in the same inertial frame as the observer is called
The mass of an object measured at  its rest mass (m7;). When measured from other reference frames, the mass is given
rest is called its rest mass. by m = myYy. The derivation of this is complex, so it will not be addressed here.

Sample problem 3.12

Use m = myy to show that it is not possible for a mass to exceed the speed of
light.

Solution: Ifv=c, ¥ becomes infinitely large. As m = m;Y, an object travelling at c would
have infinite mass. Speeds larger than ¢ would produce a negative under the
square root sign, so these speeds are not possible.

Revision question 3.12

The Earth (m = 6 x 102*kg) moves around the Sun at close to 30 000 m s~. From
the Sun’s frame of reference, how much additional mass does the Earth have?

Sample problem 3.13

Calculate the mass increase of a proton that is accelerated from rest using
11 GeV of energy, an energy that can be achieved in particle accelerators.

Solution: AE =11 GeV
=11x10° x 1.6 x 107197
=1.76 x 1072 J
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Solution:

Particle accelerators such as
the Australian Synchrotron

in Melbourne accelerate
subatomic particles to near-
light speeds, where special
relativity is essential for
understanding the behaviour
of the particles. Electrons in
the Australian Synchrotron
have kinetic energies up to
3GeV.

UNIT 3

AE

2

176 x107]
(3x 108 ms™)?

=1.96 x 102 kg

Am=
c

Note that the rest mass of a proton is 1.67 X 10727 kg, so the accelerated proton
behaves as though its mass is nearly 13 times its rest mass.

Sample problem 3.14

In Newtonian physics, if we gave a proton 11 GeV of kinetic energy, what would
be its speed?

1
E =—mv?
2

[2E
v=|—
m
\/2 x 11 x 10° x 1.6 X 10719

1.67 x 10727
1.45 X 10°m s~}

This speed is not possible as the maximum speed attainable is 3 x 108 ms~!.

The solution to sample problem 3.14 is well in excess of the speed of light,
and is an example of the limitations of Newtonian physics. In relativity, when
more energy is given to a particle that is approaching the speed of light, the
energy causes a large change in mass and a small change in speed. By doing
work on the particle, the particle gains inertia, so the increase in energy has
an ever-decreasing effect on the speed. The speed cannot increase beyond the
speed of light, no matter how much energy the particle is given.

In particle accelerators, where particles are accelerated to near the speed of
light, every tiny increase in the speed of the particles requires huge amounts of
energy. Physicists working in this field rely on ever-higher energies to make new
discoveries. This costs huge amounts of money. Nonetheless, a number of accel-
erators have been built that are used by scientists from around the world. This area
of research is often called high-energy physics. At these high energies, Newtonian
mechanics is hopelessly inadequate and Einstein’s relativity is essential.

EnWef

1r




4@ _ Kinetic energy in special relativity

This equivalence of mass and energy has resulted in the term mass-energy. The
Mass-energy mass-energy of any object is given by E = mc?. With mass-energy, a moving
m Concept summary particle has kinetic energy and rest energy. Rest energy is the energy equiva-

and practice R
Topic 5 ques?ions lent of the mass at rest given by E = mc?.

So we have:
) E= Ek + Erest .

Substituting for E and E,.;, we have

mc? = Ei + myc?.
As mass and energy are equivalent,

they can be described as a single Rearranging and substituting,

concept, mass-energy. The mass- E, =mc? —m,c?
energy of an object is given b
pe r%z}éz. ) 8 y =myyc? —myc?

=(y-1)myc2.

This is the expression we must use for kinetic energy when dealing with high
speeds, particularly those exceeding 10% of the speed of light.

Sample problem 3.15

Calculate the kinetic energy of a 10000kg spacecraft travelling at 0.5c and
compare this with the kinetic energy that you would calculate using classical

1
physics (that is, E, = Emvz).
Solution: Using special relativity,

Ey = (y-Dmyc?

#—1 x 10000 x (3 x 108)?
VJ1-0.52
=1.39 x 10%° J.
Using classical physics,

E. = —mv?
K70

=% x 10000 x (0.5 x 3 x 10%)?

=1.13 x 10%° J.

1.39
The kinetic energy is 113~ 1.23 times the value predicted by classical physics.

Revision question 3.13

A particle accelerator is designed to give electrons 10 GeV of kinetic energy.
How fast can it make electrons travel?

Mass conversion in the Sun

In Unit 1 we considered the generation of energy in the core of the Sun and
other stars. One of the consequences of Einstein’s great contribution to our
understanding of relativity is that we understand now a great deal about how
energy is generated by the Sun. At the centre of it all is the equation E = mc>.
The Sun continuously converts mass-energy stored as mass into radiant light
and heat. Each second the Sun radiates enough energy to meet current human
requirements for billions of years. It takes the energy generated in the core
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The Sun’s energy comes from
nuclear fusion converting
mass into energy.

UNIT 3

about 100 000 years to reach the surface. Even if the fusion in the Sun stopped
today, it would take tens of thousands of years before there was a significant
impact on Earth.

The Sun is a ball made up mostly of hydrogen plasma and some ionised
atoms of lighter elements. The temperatures in the Sun ensure that virtually
all of the atoms are ionised. The composition of the Sun is shown in this table.

TABLE 3.1 The composition of the Sun

Percentage of total number of Percentage of total mass of
Element nuclei in the Sun the Sun
Hydrogen 91.2 71.0
Helium 8.7 27.1
Oxygen 0.078 0.97
Carbon 0.043 0.40
Nitrogen 0.0088 0.096
Silicon 0.0045 0.099
Magnesium 0.0038 0.076
Neon 0.0035 0.058
Iron 0.030 0.014
Sulfur 0.015 0.040

At this stage of the Sun’s life cycle, it is ionised hydrogen atoms (i.e. protons)
that provide the energy. The abundance of protons and the temperatures and
pressures in the core of the Sun are sufficient to fuse hydrogen, but not heavier
nuclei. The energies of the protons in the Sun have a wide distribution from
cool, slow protons to extremely hot, fast protons. It is only the most energetic
protons, about one in a hundred billion, that have the energy required to over-
come the electrostatic repulsion and undergo fusion. The Sun is in a very stable
phase of fusing hydrogen that is expected to last for billions of years to come.

Fusion in the Sun occurs mainly through the following process:

IH+1H — ?H+ {B" + neutrino

?H + IH — 3He + gamma photon

3He + 3He — 3He + 21H.

which can be summed up by the following equation:

41H — 3He +2{B" +2 neutrinos + 2 gamma photons.

The energy is released mainly through the gamma photons and the annihi-
lation of the positrons when they meet free electrons in the Sun. The net result
is an enormous release of energy and a corresponding loss of mass. The mass
loss has been measured to be 4.4 Tg (4.4 x 10°kg) per second. As the mass of
the Sun is around 2.0 x 10%°kg, even at this incredible rate, there is plenty of
hydrogen to sustain it for about twice its age of four and a half billion years.

Sample problem 3.16

A nucleus of hydrogen-2 made of one proton and one neutron has a smaller
mass than the total of an individual proton and an individual neutron. Account
for this mass difference.



Solution:

Solution:

The mass of the nucleus is different to the mass of the individual particles, but
when the binding energy of the hydrogen-2 nucleus is included, we find that
the mass-energy of both is the same. The separate particles have their mass
and zero potential energy. The particles bound in the nucleus have a reduced
mass and the binding energy of the nucleus. (The binding energy is the energy
required to separate the particles. It is released as a combination of increased
kinetic energy of the particles and gamma rays.)

Sample problem 3.17

What is the power output of the Sun?
E=mc?
=4.4 x 10° x (3.0 x 108)?]
=4.0 X 10%°J
i
=4.0 x 10°6 W

The mass loss of 4.4 x 109 kg s™! equates to a power output of 4.0 X 106 W,
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Chapter review

Summary

There is no frame of reference that is at absolute

rest. Velocity is always relative to a chosen reference

frame.

Classical physics is the physics established by

Galileo, Newton and other scientists before the twen-

tieth century. It does not include twentieth-century

developments in physics, such as special relativity

and quantum mechanics.

In classical physics, velocity is relative but time, dis-

tance and mass measurements are invariant — they

are the same for all observers. Classical physics pro-

vides a good approximation at low velocities, but it

does not provide accurate values as relative speeds

approach the speed of light.

In special relativity, velocities of masses are still rela-

tive but the speed of light is invariant. As a result, it

is recognised that the measurement of time intervals,

lengths and masses is relative to the reference frame

of the observer.

Einstein’s two postulates of special relativity are:

- the laws of physics are the same in all inertial
(non-accelerated) frames of reference

- the speed of light has a constant value for all
observers regardless of their motion or the motion
of the source.

Proper time is the time interval between two events

in a reference frame where the two events occur at

the same point in space, that is, the reference frame

in which the clock is stationary.

Proper length is the length that is measured in the

frame of reference in which objects are at rest.

In reference frames in motion relative to the

observer, time is dilated according to ¢ = t,y, where

y= 1
-
c2

In reference frames in motion relative to the observer,
lengthis contracted along theline of motion according

to L= ﬁ .
Y

In reference frames in motion relative to the observer,
mass increases according to m = myY.

An example of where the effects of special relativity
can be observed is muons formed in the upper
atmosphere. They travel to Earth at nearly the speed
of light, so that even though most would decay in the
time it takes them to reach the surface according to

UNIT 3

Einstein’s relativity

BEED o —
A
Sit Topic test

classical physics, many survive the journey as they
see the distance contracted. From the perspective of
the Earth, the time is dilated so that the muons have
time to reach the surface.

Kinetic energy is given by the formula E, = (y — 1)mqc?.
E=mc? expresses the equivalence of mass and energy.
Fusion is the source of the Sun’s energy. The Sun
is constantly losing mass as it radiates energy in
accordance with mass-energy equivalence.

Questions
The principle of relativity

1. According to Maxwell, who would see light
travelling the fastest?
A. Someone moving towards a light source that is
stationary in the aether
B. Someone who is stationary in the aether with the
light source moving away
C. Someone who is stationary in the aether with the
light source moving towards her
D. Someone who is moving away from a light
source that is stationary in the aether
2. What is a frame of reference?
3. What do physicists mean when they say that
velocity is relative?
4. What is the difference between an inertial and a
non-inertial reference frame?
5. How can you determine whether your car is
accelerating or moving with constant velocity?
6. Two cars drive in opposite directions along a
suburban street at 50 km h~!. What is the velocity of
one car relative to the other?
7. Explain, using the concept of velocity, why head-on
collisions are particularly dangerous. Use an example.
8. Earth varies from motion in a straight line by less
than 1° each day due to its motion around the Sun.
(a) Explain, with the help of the principle of
relativity, why we do not feel Earth moving,
even though it is travelling around the Sun at
great speed.

(b) What are the other motions Earth undergoes
that we cannot feel?

(c) Earth is not an inertial reference frame. Explain
why we often refer to it as though it is.

9. A car accelerates from 0 to 100kmh~!in 10s.

(a) What is its acceleration relative to the road?

(b) Whatisits acceleration relative to a car travelling
at 100 km h~! in the opposite direction?

(c) Would you describe the acceleration as
absolute, relative, invariant or arbitrary?



10. (a) If Earth is moving at 100 km s™! relative to the
supposed aether, what speed would Michelson
have measured for light emitted in the same
direction that Earth is travelling?

(b) What speed would Michelson have expected
given the aether theory? (Take the speed of
light to be 2.9979 x 108 ms~1.)

11. (a) What are Einstein’s two postulates of special
relativity?

(b) What is in these postulates that was not
present in previous physics?

12. What place did the luminiferous aether take in
Einstein’s theory?

13. (a) Why did Newton's laws seem correct for so long?
(b) Why do we often still use Newton’s laws today?

14. Why is Einstein’s second postulate surprising?
Give an example to show why Newtonian
physicists would think it wrong.

15. A star emits light at speed c. A second star is
hurtling towards it with speed 0.3c. What is the
speed of the light when it hits the second star
relative to this second star?

16. Explain how Einstein’s second postulate makes
sense of the results of the Michelson-Morley
experiment.

Special relativistic effects on length and
distance

17. What is time dilation? In your explanation, give an
example of where time dilation would occur.

18. If a box was moving away from you at nearly
light speed, which dimensions of the box would
undergo length contraction from your perspective:
width, height or depth?

19. Which clock runs slow: yours or one in motion

relative to you?

You observe that an astronaut moving very quickly

away from you ages at a slower rate than you. The

astronaut views you as ageing faster than she ages.

True or false? Explain.

21. The twins paradox shows that less time passes

for the travelling twin. Does this also mean that

the twin will return shortened due to length

contraction? Explain.

Draw diagrams of a light clock in motion and

at rest to explain why time dilation occurs for

moving clocks.

Explain why time dilation must occur for all

clocks, not just the light clock.

Explain the difference between ¢, and ¢ in the time

dilation formula.

Two spacecraft pass each other with a relative

speed of 0.3c.

(a) Calculate y.

(b) A drummer pounds a drum at 100 beats per
minute on one of the spacecraft. How many

20.

22,

23.

24,

25.

26.

27.

28.

29.

31.

32.

beats per minute would those on the other
spacecraft measure as a result of time dilation?

An alien spacecraft speeds through the solar

system at 0.8c.

(a) What is the effect of its speed on the length of
the spacecraft from the perspective of an alien
on board?

(b) Whatis the effect of its speed on the length of
the spacecraft from the perspective of the Sun?

(c) Atwhat speed does light from the Sun reach it?

A high-energy physicist detects a particle in a

particle accelerator that has a half-life of 20 s

when travelling at 0.99c.

(a) Calculate the particle’s half-life in its rest frame.

(b) The detector is 5 m long. How long would it be
in the rest frame of the particle?

It takes 5 min for an astronaut to eat his breakfast,

according to the clock on his spacecraft. The clock

on a passing spacecraft records that 8 min passed
while he ate his breakfast.

(a) Which time is proper time?

(b) What is the relative speed of the two spacecraft?

The nearest star, apart from the Sun, is 4.2 light-

years distant.

(a) How far is it to that star according to
astronauts in a spacecraft travelling at 0.7¢?

(b) How long would it take to get there in this
spacecraft?

(c) How long will the journey take, based on
measurements from Earth? (Assume that
Earth is stationary relative to the star.)

30. A spacecraft (L, = 80 m) travels past a space

station at speed 0.7c. Its radio receiver is on the tip

of its nose. The space station sends a radio signal

the instant the tail of the spacecraft passes the
space station.

(a) What is the length of the spacecraft in the
reference frame of the space station?

(b) How far from the space station is the nose of
the spacecraft when it receives the radio signal
from the reference frame of the space station?

(c) What is the time taken for the radio signal to
reach the nose of the spacecraft, according to
those on the space station?

(d) What is the time taken for the radio signal
to reach the nose, according to those on the
spacecraft?

An astronaut on a space walk sees a spacecraft

passing at 0.9c. The spacecraft has a proper length of

100 m. What is the length of the spacecraft L due to

length contraction according to the astronaut?

Explain why muons reach the surface of the Earth

in greater numbers than would be predicted by

classical physics given their speed, their half-lives
and the distance they need to travel through the
atmosphere.
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33.

34.

35.

A muon forms 30 km above the Earth’s surface
and travels straight down at 0.98c. From its frame
of reference, what is the distance it has to travel
through the atmosphere?

The proper time for the half-life of a muon is

1.56 microseconds. If the muon moves at 0.98c
relative to an observer, what does the observer
measure its half-life as?

Explain how muons produced by cosmic rays
became an early confirmation of special relativity.

Mass-energy and relativity

36.

37.

38.

39

40.

E =
41.

42,

106

Use your knowledge of relativity to argue that
matter cannot travel at the speed of light.

How much energy would be required to accelerate
1000 kg to:

(a) 0.1c

(b) 0.5c

(c) 0.8c

(d) 0.9¢?

Sketch a graph of energy versus speed using your
answers to the previous question.

. Travelling at near light speed would enable
astronauts to cover enormous distances. Explain
the difficulties in terms of energy of achieving
space travel at near light speed.

Which of the following would be a consequence
of the relativistic mass increase of a person
travelling past you at near light speed?

A. They would appear physically larger.

B. They would weigh more on a balance.

C. They would require more force to accelerate.

mc?

Explain in words what E = mc? tells us about
energy and mass.

An astronaut in a spacecraft moves past Earth at
0.8c and measures his mass. (He has no weight in
his inertial reference frame.) According to him, his
mass is 70 kg.

UNIT 3

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

(a) What is his mass according to an observer on
Earth?

(b) How much energy was required to give him
the extra mass?

Calculate the rest energy of Earth, which has a rest

mass of 6.0 X 10%* kg.

Consider Earth to be a mass moving at 30 km s

relative to a stationary observer. Given that the rest

mass of Earth is 5.98 X 10%* kg, what would be the

difference between this rest mass and the mass

from the point of view of the stationary observer?

Calculate the kinetic energy of a 10 000 kg asteroid

travelling at 0.6c¢.

Calculate the speed of a 10 kg meteorite that has

5.0 x 108] of kinetic energy.

If a 250 g apple could be converted into electricity

with 100% efficiency, how many joules of

electricity would be produced?

Much of Victoria’s electricity is produced by

burning coal. What can you say about the mass of

the coal and its chemical combustion products as

a result of burning it?

What would have greater rest mass, the Moon in

orbit about Earth, or the Moon separated from

Earth?

What is happening to the mass of the Sun over

time? Why?

Part of the fusion process in the Sun involves the

fusion of two protons into a deuteron. This results

in the release of 0.42 MeV of energy. What is the

mass equivalent of this energy release?

Where in the fusion processes in the Sun is

electromagnetic radiation produced that is later

radiated by the Sun?

(a) Write the most common sequence of nuclear
fusion reactions in the Sun.

(b) How does the total mass of the particles
on the left-hand side of the arrow in each
equation compare with the total mass of the
particles on the right-hand side?

-1



CHAPTER

Gravitation

Before beginning this chapter, you should be able to:

model forces as vectors acting at the point of application
(with magnitude and direction), labelling these forces
using the convention ‘force on A by B’ or Fonaby B

model the force due to gravity, F, as the force of gravity
acting at the centre of mass of a body

apply Newton’s three laws of motion to a body on which
forces act: a = ”Fet FonabyB=—FonBbyA

analyse uniform circular motion in a horizontal plane
resolve vectors into components

apply the energy conservation model to energy transfers
and transformations.

KEY IDEAS

After completing this chapter, you should be able to:

apply Newton’s Law of Universal Gravitation to the motion

of planets and satellites

describe gravitation using a field model

describe the gravitational field around a point mass in
terms of its direction and shape

calculate the strength of the gravitational field at a point a
distance, r, from a point mass

analyse the motion of planets and satellites by modelling
their orbits as uniform circular orbital motion

describe potential energy changes of an object moving in
the gravitational field of a point mass

analyse energy transformations as objects change
position in a changing gravitational field, using area under
a force—distance graph and area under a field—distance
graph multiplied by mass

apply the concepts of force due to gravity, Fy, and normal
reaction force, Fy, to satellites in orbit.

Understanding gravitational forces has allowed
us to put satellites in orbit around the Earth.
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Explaining the solar system

Isaac Newton (1642-1726) published his Law of Universal Gravitation in 1687.
This law provided a mathematical and physical explanation for several impor-
tant observations about the movement of planets in the solar system that had
been made over the previous two centuries.

In 1542, Nicolas Copernicus (1473-1543) published ‘On the Revolution of
the Heavenly Orbs, outlining an explanation for the observations of planetary
motion with the Sun at the centre. In his explanation, the planets moved in
circular orbits about the Sun. Copernicus’s model became increasingly pre-
ferred over the geocentric model of Ptolemy because it made astronomical
and astrological calculations easier. The publication had a significant scientific,
social and political impact during the latter part of the 16th century.

Galileo Galilei (1564-1642) was a strong advocate for the view that the Coper-
nican model was more than ‘a set of mathematical contrivances, merely to pro-
vide a correct basis for calculation’ and instead represented physical reality.
(This had also been Copernicus’s view, but he could not express this in print.)
Galileo thought that astronomy could now ask questions about the structure,
fabric and operation of the heavens, but as with so many of his scientific inter-
ests, Galileo did not pursue these questions further.

Johannes Kepler (1571-1630) decided his purpose in life was to reveal the
fundamental coherence of a planetary system with the sun as its centre. In
1600-1601 he was working an assistant to Tycho Brahe (1546-1601), a Danish
astronomer who had been compiling very precise measurements of the
planets’ positions for over twenty years. Brahe’s data was so accurate that they

are still valid today. Without the aid of a telescope, he was
able to measure angles to an accuracy of half a minute of
arc (for example 23°34’ + 0.5).

Kepler was seeking to find patterns and relationships
between motion of the various planets. He used the data
to calculate the positions of the planets as they would be
observed by someone outside the solar system, rather
than from the revolving platform of the Earth. Initially he
was looking for circular orbits, but Brahe’s precise data
did not fit such orbits. Eventually he tried other shapes,
until in 1604 he formulated what is known as Kepler’s
First Law:

Each planet moves, not in a circle, but in an ellipse, with the
sun, off centre, at a focus.

Drawing an ellipse

UNIT 3

An ellipse is like a stretched circle. The shape can be
drawn by placing two pins on the page several cm apart,
with a loose piece of string tied between the pins. If a
pencil is placed against the string to keep it tight and then
the pencil is moved around the page, the drawn shape is
an ellipse with a focus at each of the pins. The closer the
two foci, the more like a circle the ellipse becomes.

Evidence of elliptical orbits

The equinoxes are the two days in the year when the sun is directly above the
equator and the durations of night and day are equal. They occur when the line
drawn from the Sun to the Earth is at right angles to the Earth’s orbit. Because
the Earth’s orbit is an ellipse, when the Sun is off centre at one of the two foci,
these two points are not directly opposite each other. This means the time for
the Earth to go from the March equinox to the September equinox is longer by a
few days than the time to go from the September equinox to the March equinox.
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Look up the dates of the March September
and September equinoxes equinox
and determine the two times

between them.

Location of the two equinoxes

in the Earth’s orbit MarF:h
equinox

There was much speculation in Newton’s time that gravitational attraction
might vary inversely with the square of the distance, but it was Newton who
was able to show mathematically, using a geometric proof, that the Earth’s
elliptical orbit means that the inverse square law applies to the attraction
between the Sun and the Earth.

Kepler’'s Second Law

Kepler also looked at the speed of the planets in their orbits. His analysis of the
data showed that speeds of the planets were not constant. The planets were
slower when they were further away from the sun and faster when closer. He
also found that their angular speed, the number of degrees a line from the sun
to planet sweeps through every day, was not constant. Both results reinforced
his first law. However, he did find in 1609 that the planets sweep out equal
areas with time.

Kepler’s Second Law: The linear speed and angular speed of a planet are not
constant, but the areal speed of each planet is constant. That is, a line joining
the sun to a planet sweeps out equal areas in equal times.

One month

Kepler's Second Law

One month

Newton was able to show mathematically that a constant areal velocity
meant that the force acting on a planet must always act along the line joining
the planet to the Sun.

Kepler’s Third Law

Kepler was keen to find a mathematical relationship between the period of a
planet’s orbit around the sun and its average radius that gave the same result
for each planet. He tried numerous possibilities and eventually in 1619 he
found a relationship that fitted the data.
Kepler’s Third Law: For all planets, the cube of the average radius is
3

proportional to the square of the orbital period; that is, R—Z is a constant for all
planets going around the sun. T
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Kepler was also able to show that the relationship held for the orbits of the
moons of Jupiter.

Kepler had constructed as detailed a description of the solar system as was
possible without a mechanism to explain the motion of the planets, although
he did understand gravity as a reciprocal attraction. Kepler wrote, “Gravity is
the mutual tendency between bodies towards unity or contact (of which the
magnetic force also is), so that the Earth draws a stone much more than the
stone draws the Earth...”

TABLE 4.1 The solar system: some useful data

Radius of Mean radius Period of

Mass (kg) body (m) of orbit (m) revolution (s)

Sun 1.99 x 10%° 6.96 x 108 Not applicable Not applicable
Earth 5.97 x 10% 6.37 x 10° 1.50 x 10! 3.16 x 107
» Moon 7.35 x 10%? 1.74 x 10° 3.84 x 108 2.36 x 10°
Mercury 3.30 x 10 2.44 x 10° 5.79 x 10%° 7.60 x 10°
Venus 4.87 x 10% 6.05 x 10° 1.08 x 10'! 1.94 x 107
Mars 6.42 x 10 3.40 x 108 2.28 x 101! 5.94 x 107
Jupiter 1.90 x 10%” 7.15 x 107 7.78 x 10! 3.74 x 108
Saturn 5.68 x 10%° 6.03 x 107 1.43 x 1012 9.29 x 108
Uranus 8.68 x 10% 2.59 X 107 2.87 x 1012 2.64 x 10°
Neptune 1.02 x 10?6 2.48 x 107 4.50 x 1012 5.17 x 10°
Pluto* 1.46 X 10%? 1.18 x 10° 5.90 x 1012 7.82 % 10°

*Pluto is no longer classified as a planet. Scientists have recently hypothesised that a ninth
planet may exist, but it has not yet been directly observed.

Revision question 4.1

3
Use the data in table 4.1 to calculate the value of I'e) for each of the planets in

the solar system and therefore confirm Kepler’s Third Law.

Newton’s Law of Universal Gravitation

Newton combined his deductions from Kepler’s Laws with his own Laws of
Motion to develop an expression for a law of universal gravitation.
Gravitation From Kepler’s first law, Newton had determined that the force on a planet
Topic 1 Concept summary was inversely proportional to the square of the distance.
m and practice 1
questions Fyn planet by Sun E

Using his second law of motion, F, = ma, Newton reasoned that the force
Fyn, planet by sun depended on the mass of the planet. By using his third law of
motion, F, on planet by Sun = —Fon sun by planets he reasoned that the force F, on Sun by planet
depended on the mass of the sun.

| Aos1

Newton’s Law
of Universal

Combining these two statements produces:

Mass
Gravitational force between the sun and the planet «« Massg,,, X %.
In general,
Fe Gm,m,
==

where G is the universal gravitational constant and m, and m, are the masses
of any two objects.
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Solution:

The value of G could not be determined at the time because the mass of the
Earth was not known. It took another 130 years before Henry Cavendish was
able to measure the gravitational attraction between two known masses and
calculate the value of G.

The value of G is 6.674 x 107! N m?kg~2. Alternatively, replacing newtons
withkgms™2, G =6.674 x 107! m3kg~1s72

The value of G is very small, which indicates that gravitation is quite a weak
force. A large quantity of mass is need to produce a gravitational effect that is
easily noticeable.

Sample problem 4.1

Calculate the force due to gravity of:
(a) Earth on a 70kg person standing on the equator
(b) a 70 kg person standing on the equator on Earth.

(@) Mg = 5.98 X 102* kg, Myerson = 70 kg, radiusg,,, = 6.38 x 10°m,
G=6.67x 107! Nm?kg2

_ GmEarthmperson

F 2

’

~6.67 x 107! Nm? kg2 x 5.98 x 10%* kg x 70kg
(6.38 x 10° m)?

=686 N towards the centre of Earth

(b) Newton’s Third Law of Motion states that if one object exerts a force on
another object, then the other object exerts an equal and opposite force on
the first object. In this situation, if Earth is exerting a force of 686 N down-
wards on the person, then the person is exerting a 686 N force upwards on
Earth! The same result could be calculated with the formula used in part (a).

Revision question 4.2

Use the data in table 4.1 to calculate the force due to gravity by:
(a) the Earth on the Moon
(b) the Moon on Earth.

The falling apple

Newton published his law of universal gravitation in 1687, in his famous book
titled Philosophiae Naturalis Principia Mathematica. In this book he included
an anecdote about observing an apple falling from a tree. There is no record
of such an event in his earlier papers, so the story may just have served an
explanatory purpose. Nevertheless, the story is instructive.

Newton said he observed that the falling apple had been pulled from the tree
by the attractive force of the Earth, which had acted across the space between
the Earth’s surface and the apple, that is, ‘action at a distance’ He speculated that
the effect of the Earth’s pull might reach higher into the atmosphere, possibly
beyond the atmosphere to the moon. He had previously applied his Laws of
Motion to circular motion and developed expressions for the inward acceleration,

v? 4T’R
a=— and g= .
R

The obvious questions that arise from this are:

1. How does the acceleration of the apple compare to that of the moon?

2. How are these two values related to their respective distances from the
centre of the Earth?
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UNIT 3

Solution:

TABLE 4.2 The relationship between the Earth, an apple and the Moon

Apple Moon

6.38 X106  3.84 x 108

2.36 x 10°

9.8ms™2  2.72x1073

With the data from the table, we can make the following calculations:

distance of the Moon from the centre of the Earth  3.84 x 108
distance of the apple from the centre of the Earth  6.38 x 10°

=60.1
acceleration of the apple towards the centre of the Earth 9.8
acceleration of the Moon towards the centre of the Earth  2.72 x 1073

=3603

The value of the second ratio, 3603, is very close to 60.12.

The ratio of the accelerations is the square of the ratio of the distances, but
note that the Moon is in the numerator for the first ratio, while it is in the
denominator for the second ratio. Newton used this calculation to show that
the gravitational force is inversely proportional to the square of the separation
of the two masses. 9

) . . . 4m*R
Newton’s expression for the centripetal acceleration, a = 7 was used to
3

R
confirm Kepler’s Third Law, that — is a constant for all planets or satellites
orbiting a central body.

Fre =Fy
4 2R _ GM, Sunmplanet
Mplanet X T2 - R2

Cancelling my,ne and rearranging gives

R®  GMgy,

T2  4g?

which depends only on the mass of the Sun and thus has the same value for all
planets orbiting the Sun.
Similarly, the Moon and all other satellites orbiting the Earth will have the

GMEgarn
4m?

Sample problem 4.2

3
Calculate the value of R—2 for the Moon using the data in table 4.1 and use that

same value for ?— though in this case the value will equal

value to calculate the mass of the Earth.
Radius of Moon’s orbit, R = 3.84 x 108 m; period, T=2.36 x 10°s;
G = 6.67 x 1071 Nm? kg~ mass of Earth, Mg, = ?
R® (3.84 x 108 m)3
T2~ (2.36 x 10° 5)?
=1.02 x 10'3 m3 s72



Solution:

R3 _ GMEgam

Using —_ ,
T*  An?
R® Am?
Meart =2

B (3.84 108 m)3 x 472
(2.36 x10° 5)?> x 6.67 x 107! N m? kg2
=6.02 x10%* kg.

Revision question 4.3

3
Find the average of the values of R_2 that you calculated in revision question 4.1.
T

Use that average value to calculate the mass of the Sun.

Newton’s Law of Universal Gravitation can also be used to calculate the average
speed of planets around the Sun. This involves using the other expression for
the centripetal acceleration.

Frer = Fg
m % v? _ GM Sun/planet
lanet © 7
P R RZ

Cancelling mp),ne and rearranging gives

V2= G]\4Sun
R

v= GMSun .
\ R

Sample problem 4.3

Calculate the average speed of the Earth around the Sun using the values in
table 4.1.

Radius of Earth’s orbit, R = 1.50 X 10'! m; mass of Sun, Mg,, = 1.98 x 103°kg;
G =6.67 x 107'' Nm? kg2 speed, v ="?

GM
Using v= %,
U_\/6.67 x 107! Nm? kg2 x 1.98 x 10% kg
1.50 x 10! m

=2.97%x 10* ms~!.

Revision question 4.4

Use the values in table 4.1 to calculate the average speed of the other planets
around the Sun. Graph the average speed as a function of average orbital radius.
Does the graph fit your expectation? Are there any outliers in the data? If so,
suggest an explanation.

Graphing the gravitational force

The gravitational force is an attractive force, whereas the force between electric
charges can be either attractive or repulsive.
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Earth

Distance vector Force vector

Moon

The Earth exerts gravitational force on the Moon.

For the force the Earth exerts on the Moon, there is a distance vector from
the centre of the Earth to the centre of the Moon, whereas the force vector
points in the opposite direction, back to the Earth. For this reason, the gravi-
tational force equation should really have a negative sign and the force should
be graphed under the distance axis. Thus, more correctly,

g Gmms
g RZ .
Earth
\ h
1
1
Re
| R
o\ |
i
1
1
1
i
1
1
1
i
|
-GMm I
o= TRe [T
E
g

This diagram shows how the Earth’s gravitational force varies with distance.

The straight blue line in the graph shows how the gravitational force by the
Earth on you would decrease if you were to drill down to the centre of the
earth. Newton calculated that if you were inside a hollow sphere, the gravi-
tational force from the mass in the shell would cancel out, no matter where
you were inside the sphere. This means that if you were inside the Earth, only
the mass in the inner sphere between you and the centre of the Earth would
exert a gravitational force on you. This force will get smaller the closer to the
centre you go, and at the centre of the Earth the gravitational force will be zero.

Gravitational fields

Newton’s Law of Universal Gravitation describes the force between two
masses. However, the solar system has many masses, each attracting each
other. The sun, the heaviest object in the solar system, determines the orbits of
all the other masses, but each planet can cause minor variations in the orbital
paths of the other planets. Precise calculation of the path of a planet or comet
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becomes a complicated exercise with many gravitational forces needing to be
considered.

Physicists after Newton realised it was easier to determine for each point in
space the total force that would be experienced by a unit mass, that is, 1 kilo-
gram, at that point. This idea slowly developed and in 1849 Michael Faraday,
in explaining the interactions between electric charges and between magnets,
formalised the concept, calling it a ‘field’

A field is more precisely defined as a physical quantity that has a value
at each point in space. For example, a weather map showing the pressure
across Australia could be described as a diagram of a pressure field. This is an
example of a scalar field. In contrast, gravitational, electric and magnetic fields
are vector fields; they give a value to the strength of the field at each point in
space, and also a direction for that field at that point. For example, the arrows
in the diagram of the Earth’s gravitational field show the direction of the field,
and the density of the lines (how close together the lines are) indicates the
strength of the field.

lines of equal field strength

1
1
1
1
1
1
1
\

Diagram of the Earth’s gravitational field

A value for the strength of the gravitational field around a mass M can
be determined from the value of the force on a unit mass in the field. If the
mass m, in Newton’s Universal Law of Gravitation equation is assigned a
value of 1 kg, then the force expression will give the strength of the gravi-
tational field.

GM

Gravitational field strength, g= —

The unit of gravitational field strength is Newtons per kilogram, N kg~!.
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The strength of the gravitational field at the Earth’s surface can be calculated
using the values for the mass and radius of the Earth from table 4.1:

6.67 x 10! Nm? kg2 x 5.98 x 10%*

Gravitational field strength, g =— (638 x 10°)2
.38 x

=-9.80 Nkg'.

This is the acceleration due to gravity at the Earth’s surface.

9.8

©
©

©
ofg =

Gravitational field strength (N kg~

RE 2RE SRE R (m)

Graph of the magnitude of the strength of the Earth’s
gravitational field

Revision question 4.5

(a) Use the data in table 4.1 to calculate the gravitational field strength on the

surface of the Moon. Show that it is about 1 of the Earth’s gravitational field
at its surface. 6

(b) Determine which planet has the largest gravitational field strength at its
surface. Table 4.1 is also available as a spreadsheet in your eBookPLUS.

At the time Newton developed his Law of Universal Gravitation, he knew it
did not provide an explanation for how gravity works, that is, how ‘action at a
distance’ was achieved.

Itisinconceivable. .. that Gravity should be innate, inherent and essential to Matter,
so that one body may act upon another at a distance thro’ a Vacuum, without the
Mediation of any thing else. .. is to me so great an Absurdity that I believe no Man
who has in philosophical Matters a competent Faculty of thinking can ever fall
into it. Gravity must be caused by an Agent acting constantly according to certain
laws; but whether this Agent be material or immaterial, I have left to the Consider-
ation of my readers. Newton, 1692

The concept of a field now provides an explanation for action at a distance.

Kinetic energy and potential energy in a gravitational field

study(]])
Gravitational Consider the following scenarios.

m potential energy | ], On 15 February 2013, an asteroid approached the Earth, gaining speed in
’ S:g%‘ig;?é’;“mary the Earth'’s gravitational field. By the time it reached the atmosphere, it was

questions travelling at a speed of 19 km s~!. With a mass of about 1.2 X 107 kg, its kinetic
m energy was about 2.2 x 10'°]. It exploded about 30 km above Chelyabinsk

in Russia.
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2. Edmund Halley used Newton’s law of gravitation to calculate the effect
of Jupiter and Saturn on the orbits of comets. He concluded that comet
sightings in 1531 and 1607 were sightings of the same comet and that it
should appear again in 1758. We now call it Halley’s Comet.

Halley’s Comet orbits the sun every 75.3 years in a very stretched path.
The closest it gets to the Sun is about 0.6 times the radius of the Earth’s orbit,
while its furthest distance is 35 times the radius. At its closest approach its
kinetic energy is 1.6 x 103] with a speed of 38 kms~}, but at its furthest it
has only 4.5 x 10'°], travelling at 0.64 km s~*.

3. Ignoring the initial air resistance, a rock thrown at 11 km s~! would eventu-
ally escape the effect of the Earth’s gravitational pull, slowing down to zero
only at an infinite distance away.

In each of these scenarios there are changes in speed and height, and thus
in kinetic energy and gravitational potential energy. How do we describe these
changes using Newton’s law of gravitation?

The change in gravitational potential energy can be obtained from the area
under a force-distance graph. Because gravitation is an attractive force, the
force-distance graph is below the distance axis and the area under the graph
has a negative value.

Change in potential energy needs a reference point or zero point. The Earth'’s
surface is an obvious reference point for objects on or near the Earth; we can
assume a constant value of 9.8 N kg™ for the strength of the gravitational field
at the Earth’s surface. But out in space, with the gravitational force getting
weaker with distance, the preferred reference point is at infinity where the
gravitational force is zero. This means that the gravitational potential energy
of a mass at a distance R from the Earth is the area under the graph from the
distance R out to infinity.

Graph of the strength of the Earth’s gravitational force. The gravitational potential
energy of a mass at distance R from the Earth is equal to the shaded area.

Let’s look at situation 1, the Chelyabinsk asteroid. When the asteroid is
some distance from Earth, its kinetic energy is relatively small. As it falls
towards the Earth, its kinetic energy increases, its gravitational potential
energy becomes more negative, and the total energy remains the same
throughout. As the asteroid falls from A to B in the figures on the following
page, the orange shaded area in the third graph is the gain in kinetic energy.
That is,

change in GPE = change in KE.
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The total energy at B equals the total energy at A.
Sample problem 4.4
A mass of 10kg falls to the surface of the Earth from an altitude equal to two
Earth radii. What is the gain in kinetic energy?
Solution: There are three methods, two of which give an approximate answer. The accu-

racy of each depends on the care you take.

Method 1

Use this method if the graph has a relatively coarse grid.

o Divide the area up into simple geometric shapes such as rectangles and
triangles.

o Calculate the area of each shape using graph-based units.



o Total the areas.
o Convert the total area to SI units for energy.

Take care in deciding the height of the rectangles or triangles so that their areas
(approximating the area under the curve) will produce more representative
results.

Distance from the centre of the Earth (in Earth radii)
1 2 3 4 5 6 7 8 9 10

0 1 1 1 1 1 1 1

z

£t 2
§ 207
L

3

» —40 -
7]

(0]

£

2 60
o

& —80-
[0]

o

S

= —100 -
C

S

©

£ -120
©

G}

Areal (blue)=40 x 0.5
=20 energy units

Area2 (purple)=10 x 1.5
=15 energy units

1
Area3 (orange):g X 24 %15

=18 energy units

1
(Note: The triangle with area > x 30 x 1.5 would be larger than the orange area,

so the height of 30 was reduced to a level where the areas matched.)

1
Area 4 (ye]low)zg X 53 x 0.5

=13.25 energy units

Total area = 20 + 15 + 18 + 13.25
= 66.25 energy units
1 energyunit=1N X 1 Earth radius

=1N x 6.38 x 10° m
=6.38 x 10° ]

Therefore, the kinetic energy gained = 66.25 X 6.38 x 10°
=4.23 x 108].
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Method 2
Use this method when the graph has a relatively fine grid.

Gravitational force on 10 kg mass by Earth (N)

Distance from the centre of the Earth (in Earth radii)

0 1 2 3 4 5 6 7 8 9 10

—20

—40 -

—60 -

—80

—100 ~

—120 ~

Count the number of small squares between the graph and the zero-value
line or horizontal axis. Tick each one as you count it to avoid counting it
twice. For partial squares, find two that add together to make one square
and tick both.

Calculate the area of one small square.

Multiply the area of one small square by the number of small squares.

Number of small squares = 80.5

Area of one small square = 4 N x 0.2 x 1 Earth radius

= 4N x0.2X6.38x10°m
=5.1x10°%]

Therefore, the gain in kinetic energy = 80.5 x 5.1 X 105] = 4.11 x 10%].
Method 2 can be very accurate, but it is laborious.

Method 3

Print out the graph.

Cut out the required shape.

Measure the mass of the shape with a top-loading balance.

Using the mass of a piece of the same paper with known dimensions, calcu-
late the area of the cut-out shape.

Use the scales on the axes of the graph to determine the value for the area
under the graph.

Revision question 4.6

(a

(b

120 UNIT 3

) Use the graph of the gravitational force on the Chelyabinsk asteroid
(shown on the next page) to show that in moving from an altitude of
two Earth radii down to an altitude of one Earth radius, it gained 1.25 X
10'* joules of kinetic energy.

) Use the graph to find, to the nearest whole number, approximately how
much kinetic energy was gained from falling from an altitude of one Earth
radius to the Earth’s surface. Compare this value with your answer to
(a) above.



Distance from the centre of the Earth (in Earth radii)

0 1 2 3 4 5 6 7 8 9 10

—204

—40-

—604

-804

—100

Gravitational force (108 N)

—120

Gravitational force exerted on the Chelyabinsk asteroid by the Earth

Using the area under a field graph

The graphs for the 10 kg mass and the Chelyabinsk asteroid have different
values on the force axis. To find the changes in energy of a rock escaping the
Earth, a different graph would be needed, because the mass of the rock is dif-
ferent, and thus the gravitational force on it is different. It would be simpler if
we could use the same graph for different objects regardless of their mass.

The graph that can be used for this purpose is a graph of the gravitational field
against distance. The gravitational force on a mass at a point in space is just the
value of the gravitational field at the point times its mass. Similarly, the change

, _ . in energy for an object that
Distance from the centre of the Earth (in Earth radii) .
moves from one point to another
0 1 ? :,3 A,' t,_’ E,\’ T 5,3 ? 1,0 can obtained by multiplying the

_ area under the graph of the gravi-
0, tational field against distance by
£ 2 its mass.
5 The unit for gravitational field
5 =4 - is Newtons per kilogram. The
; unit for the area under a graph
E 6 4 of gravitational field against
2 distance is (Newtons per kilo-
% s gram) X metre, hence Newton
ke metre per kilogram or simply
% Joule per kilogram. The change
g —10 + in energy can be obtained from
'(% this area by multiplying by the
'(‘% _12 4 mass of the object.
I This method was also used in
Chapter 2 on page 57 with the

gravitational field close to the

Graph of the strength of the Earth’s gravitational field Earth’s surface where the field
strength is usually constant.
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satellite’s orbit

A satellite in geostationary orbit
is stationary relative to a point
directly below it on Earth’s surface.
A geostationary orbit has the same
period as the rotation of Earth.
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Revision question 4.7

If a rock of mass 1kg was thrown upwards from the Earth’s surface with suf-
ficient kinetic energy to escape the Earth’s gravitational field, the amount of kin-
etic energy required would be the area under the graph out to infinity. Using
a distance of 10 Earth radii as an approximation for infinity, show that the
required initial speed is about 11 km s~

Astronauts and satellites in orbit

As we saw earlier, Newton used his law of Universal Gravitation to show that
3

R G
Kepler’s Third Law, T2 applies to all satellites going around the same
T 3

. R°
central mass. In the context of the Earth, this means that F is the same for

every single artificial satellite, regardless of the orientation of its orbit, as well
as the Moon itself. Because we know the period and the radius of the Moon’s
orbit, we can use the method of ratios to calculate the characteristics of any
other satellite:
3 3
R3 R

— sat

iz T, 2

at
()2
Rsat Tsat

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. Earth radii and days can
be used, making for simpler calculations.

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 period
and has been measured at 27.321582 days (or approximately 2.36 x 10° sec-
onds). For our purposes we can use 27.3 days. 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 in that time the Earth has moved fur-
ther around the Sun.

Geostationary 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 our neighbours! The motion of an artificial satellite depends on
what it is designed to do. Those satellites that are required to rotate so that they
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 pos-
ition, a geostationary satellite must have the same period as the place it is
above. Therefore, geostationary satellites have a period of 24 hours or 1 day.

Sample problem 4.5

What is the radius of the orbit of a geostationary satellite as a multiple of the
Earth’s radius and also in metres?



Solution:

RM =60 X REI TM =27.3 days, Tsat =1 day, Rsat = ?
3 2
Rearranging (R—Mj = (T_Mj to find R,:

sat sat

2
R 3=[La] g3
sat TM M

1 2

=289.8 Ry}
R, =6.62 Ry

In metres,
R, = 6.62 X 6.38 x 10° m
=422 x 10’ m

Revision question 4

(a) Use a small coin to draw a circle in the middle of a blank page to represent
the equator of the Earth.

(b) Using the answer from sample problem 4.5, put a dot on the page where you
estimate a geostationary satellite would be.

(c) Draw two lines from the dot to the circle representing the Earth, to touch the
circle at a tangent. The part of the circle facing the satellite between these
two lines represents how much of the Earth’s surface could receive signals
from the satellite.

(d) Use your diagram to determine the minimum number of geostationary
satellites required to cover all of the Earth’s equator.

(e) Which parts of the Earth could not receive signals from any of these geosta-
tionary satellites?

Revision question 4

Global Positioning System (GPS) satellites are used for navigation. The Navstar
66 satellite, launched in 2011, has an orbital radius of about 20 100 km. What is
the period of its orbit expressed in days?

AS A MATTER OF FACT

Why are geostationary satellites always above the equator? Why isn’t
there a geostationary satellite directly above central Australia?

Newton showed that the motion of a large object can be analysed as if
all of its mass was concentrated at a single point, called its centre of mass.
For a symmetrical object such as the Earth, the centre of mass is located
at its geometric centre. Thus, all satellites around Earth are in orbit about
the centre of the Earth.

If a satellite was to be directly above central Australia for 24 hours each
day, the centre of its orbit would be at the centre of the matching circle of
latitude, some distance away from the centre of the Earth.

If instead a satellite was to be only momentarily directly above central
Australia, given the centre of its orbit is the centre of the Earth, the orbit
would take it into the sky above the northern hemisphere for half the time.

This is why geostationary communication satellites orbit around the
equator. A satellite dish has to be angled at the latitude of that point on
the Earth to point towards one of these satellites.

CHAPTER 4 Gravitation
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An astronaut inside the International Space Station

The appearance of an astronaut floating around inside a spacecraft suggests
that there is no force acting on them, leading some people to mistakenly think
that there is no gravity in space. In fact, both the astronaut and the spacecraft
are in a circular orbit about the Earth.

However, you also know that if an object is moving in a curved path,
changing its direction, there must be an acceleration. If the path is circular the
acceleration is directed towards the centre of that path.

The astronaut and the space craft are in the same gravitational field. They
are at the same distance from the centre of the Earth. They are travelling at the
same speed, taking the same time to orbit the earth. Therefore, their centrip-
etal accelerations provided by the gravitational field are the same.

For the spacecraft: For the astronaut:
GMgm, 4m’R GMgm, 4n’R
R T T TR T
GMy _4n°R GMg _4n°R
RZ T2 RZ  T?

There is no need for a normal reaction force by the spacecraft on the astro-
naut to explain the astronaut’s motion. The astronaut inside the spacecraft
circles the Earth as if the spacecraft was not there. Indeed, if the astronaut is
outside the spacecraft doing a space walk, the astronaut’s speed and accel-
eration around the Earth will be unchanged as they ‘float’ beside the space-
craft. Once back inside, their speed and acceleration are still unchanged, and
this time they are ‘floating’ inside the spacecratft.

If the astronaut steps onto a set of bathroom scales, they will give a reading
of zero. As shown in the second photo opposite, an astronaut running on a
treadmill needs stretched springs attached to his waist to pull him down to
the treadmill.

124 UNIT 3



This astronaut is floating
inside the International Space
Station. Both the astronaut
and the station are in orbit
around the Earth.

The cloth-covered stretched springs are pulling the astronaut down so he can

exercise on the treadmill.
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Chapter review

Summary 3.

The gravitational field strength g at a distance r from a

body of mass M is given by the formula g= (;—]\2/1 where

G is the gravitational constant. The force of gravity F

on an object of mass m at a distance r from the same g

body is therefore given by F = Gll\ém . This equation is
referred to as Newton’s Law of Universal Gravitation. 6.

R3
For a given planetary or satellite system, 72 is con-

stant. The value of the constant is equal to GM \here
M is the mass of the central body.
Gravitational attraction can be explained using a
field model.

The field model enables the gravitational field around g,

a point mass to be described in terms of its direction

and shape, and also its strength.

The field model also enables descriptions of the
changes in potential energy of an object moving in

the gravitational field of a point mass.

Changes in potential energy can be calculated fromthe g
area under a force-distance graph and from the area
under a field-distance graph when multiplied by mass.
Satellites in orbit and their occupants (who are also

in orbit) experience no reaction force.

Questions

In answering the questions on the following pages,
assume, where relevant, that the magnitude of the
gravitational field at Earth’s surface is 9.8 N kg .
Additional data required for questions relating to bodies
in the solar system can be found in table 4.1 on page 110.

Modelling the motion of satellites

1. A gravitational field strength detector is released
into the atmosphere and reports back a reading of
9.70Nkg™.

(a) If the detector has a mass of 10 kg, what is the

force of gravity acting on it? 10.

(b) If the detector is to remain stationary at this
height, what upwards force must be exerted on
the detector?

(c) How faristhe detector from the centre of Earth?

2. Use the information provided in table 4.1 on page

110 to calculate (i) the gravitational field strength 1.

and (ii) the weight of a 70 kg person at the surface
of the following bodies of the solar system:

(a) Earth (c) Venus
(b) Mars (d) Pluto.
UNIT 3

4r? 7.

Gravitational fields
and forces

Sit Topic test

A space probe orbits a distance of 5.0 X 10°m
from the centre of an undiscovered planet. It
experiences a gravitational field strength of

4.3 Nkg™!. What is the mass of the planet?
Calculate the force of attraction between Earth
and the Sun.

If the Earth expanded to twice its radius without
any change in its mass, what would happen to
your weight?

By how much would your reading on bathroom
scales change with the Moon on the opposite side
of the Earth to you, compared with being above
you?

FynMoonbys
Determine the value of the ratio ———————

Fon Moon by Earth
Assume the Moon is the same distance from the

Sun as the Earth is.

How many Earth radii from the centre of the
Earth must an object be for the gravitational
force by the Earth on the object to equal the
gravitational force that would be exerted by the
Moon on the object if the object was on the
Moon’s surface?

. A space station orbits at a height of 355 km above

Earth and completes one orbit every 92 min.

(a) What is the centripetal acceleration of the
space station?

(b) What gravitational field strength does the
space station experience?

(c) Your answers to (a) and (b) above should be
the same. (i) Explain why. (ii) Explain any
discrepancy in your answers.

(d) 1f the mass of the space station is 1200 tonnes,
what is its weight?

(e) The mass of an astronaut and the special
spacesuit he wears when outside the space
station is 270 kg. If he is a distance of 10 m
from the centre of mass of the space station,
what is the force of attraction between the
astronaut and the space station?

What is the centripetal acceleration of a person

standing on Earth’s equator due to Earth’s rotation

about its axis? (Radius of Earth is 6.38 x 10°m.)

Would the centripetal acceleration be greater or

less for a person standing in Victoria? Justify your

answer.

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. 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 which direction the occupants
would consider as ‘down’
(Remember to consider the frame of reference of
the occupants!) Make an estimate of the period of
rotation your space station would need to simulate
Earth'’s gravitational field.

12. Neutron stars are thought to rotate at about
1 revolution every second. What is the minimum
mass for the neutron star so that a mass on the
star’s surface is in the same situation as a satellite
in orbit, that is, the strength of the gravitational
field equals the centripetal acceleration at the
surface?

13. The Sun orbits the centre of our galaxy, the Milky
Way, at a distance of 2.2 x 10* m from the centre
with a period of 2.5 x 108 years. The mass of all the
stars inside the Sun’s orbit can be considered as
being concentrated at the centre of the galaxy. The
mass of the Sun is 2.0 x 103 kg. If all the stars have
the same mass as the Sun, how many stars are in
the Milky Way?

14. The asteroid 243 Ida was discovered in 1884. The
Galileo spacecraft, on its way to Jupiter, visited
the asteroid in 1993. Search online for images of
the flyby. 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 hours. What is the
mass of the asteroid?

Motion of the planets

15. What force holds the solar system together?
Explain how this results in the planets moving in
roughly circular orbits.

16. Venus and Saturn both orbit the Sun. Using
only information about the Sun and the periods
of the two planets, calculate the value of the
ratio:

distance of Saturn from the Sun

distance of Venus from the Sun -

17. A spacecraft leaves Earth to travel to the Moon.
How far from the centre of the Earth is the
spacecraft when it experiences a net force of zero?

Use the data in table 4.1 to determine where
that point is, and draw a scale diagram to show its
location.

18. A satellite is in a circular orbit around the Earth
with a radius equal to half of the radius of the
Moon’s orbit. What is the satellite’s period
expressed as a fraction of the Moon’s period about
the Earth?

Satellites of the Earth
19.

20.

21.

22,

23.

24.

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 Earth. Why

doesn’t the satellite fall straight back down to

Earth?

A new geostationary satellite is to be launched.

At what height above the centre of Earth must the

satellite orbit?

Can a geostationary satellite remain above

Melbourne? Why or why not?

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.

A space shuttle, orbiting Earth once every 93 mins

at a height of 400 km above the surface, deploys a

new 800 kg satellite that is to orbit a further 200 km

away from Earth.

(a) Use the following graph to estimate the
work needed to deploy the satellite from the
shuttle.

(b) Use the mass and radius of Earth to assist
you in determining the period of the new
satellite.

(c) Show how the period of the new satellite can
be determined without knowledge of the mass
of Earth.

(d) If the new satellite was redesigned so that its
mass was halved, how would your answers to
(a) and (b) change?

10

8—\

g (Nkg™)

Gravitational field strength

T T T T 1
2 4 6 8 10

Distance above the
surface of the Earth (x 10% m)

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 continuing.
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(a) Calculate the gravitational force on the
satellite while it is in its initial orbit.

UNIT 3

25.

26.

(b) Calculate the loss of gravitational potential
energy of the satellite during its fall.

(c) Ifthe speed of the satellite during its initial
orbit is 6900 m s}, what is its speed when the
rocket system is activated?

In a space shuttle that is in orbit around Earth at

an altitude of 360 km, what is the magnitude of:

(a) the gravitational field strength

(b) the reaction force by the shuttle on a 70 kg
astronaut

(c) the gravitational force by the Earth on this
astronaut?

Why does the gravitational force do no work on a

satellite in orbit?



CHAPTER

Electric fields

REMEMBER describe the electric field around a point charge in terms
of its direction and shape

calculate the strength of the electric field at a point a
distance, r, from a point charge

describe potential energy changes of an object moving in
the electric field of a point charge

analyse the acceleration and potential energy changes of
KEY IDEAS a charged particle in an uniform electric field.

After completing this chapter, you should be able to:
describe electricity using a field model
apply Coulomb’s Law to the force between point charges

Before beginning this chapter, you should be able to:
recognise that charged objects can experience forces of
attraction and of repulsion
apply the concepts of charge (Q), current (/), voltage (V)
and energy (U) to electrical situations.

The concept of the electric field allows us to make use
of electricity to provide power and light. It also explains
many physical phenomena.
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UNIT 3

The long road to Coulomb’s Law

You will probably have experienced a small electric shock when you touched a
metal rail after walking across carpet. This phenomenon has been observed for
thousands of years. Objects such as glass, gemstones and amber (petrified tree
resin) can become ‘electrified’ by friction, when they are rubbed with materials
such as animal fur and fabrics, producing a little spark. The Ancient Greek
word for amber is elektron.

Investigators tried to explain the various manifestations of electricity, but an
understanding of the phenomenon was elusive. Both attraction and repulsion
were observed, but initially repulsion was considered less important. In 1551
Girolamo Cardano realised that this electrical attraction was different from mag-
netic attraction. In 1600 William Gilbert, the physician to Elizabeth I, found that
other substances such as glass and wax could be ‘electrified, but he concluded
that metals could not. In 1729 Stephen Gray discovered that electric charge
could pass through materials such as the human body and metals. He concluded
that some objects are conductors and others insulators. In 1734 Charles du Fay
showed that Gilbert was wrong about metals: they could be charged as long as
the metal was in a handle of glass. However, du Fay thought there were two fluids,
to explain the two types of charge, whereas Benjamin Franklin in 1746 suggested
there was only one fluid. Objects with an excess of this fluid were designated
positively charged, while negatively charged objects were deficient in the fluid.

Experiments continued, not only to identify what electricity was, but also to
determine how strong the electric force was and what affected its strength.

In 1766 Franklin tried an experiment involving a hollow metal sphere with
a small hole. He charged up the sphere and then lowered a small cork car-
rying an electric charge inside the sphere. Nothing happened to it — it was
not pushed around, no matter where he placed the test charge. He wrote
about this to his friend Joseph Priestley in England. Priestley was aware
of Newton’s Law of Universal Gravitation, which is an inverse square law

1
(F «<—). He also knew that Newton had proved mathematically that because
r

of the inverse square law, no net gravitational force exists inside a hollow
sphere. That is, at every point inside the sphere, the gravitational force from
the mass on one side is balanced by the force from the mass on the other side.
Priestley confirmed Franklin’s results and realised that this was strong evi-
dence that the inverse square law applied to electricity. In 1767 he published
his finding that electric force was an inverse square law. Unfortunately, his
paper went unnoticed by other scientists of his time. 1
If the force between two charges was an inverse square law, that is, F o< —
where n = 2, could the value of n be experimentally confirmed? r
In 1769 John Robison investigated how the force between charges changed
with separation. He determined the value of the power, #, to be 2.06, very close
to 2. In the 1770s Henry Cavendish measured the value as between 1.96 and
2.04, but he never published his results.
In 1788 and 1789 Charles-Augustin de Coulomb published a series of
8 papers on different aspects of his electrical experiments, showing that the
electric force satisfied the inverse square law.

TABLE 5.1 The results of some of Coulomb’s experiments

Distance

Observed force Observed Calculated from the inverse square law

36 units 36 units 36 units
144 units 18 units 18 units
576 units 8.5 units 9 units




thin thread

insulating
rod

scale
charged spheres

Coulomb’s torsion balance

study(])
Electric force

| nos1 eiiebmiiid
and practice

Charge

Q
Coulomb, C

Example Q=5.0C

eBook

Interactivity
Doing the twist
int-6608

These results are no better than the earlier ones, so why was Coulomb’s Law
named after him?

Coulomb’s papers were excellent examples of scientific writing. They were
well organised and thorough. He described his apparatus in detail, and he dis-
cussed possible sources of error in his measurements. He also used two dif-
ferent methods to determine the value of n, obtaining the same result with
each.

To investigate the force between two charges, Coulomb designed a torsion
balance. His torsion balance had a long silk thread hanging vertically with a
horizontal rod attached at the end. On one end of the rod was a small met-
al-coated sphere. On the other end was a sphere of identical mass to keep the
rod level. The metal sphere was given a quantity of charge and a second metal
sphere, charged with the same type of charge, was lowered to be in line with
the first sphere. The electrical repulsion caused the silk thread to twist slightly.
The angle of twist or deflection of the rod was a measure of the strength of the
repulsive force.

Coulomb was able to measure the force to an accuracy of less than a mil-
lionth of a Newton.

Coulomb’s Law: The force between two charges at rest is directly proportional to
the product of the magnitudes of the charges and inversely proportional to the
square of the distance between them.

iy
Feeto?

This expression has no equals sign; it is not an equation or formula. Coulomb
was able to measure the force and separation very accurately, but charge was
such a new concept that there were no units to measure it. Coulomb was only
able to show that halving the size of each charge reduced the size of the force
by a quarter.

It was not until the unit for current, the ampere, was defined and precisely
measured that a unit for charge could be defined and calculated using the
relationship charge = current x time (Q = I x ). This unit was called the cou-
lomb after Charles-Augustin de Coulomb. One coulomb of charge equals the
amount of charge that is transferred by one ampere of current in one second.

A coulomb of charge is a large quantity of charge. For example, the amount
of charge transferred when fur is rubbed against a glass rod is a few millionths
of a coulomb. In a typical lightning strike, about 20 coulombs of charge is trans-
ferred, whereas in the lifetime of an AA battery, about 5000 coulombs passes
through the battery.

When the electron was discovered, its charge was determined as 1.602 x 10719
coulombs, which means that the total charge of 6.241 x 10'8 electrons would
equal one coulomb.

Once a unit to measure charge was available, the above relationship for the
force between charges could be written as an equation with a proportionality
constant, k:

F= kqlzqz
r

where k is a constant with a value of 8.988 x 109N m? C~2 (In fact, it only has
this value if there is a vacuum between the charges. Air has a similar value, but
if the charges are immersed in any other substance, the force is reduced.)

For ease of calculation and remembering, the value of k is usually approxi-
mated to 9.0 X 10° N m? C~2. This constant has no special name, unlike the con-
stant in Newton'’s Law of Universal Gravitation. It goes by various names, such
as ‘the electric force constant’ and ‘Coulomb’s constant’
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UNIT 3

Electric fields

Attraction and repulsion between charges occurs without the need for contact.
There is ‘action at a distance! To explain such interactions, Michael Faraday
(1791-1867) proposed the concept of a ‘field’ In the case of an electric charge,
there was an electric field in the space around the charge such that if a second
charge was placed in that space, it would experience an electrical force. The
electric field at that point interacts directly with this second charge to produce
a force.

If the first charge is represented by Q and the second charge is a small test

ki
charge, g, then the force is given by F = % The strength of the electric field, E,
r

is defined by the force on the small test charge divided by the size of the test
charge, or force per unit charge, and the unit for electric field is Newtons per
coulomb or N C™%:

=L
q
qu)
2
E=~T
q
Y

This is a similar situation to the expressions for gravitational field.

TABLE 5.2 Comparison between expressions for electric and gravitational fields

Force and field between masses Force and field between charges

_ Gmym, kg g,
Fp=—05 F=="5"
Fy=mg F=qE

GM kQ
8= E= 2

However, electrical interactions are different from gravitational interactions
in that electric charges can attract and repel. There are two types of charge,
positive and negative, with like charges repelling each other and unlike charges
attracting.

Drawing an electric field

When we draw a gravitational field, the field lines indicate the direction in
which a mass would move. But for an electric field, because there are two
types of charge, a convention is needed so that we can correctly interpret
field diagrams. The convention is that the direction of the field is the direc-
tion in which a positive charge would move. This is shown in the following
diagrams.



’ Field around a Fields around (a) a positive charge and (b) a negative charge

| a0s 1 seipiwban
point charge
Topic 4 Summary screen

[ concept 1 Sl
questions

Fields around (a) a positive and negative charge of equal quantity, and (b) two
positive charges of equal value. Close spacing of field lines indicates a strong
field. Diverging lines indicate the field is weaker.

Revision question 5.1

Draw the electrical fields around the following configurations.

(a) Two separated negative charges

(b) Two positive charges and two negative charges at the corners of a square
with like charges diagonally opposite each other

Calculating the value of an electric field ”

The strength of an electric field can be determined from the equation E=—-.

‘

Sample problem 5.1

What is the magnitude and direction of the electric field at a point 30 cm left of
a point charge of +2.0 x 107° C?

kQ

rz’

590X 10°Nm?>C?x2.0 x 10°C
B (30 x 102 m)?
=2.0 X 105NC™L.

Because the point charge is positive, the direction of the electric field is to the left.

Solution: Using E=
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partial negative charge

g e
partial positive charge
A water molecule (H,0) displays
polarity because the shared
electrons are attracted more

strongly to the oxygen atom
than to the hydrogen atoms.

Q.

Partial circuit diagram of an
antenna

UNIT 3

Revision question 5.2

What is the magnitude and direction of the electric field at a point 50 cm right of
a point charge of —3.0 X 1075C?

Dipole fields

When a positive charge and a negative charge are separated by a short dis-
tance, the electric field around them is called a dipole field. This concept is
more relevant to magnetic fields, where the ends of a bar magnet have dif-
ferent polarities (north and south). However, electric dipoles do occur in
nature.

Electric dipoles mainly occur with the shared electrons in the bonds
between atoms in 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. 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 signal, electrons are accelerated up and down the antenna. At one
moment the top may be negative and the bottom positive, then a moment later
the reverse is the case.

AS A MATTER OF FACT

The structure of DNA and electrical attraction

A DNA molecule is a long chain molecule built from four small molecules:
adenine (A), cytosine (C), guanine (G) and thymine (T). These are
arranged along the DNA molecule according to a code called the genetic
code. Different sequences of A, C, G and T code for different amino acids,
which are combined one after the other to produce different protein mol-
ecules. Two DNA molecules wrap around each other in a spiral to pro-
duce a double-helix chromosome.

The two DNA molecules in the helix are held together by electrical
attraction between the polar ends of the four small molecules, A, C, G,
and T. The chromosome is able to replicate itself because A and T can
only pair up with each other, and likewise C and G can only pair up with
each other. If there is an A on one strand, there must be a T immediately
opposite on the other strand, and so on.

Electrical attraction in a DNA molecule



The figure below shows that one of the oxygen atoms in the thymine
molecule is slightly negative, and one of the hydrogen atoms in the ade-
nine molecule is slightly positive. Similarly, a hydrogen atom in the thy-
mine molecule is slightly positive, and a nitrogen atom in the adenine
molecule is slightly negative. These two slight electrical attractions are
enough to hold these two molecules together, and the separations across
these weak bonds are comparable in length.

H—C O----- H—N N /H
, 5/ o\ /¢
thymine C—C |«— 0300 ] C—C ,
H—G I \C/N\
N/ N/
N—C —
/N /
0] H

Electrical attraction between thymine and adenine molecules

Guanine and cytosine have a similar arrangement, except that there
are three pairs of electrical attraction. Most importantly, the separations
of the weak bonds between guanine and cytosine are comparable to each
other and also to those of adenine and thymine. Without this matchup of
separations, a chromosome could not hold together, nor could it form a
double helix.

0290 nm H
O------ H—N
N/
| C—C 0300nm C—C
A /N
/ —C N—-H------ N C
\ / \ /
N—C  0290nm C—N
N—H------ 0}
/
guanine H cytosine

Electrical attraction between guanine and cytosine molecules

Graphing the electric field

The direction of the electric field is the direction in which a positive test charge
would move.

For a central positive charge, the direction of the electric field vector at
a point P is in the same direction as the distance vector to the point P. This
means the graph of the electric field with distance is above the distance axis.

For a central negative charge, the direction of the electric field vector is in
the opposite direction to the radius vector, so the graph of the electric field
around a negative charge will be below the distance axis.
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Diagrams and field—distance
graphs for the electric field
around (a) a positive charge
and (b) a negative charge

® E)_E,
0 r
(b) 0 r
e 7
E
E

Changes in potential energy and kinetic energy
in an electric field

A small positive charge is placed at point Q, some distance from a central
positive charge. To move the charge to point P, you will need to push inwards
against the repulsive electrical force. At point P the small charge will have
electrical potential energy, like a compressed spring. The amount of potential

A field—distance graph for a
positive charge at P near a
central positive charge at Q

UNIT 3

energy it has will be equal to the area under the field-distance graph times
its charge. If the small charge was released, all this potential energy would be
converted into kinetic energy by the time the charge reached Q.

If instead a small negative charge was placed at Q, it would experience an
attractive electrical force, and when the charge reached P, the shaded area
would represent its gain in kinetic energy.

Uniform electric fields

If a set of positive and negative charges were lined up in two rows facing each
other, the lines of electric field in the space between the rows would be evenly
spaced, that is, the value of the strength of the field would be constant. This is
called a uniform electrical field.

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 positive charged
plate. Similarly, the negatively charged plate will become so negative that the
repulsion from this plate prevents further electrons being added.

00000

+ + + + +|+ + + + +

—— DC
— supply

A uniform electric field An electric field between two plates
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Electric field strength equals the gradient of the voltage-distance graph.

If a space contains a uniform field, that means that if a charge was placed in
that space it would experience a constant electric force, F = Eq. The direction
of the force on a positive charge will be in the direction of the field, and the
force on a negative charge will be opposite to the field direction. Also, because
the force is constant, the acceleration will be constant. As we will see later, the
situation with a charged particle in the space between the plates in the figure
above is similar to the vertical motion under gravity. Indeed, if a charged par-
ticle is injected with speed into the field from one side, its subsequent motion
is similar to projectile motion.

What is the strength of a uniform electric field?

In the situation of an electric field between two plates, it is not easy to apply
Coulomb’s Law, as there are many charges on each plate interacting with
each other. An alternative approach is needed — one that uses the concept of
energy.

The emf of a battery, or its voltage, is the amount of energy that the battery
gives to each coulomb of charge. A battery of V volts would use up V joules of
energy transferring one coulomb of electrons from the top plate through the
wires to the bottom plate. Once on the negative plate, this coulomb of elec-
trons would have Vjoules of electrical potential energy.

If this coulomb of electrons could be released from the negative plate, it
would be accelerated by the constant force of the electric field between the
plates, gaining kinetic energy like a stone falling in a gravitational field. And as
in a gravitational field, the gain in kinetic energy equals the loss in electrical
potential energy.

The gain in kinetic energy of one coulomb of charge = Vjoules.

The gain in kinetic energy for g coulombs of charge = gV joules.

This is the relationship W= gV.

Work done on __ quantity of voltage drop or
q coulombs of charge (W) ~ charge (q) X potential difference (V)

However, work done (W) also has a definition of motion:

Work done (W) =force (F) x displacement (d)
W=Fd
But the force, if it is an electrical force, is given by F = gE, so W = gE X d,

where d in this instance is the separation of the plates.
Equating the two expressions for work done,

gExd=qgxV.
Cancelling the charge, g, gives
=Y.

d
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This provides an alternative unit for electric field of volts per metre or Vm=!.

So, like gravitational field strength, electric field strength has two equivalent
units: either newtons per coulomb or volts per metre. Using volts per metre
makes it very easy to determine the strength of a uniform electric field.

Sample problem 5.2

What is the strength of the electric field between two plates 5.0 cm apart con-
nected to a 100 V DC supply?

V=100V, d=50cm=5.0x10"2m, E=?

Revision question 5.3

(a) Calculate the strength of the electric field between a storm cloud 1.5km
above ground and the ground itself if the voltage drop or potential differ-
ence is 30 000 000 V. Assume a uniform field.

(b) How would the strength of the electric field change if the storm cloud was
higher?

In developing the expression for the strength of a uniform electric field, the
relationship W = Vg was used. The implication of W = Vg is that the energy
gained by a charge in moving across the gap between the plates only depends
on the voltage drop or the potential difference across them. It does not depend
on the separation of the plates. This does not seem right, because if the plates

are further apart, the electric field is weaker by E =K, so the force and the
acceleration will be less. d

The explanation is that although the force may be less when the plates are
further apart, the force acts on the charge over a greater distance. If the separ-
ation is doubled, the field strength and therefore the force is halved, but it acts
over twice the distance.

Work done = force X displacement
W=Fd

Using the definition of an electric field, F = gE, this becomes
W=gEXd.

Using the alternative formula for electric field strength, E = %, this becomes
\%
W=gx|— |xd.
I ( d )

Simplifying,
W=gqV.

An electric field as a particle accelerator

An electric field can be used to increase the speed and kinetic energy of
charged particles. This is the case in all of the devices in the following table.



TABLE 5.3 Devices that use electric fields to accelerate charged particles

Device

Operation

Purpose

Mass spectrometer Accelerate positive ions of different mass, which To measure the abundance of different
then enter a uniform magnetic field and curve elements and isotopes in a sample
around to hit a screen in different spots
Electron microscope Accelerate electrons, which then pass through To use an electron beam to examine very
electric and magnetic lenses to produce an small objects
image
Synchrotron Accelerate electrons close to the speed of light, To produce intense and very narrow
then feed them into a storage ring beams of mainly X-rays to examine the fine
structure of substances such as proteins
Large Hadron Collider = Accelerate protons or lead ions close to the speed  To test the predictions of theories of particle
of light, then let them collide physics, e.g. the existence of the Higgs
boson
The first part of all of these devices is an electron gun, a device that is
designed to produce electrons and then give them an initial acceleration.
0 The diagram 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 elec-
tron gun. It produces the electrons that generate the picture in a television
tube, and it also produces the electrons for a synchrotron.

Sample problem 5.3

An electron is accelerated from one plate to another. The voltage drop 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 zero velocity?

Use mass of electron = 9.1 x 1073 kg, charge on electron = 1.6 x 1079 C.

|

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.

Solution: (a) W=1Vg
=100VXx1.6x1071°C
=1.6X 10_17]

Energy gained is 1.6 x 10717].
(b) Energy is gained as kinetic energy.

E = %mv2

1.6 X 10717] = % x 9.1 x 1031 kg x v2
_2x1.6x10717]
9.1x 1031 kg

v=59x%x10m s!

2

The speed of the electron is 5.9 x 10 ms~! or 5900 km s~!, which is about
2% of the speed of light.
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The relationships between
force, field strength, energy and
potential in a uniform electric
field

The relationships between
force, field strength, energy
and potential in an electric
field around a point charge

UNIT 3

Revision question 5.4

Repeat sample problem 5.3 but with a voltage drop of 1000 V.

Beyond an accelerating voltage of 1000V, special relativity comes into play
(as discussed in chapter 3). In relativistic situations, as the speed comes closer
to the speed of light, the method shown above for determining the speed of the
electron increasingly gives the wrong answer.

Linking the concepts together

In this chapter, the four concepts of force, field, energy and potential have been
used to explain electrical interactions and to calculate the values of various
physical quantities. The significance of these concepts and their relationships
is not only that the same concepts can be used for other fields, but that the
relationships between the concepts are the same in different types of fields.

The relationships are best illustrated in a diagram. For example, consider
a uniform electric field. If you start with the potential, V, in the bottom right
corner, each of the other three quantities can be determined by the mathemat-
ical operations beside each arrow.

. field
force multiply by g v
area under force— | multiply divide | gradient of voltage—
distance graph by d by d | distance graph
W=Fd, W=qV v :
energy multiply by q potential

0

Note that the descriptions for the down arrow on the left are the opposite
mathematical operation to the descriptions for the up arrow on the right.
‘Divide’ is the opposite of ‘multiply, and ‘gradient’ is the opposite of ‘area
under the graph’

The same analysis can be applied to the electric field around a point charge.
This time, start with force and Coulomb’s Law.

force field
_ kQg divide by g _kQ
0 F= —z E= 2 0

area under field—
distance graph

area under force—
distance graph

i
I
I
I
I
I
I
:
I
Y

W - Vv
energy divide by q potential



The course covered by this textbook considers energy in non-uniform elec-
tric fields, such as the field around a point charge, in only a qualitative manner.
Further study of electric fields will cover expressions for electrical potential
energy and electric potential near a point charge.

These two diagrams for a uniform field and a non-uniform field also have
their parallels in gravitation. The only change is to replace charge, g with
mass, m.

Revision ques

As arevision exercise for gravitation, as well as to check on your understanding
of the above diagrams, complete the following diagram for a uniform gravi-
tational field, starting with g, the gravitational field strength.

force multiply by m field I
— F=7 9
o~ A0
I
I
area under force— | multiply divide :
distance graph by h by h :
|
I

W=Fd ——————————————— > V=2

energy divide by m potential

The relationships between force, field strength, energy and potential in a uniform
gravitational field

Note: The concept of gravitational potential is not of much use for calcu-
lations in a uniform gravitational field. This is because, unlike electrical tech-
nology, gravitation does not have a ‘gravitational battery’ that can deliver energy
in joules per kilogram in the way a battery can supply joules per coulomb.
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Chapter review

Summary

Electric interactions between charges can be
described with a field model.

The electric field strength, E, at a distance r from
an object with charge Q is given by the formula

E:k_Q, where k is the electric force constant. The
2
r
electric force Oi(l a object with charge g is given by
F=gEor F =%. This equation is referred to as

Coulomb’s Law.

The electric field lines around a point charge describe
the direction and shape of the field.

The electric force between two charges can be attrac-
tive or repulsive, depending on whether the two
charges are unlike or alike respectively. When two
charges are held close together, there is potential
energy stored in the electric field, and this potential
energy is converted to kinetic energy when the
charges are free to move.

A uniform electric field exists between two metal
plates connected to a DC supply. The strength of
the electric field, E, is given by the voltage drop or
potential difference across the plates, V, over the

v
plate separation, d: E=—. This uniform field pro-

duces a constant force on a charge and thus a con-
stant acceleration.

The energy transferred to a charge g in moving from
one plate to the other is given by W= V4.

Questions
Electric force between point charges

1. What is the experimental evidence for there being
two types of charge?

2. A and B are metal spheres x metres apart. Each
has a charge of +gq coulombs. The force they exert
on each other is 5.0 X 10~ newtons. Determine
the magnitude of the force in each of the following
situations. (Consider the situations separately.)

(a) The separation of A and B is increased to
2x metres.

(b) A charge of +2q coulombs is added to B. Are
the forces on A by B and on B by A still equal in
magnitude?

(c) A charge of -3q coulomb is added to A.

(d) The distance is halved and the charges are
changed to +0.5g on A and 4q on B.

3. Find the force of repulsion between two point
charges with charges of 5.0 microcoulombs (pC)

UNIT 3

10.

11.

12.

13.

14.

15.

16.

Electric fields and forces

Comparing fields

" hos 1§
YY) § =

Sit Topic test

and 7.0 microcoulombs (pC) if they are 20 cm
apart.

If the force between two charges was 400 mN, how
far apart would they need to be moved for the
force to reduce by one-eighth?

How far apart would two charges, each of

1.0 coulomb, need to be to each experience an
electric force of 10 N?

Two charged spheres are 5.0 cm apart, with one
holding twice the amount of charge of the other.
If the force between is 1.5 x 10™* newtons, how
much charge does each sphere have?

Two small spheres are placed with their

centres 20 cm apart. The charges on each are
+4.0 X 1078 C and +9.0 x 1078 C. Where between
the two spheres would a test charge experience
zero net force?

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.

How many electrons would need to be removed
from a coin to give it a charge of +10 pC?

The radius of a hydrogen atom is 5.3 x 107! m.
What is the strength of the electric force between
the nucleus and the electron?

The nucleus of an iron atom has 26 protons, and
the innermost electron is 1.0 X 102 m away from
the nucleus. What is the strength of the electric
force between the nucleus and the electron?

The nucleus of a uranium atom has 92 protons,
and the innermost electron is about 5.0 X 10~* m
away from the nucleus. What is the strength of
the electric force between the nucleus and the
electron?

A proton is made up of two ‘up’ quarks of charge

2e
+? and one ‘down’ quark of charge —%e. The

diameter of a proton is about 8.8 x 10716 m. Using
the diameter as the maximum value for the
separation of the two ‘up’ quarks, calculate the size
of the electrical repulsion force between them.
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 separation of the two objects?
What is the charge in coulombs of 10 kg of
electrons?

One example of alpha decay is uranium-238
decaying to thorium-234. The thorium nucleus has
90 protons and the alpha particle has two protons.



At a moment just after the ejection of the alpha
particle, their separation is about 9.0 X 107> m.
What is the size of the electrical repulsion force
between them, and what is the acceleration of the
alpha particle at this point?

17. What is the size of the electric force between a
positive sodium ion (Nat*) and a negative chloride
ion (CI7) in a NaCl crystal if their spacing is
2.82 x 10719m?

18. An electric force of 1.5 N acts upwards on a charge
of +3.0 pC. What is the strength and direction of
the electric field?

19. An electric force of 3.0 N acts downwards on
a charge of —1.5 pC. What is the strength and
direction of the electric field?

20. A proton is suspended so that it is stationary in
an electric field. Using the value of g=10ms=2,
determine the strength of the electric field.

21. Use the statement ‘the electric force exerted
by a charged object A on a charged object B is
proportional to the charge on B’ and Newton’s
Third Law to show that the electric force between
the two charges is proportional to the product of
the charges.

Electric fields of point charges

22, Electric field lines can never cross. Why?

23. If a charged particle is free to move, will it move

along an electric field line?

Two charged objects, A and B, are held a short

distance apart. Which object is the source of the

electric field that acts on B?

25. One of the units for gravitational field is that of
acceleration. Is that also true for electric field? If
not, why not?

26. Sketch the electric field around two positive

charges, A and B, where the charge on A is twice

that on B.

Sketch the electric field around a positively

charged straight plastic rod. Assume the

charge is distributed evenly. Sketch the electric
field as if the rod had a curve in it. If the
plastic rod was bent into a closed circle, what
would be the strength of the electric field in
the middle?

A negative test charge is placed at a point in an

electric field. It experiences a force in an easterly

direction. What is the direction of the electric field
at that point?

29. Two small spheres, A and B, are placed with their
centres 10 cm apart. P is 2.5 cm from A. What
is 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.

24,

27.

28.

30.

31.

Determine the strength of the electric field 30 cm
from a charge of 120 pC.

What is the strength of the electric field 1.0 mm
from a proton?

Uniform electric fields

32.

33.

34.

Two metal plates, X and Y, are set up 10 cm
apart. The X plate is connected to the positive
terminal of a 60V battery and the Y plate is
connected to the negative terminal. A small
positively charged sphere is suspended midway
between the plates and it experiences a force of
4.0 X 1073 newtons.
(a) What would be the size of the force on the
sphere if it was placed 7.5 cm from plate X?
(b) The sphere is placed back in the middle
and the plates are moved apart to a separation
of 15 cm. What is the size of the force now?
(c) The plates are returned to a separation of
10 cm but the battery is changed. The force is
now 6.0 X 1073 newtons. What is the voltage of
the new battery?
Electrons from a hot filament are emitted into
the space between two parallel plates and are
accelerated across the space between them.

|

6V

100V

(a) Which battery supplies the field to accelerate
the electrons?

(b) How much energy would be gained by an
electron in crossing the space between the
plates?

(c) How would your answer to (b) change if the

plate separation was halved?

How would your answer to (b) change if the

terminals of the 6 V battery were reversed?

How would your answer to (b) change if the

terminals of the 100V battery were reversed?

(f) 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 (c) and (f) are
connected.

(a) Calculate the acceleration of an electron
in a uniform electric field of strength
1.0 X 10°NC71,

(d
(e)
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(b) Starting from rest, how long would it take for
the speed of the electron to reach 10% of the
speed of light? (Ignore relativistic effects.)

(c) What distance would the electron travel in
that time?

(d) If the answer to (c) was the actual spacing of
the plates producing the electric field, what
was the voltage drop or potential difference
across the plates?

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.

Let m =the mass of the drop, g = the charge of the
drop, v =the speed of the drop, [ =the horizontal

UNIT 3

length of the plate crossed by the drop, and

E = 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=1.0x10"1kg, v=20ms™},
I=1.0cmand E=1.2x 105N C7}, calculate
the charge required on the drop to produce a
deflection of 1.2 mm.

drop
generator

charging deflecting
unit plates

paper



CHAPTER

Magnetic fields

| REMEMBEI

Before beginning this chapter, you should be able to:
recall that magnets can both attract and repel
recall that magnets line up with Earth’s magnetic field
recall that the ends of a magnet are labelled a ‘north-
seeking end’ and a ‘south-seeking end’, or a north end
and south end for short
determine the direction of conventional current in a
DC circuit from the polarity of the battery.

KEY IDEAS

After completing this chapter, you should be able to:
describe magnetism using a field model
recall that magnetic fields can be represented by magnetic
field lines, which start at a north end and go to a south end,
indicating the direction a magnetic compass would point
use the concept of a magnetic field to explain magnetic
phenomena produced by bar magnets and current in
wires, loops and solenoids

describe the attraction and repulsion that can occur
between magnets and current-carrying conductors
realise that magnetic fields can be constant or changing in
time, and can be uniform or varying in strength and direction
use the right-hand-grip rule to determine the direction of
the magnetic field associated with a current

recall the unit in which magnetic fields are measured
determine the size and direction of the force on a current
in a wire due to a magnetic field

explain the structure and operation of a simple DC motor,
including the role of the commutator

describe the path of a charged particle in a magnetic field
determine the size and direction of the force on a charge
moving in a magnetic field

determine the radius of the path of an electron in a
magnetic field

describe the acceleration of charged particles in particle

accelerators as the particles move through electric and
magnetic fields.

This strong magnet sitting on top
of a glass shelf creates a magnetic
field that is able to attract small
pieces of metal.



Early ideas about magnetism

Magnetism has been known of since the beginning of recorded history. The

Induction is the process of ancient Athenians (600 BC) observed that a stone could attract pieces of iron.
producing magnetic properties They called this stone ‘magnet’ because it was found in an area that was then
in one object due to the presence called Magnesia (now in Turkey). They noticed that the pieces of iron attracted
of another object with magnetic to this stone could also then attract other pieces. The magnet had ‘magnetised’
properties. the iron it was in contact with. This process is called induction.

AS A MATTER OF FAC

The stone called ‘magnet’ is an iron oxide called magnetite. It has the
chemical formula Fe;0,. It is black, metallic and quite hard. The stone
has also been called a lodestone, which comes from ‘leading stone’ This
refers to the fact that a magnet, if free to move, orients itself along a
north-south line.

In trying to explain their observations of magnetism, the Greeks and Romans
concentrated on the fact that magnets attract iron.

Lucretius in his book, De Rerum Natura (On the Nature of Things), said the
following:

At this point, I will set out to explain what law of nature causes iron to be attracted
by that stone which the Greeks call from its place of origin, ‘magnet,; because it
occurs in the territory of Magnesia. Men look upon this stone as miraculous.
They are amazed to see it form a chain of little rings hanging from it. Sometimes
you may see as many as five or more in pendant succession swaying in the light
puffs of air; one hangs from another, clinging to it underneath, and one derives
from another the cohesive force of the stone. Such is the permeative power of
this force.

So much by way of preface...it will be easy to lay bare...the cause of the
attraction of the iron. First, this stone must emit a dense stream of atoms which
dispels by a process of bombardment all the air that lies between the stone and
the iron. When this space is emptied and a large tract in the middle is left void,
then atoms of the iron all tangled together immediately slide and tumble into the
vacuum. The consequence is that the ring itself follows and so moves in with its
whole mass. No other substance is so rigidly held together by the entanglement
of its elemental atoms as cold iron, that stubborn and benumbing metal.

Summing up in a few brief words, when the textures of two substances are
mutually contrary, so that the hollows in the one correspond to the projections
in the other ... then connection between them is most perfect. It is even possible
for some things to be coupled together, as though interlinked by hooks and eyes.
- And such, it would seem is the linkage between iron and magnet.

> While Lucretius provides a picturesque model of a magnet’s attraction for
- iron, it does not explain later observations. From about AD 800 onwards, most
cultures discovered that magnets always point in the same direction if free
to spin. The magnetic compass became a necessary tool for navigation and

exploration.
Aimaan sl e In ancient times, while. the attraction of magnets fo'r iron was an obvious
line: frominicribiiol et phenomenon, the repulsion between magnets was either not observed or
allowed to spin freely. not considered as important as the attraction. The early ideas do not explain

repulsion.
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The end of the magnet
marked ‘S’ is called the south
end of the magnet because

it points generally towards
geographic south.
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Like ends repel; unlike ends
attract.

It was only much later that the attraction and the repulsion between two
magnets were treated equally. This appreciation led Peter Peregrinus, a French
soldier living in the thirteenth century, to propose three ideas.

1. The ends of the magnet, where the strongest attraction for iron occurred,
were different from each other.

2. When the ends were brought together, the two like ends repelled each other.

3. The two unlike ends attracted each other.

The end of the magnet that pointed towards the north was called the north-
seeking end, or north end for short. The other end was called the south end.

These simple ideas were forgotten during the Middle Ages. In the sixteenth
century, Dr Gilbert, a physician to Queen Elizabeth I, developed the same
ideas. He also found that a freely suspended magnet dipped down at an angle
to the horizontal, and that this angle varied with latitude. He explained these
observations by suggesting that Earth contained a magnet.

A magnet compass not only aligns itself
along a line from north to south, it also

dips downwards at an angle that varies

with latitude. At a region near the South
Geographic Pole, called the South Magnetic
Pole, it actually points vertically downwards.

Today, Gilbert’s idea of a solid magnet inside Earth is rejected because
Earth’s crust does not contain sufficient iron for the measured strength of
Earth’s magnetism. Also, much of Earth’s core is molten liquid. A satisfactory
explanation is still being sought of the origin of Earth’s magnetism.

south end of Earth’s
magnet

north end
of Earth’s magnet

A compass needle is lined up by Earth’s magnet. The south-seeking end of the
needle points torwards geographic south. But because unlike ends attract, this
end of Earth’s magnet must be a magnetic north end.

Although Gilbert’s work was a major breakthrough, his concept of how mag-
nets attracted the iron was very similar to that of Lucretius:

Magnetic force is something animate, it imitates a soul, nay, it surpasses the
human soul. It sends forth its energy without error...quick, definite, constant,
directive, imperant, harmonious. The magnet emits an effluvium which reaches
out to the attracted body as a clasping arm and draws it to itself.
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A magnetic field describes the
property of the space around a
magnet that causes an object in that
space to experience a force due only
to the presence of the magnet.

(@

(@) A magnetic field can be
represented by the direction
and closeness of field lines
on a page. (b) Closer lines
represent increased strength.
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It was only when Michael Faraday (1791-1867) suggested the concept of a
magnetic field that a useful model appeared. The magnetic field was described
as a property of the space around a magnet, so that if a piece of iron was in that
space it would experience a force. The lines typically drawn around a magnet
represent the direction of this field, and their closeness, its strength. The lines
are imaginary; they are just an aid in visualising a very abstract, but useful con-
cept. A picture (or diagram) of iron filings around a magnet is an effective rep-
resentation of a magnetic field.

There are rules for drawing field lines. These are listed below.

Each field line is a continuous loop that leaves the north end of the magnet,
enters at the south end and passes through the magnet back to the north
end.

Field lines do not intersect.

o The direction of the magnetic field at a point is along the tangent to the field
line.

The closeness of the lines represents the strength of the magnetic field.
Magnets can be designed to produce fields of different shapes. A horseshoe
magnet with the ends adjacent produces a strong and even field between the
ends. A circular magnet with a north end in the middle produces a radial field
that points outward all the way around. This design is used in loudspeakers.

(@) Horseshoe magnet (b) Circular magnet
S

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.

Some magnets have stronger fields than others. The strength of a magnetic
field is measured in tesla. The strength of Earth’s magnetic field at its surface is
quite small, about 10~ tesla or 0.1 millitesla (0.1 mT). 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
10T

AS A MATTER OF FACT

Pigeons and honey bees have been found to have small fragments of
magnetite in their bodies. Earth’s magnetic field exerts a force on these
creatures. It is possible the pigeon or honey bee is able to detect the force
and use it to navigate across Earth’s surface.
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eBook Magnetic effect of a current

Weblink Hans Christian Oersted, like many others at the time (1820), thought there
Magnetic field around a wire applet was a connection between electricity and magnetism. He placed a wire carry-
ing 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

study(J]) . opposite direction. Log in to www.jacplus.com.au to locate the Magnetic field

around a wire applet weblink for this chapter.
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(@) 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.

with the current, which causes the needle to line up with it. Using a compass,
the field around a current in a wire can be mapped.

To represent 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.

TI Deflection of a compass needle means there is a magnetic field associated
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show a circular magnetic field. B A
QYK OOO
RRX OOO
RRX OO
From B From A

Magnetic fields going into the page (from B) and coming out of the page (from A)
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If a right hand holds the wire
with the thumb pointing in the
direction of the conventional
current, the fingers curl around
the wire in the direction of the

The symbols described on the previous page are designed to suggest in the
instance on the right the point of an arrow coming towards the reader and, in
the instance on the left, the feathers of the arrow going away from the reader.

The right-hand-grip rule

If the current is reversed, the magnetic field changes to the opposite direction.
A rule is therefore needed so that the direction of the field can be determined
in a variety of different situations.

A convenient rule is the right-hand-grip rule. The wire carrying the current is
grabbed by the right hand, but the thumb must point in the direction that con-
ventional current flows in the wire. (Remember: conventional current flows
from the positive terminal to the negative terminal.) The fingers then will wrap
around the wire in the direction of the magnetic field.

Applying the right-hand-grip rule to a loop of wire shows that the magnetic
field comes in on one side of the loop and out of the other side, all the way

MR around the loop. Joining loops together results in a solenoid. The magnetic

fields from each loop add together to produce a stronger magnetic field.

A solenoid is a coil of wire wound (a) (b)
into a cylindrical shape.

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.

If the loops are very close together, the field lines within the coil are parallel
to the axis of the coil. 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. The
ends of the solenoid can be labelled north and south. The field emerges from
the north end. Looking from this end along the axis, the current is seen to be
travelling anticlockwise. The other end is opposite.
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Using the right-hand-grip rule
with a solenoid
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Revision question 6.1

Use the right-hand-grip rule to determine the direction of the magnetic field at
point X in the following diagrams.

@ (b)
X X &

_ current into

1 page

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 electric current to the point where it could support more
An electromagnet is a temporary  than its own weight. Sturgeon had invented the electromagnet. He ultimately
magnet produced when a solenoid  built a 200 g electromagnet with 18 turns of copper wire that was able to hold
wound around an iron core carries 4 kg of iron with current supplied by one battery.
an electric current. 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.

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
eBook 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 —

IDigit:' ‘:,°° 60 a permanent magnet has been made. Stronger and more long-lasting magnets
nvestigation o©. . . . . ‘ . )
Electromagnets are made with different combinations of elements. The common ‘alnico

doc-18539 magnets in schools are made from iron (54%), nickel (18%), cobalt (12%), alu-
minium (10%) and copper (6%).
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Recent magnetic developments include the flexible fridge magnet, where
microscopic particles of magnetite are mixed with a molten plastic and placed
in a magnetic field while the plastic solidifies, and neodymium magnets, which
contain the elements neodymium and boron in addition to iron. This produces
a very high magnetic field strength.

Differences between magnetic fields

In the section headed ‘Magnetic fields’ (page 148), the pictures of the different
magnetic field configurations show that there are regions in the space around
the magnets where the lines are close together, so the field strength is high.
In regions where the lines are further apart, the field strength is low. This is in
contrast to the diagrams in the section ‘Magnetic effect of a current’ (page 149),
where the lines are evenly spaced. The latter are examples of uniform fields,
whereas the former are examples of fields that are non-uniform, meaning they
vary in strength and direction through the space.

AS A MATTER OF FAC

The strength of a magnetic field 1.0 cm from a wire carrying 100 A is about
2.0mT. The small currents in the nerves of the human body produce
magnetic fields of about 10~ T. Electromagnets used in research have a
short-term strength of about 70 T, which requires a momentary current of
15000 A.

The magnetic field around the human heart is about 5 x 107! T, about
one millionth of Earth’s magnetic field. To measure fields of this size, it
is necessary to use a magnetically shielded room and a very sensitive
detector called a SQUID (a Superconducting QUantum Interference
Device) that can measure fields down to 107!* T. The magnetocardiogram
produced is a useful diagnostic tool.

Explaining magnetism

The solenoid provides a model for the magnetism in a magnet and the
iron rod. The shapes of the magnetic fields of a solenoid and of a magnet
are identical. The magnetic field in 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.

Electrons travel around the nucleus of an atom in circlelike paths, so each
electron must produce its own 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 forces its atoms to line up.



AS A MATTER OF FACT

In a piece of iron, 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.

| -
| -
(@) 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

Comparing gravitational, electric and
magnetic 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 magnetic pole. Lines are
used to show the direction of the field, that is, the direction a test object would
move; the strength of the field is shown by the density of the lines. For some
field diagrams, it is not possible to tell the type of field simply by looking at the
diagram.

(@) (b) é i i é
Field diagrams

For example, field diagram (a) 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, there would be a north pole not too far away.
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Similarly, field diagram (b) could show either an electric field around two oppo-
site 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.

Magnetic force on an electric current

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?

In Oersted’s experiment the magnetic field due to the current exerts a force
on the magnetic field of the compass. So, according to Newton’s Third Law of
Motion, the compass exerts an equal and opposite force on the current. What
is the size of this force and in what direction does it act?

Observations of the magnetic force applied to the current-carrying wire
show that:

« if the strength of the magnetic field increases, there is a larger force on the
wire

« ifthe magnetic field acts on a larger current in the wire, there is a larger force

« if the magnetic field acts on a longer wire, there is a larger force

« it is only the component of the magnetic field that is perpendicular to the
current that causes the force

« if there are more wires in the magnetic field, there is a larger force.
Combined, these findings can be expressed as:

magnetic force on a current (F) = number of wires (r) X current in each wire
(I) xlength of wire (1) x strength of the magnetic field (B),
or

F=nxIxIlxB.
The units are expressed as:
1 newton = 1 X 1 ampere X 1 metre X 1 tesla.

When the magnetic field is perpendicular to the direction of the current (and
hence the length vector) in a single wire, the magnitude of the force is given by:

F=1B.

When the magnetic field is not perpendicular to the direction of the current, it
isimportant 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 the component of magnetic field perpendicular to the current is zero.

Sample problem 6.1

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.

(a) The magnetic field is perpendicular to the direction of current.

F=1IB
=3.00x107'Ax80x%x102m x 0.25T
=6.0x 103N

(b) The magnetic field is parallel to the direction of current. Therefore the
component of magnetic field that is perpendicular to the current is zero.
F=1B
=3.00x107'AXx0m x0.25T
=0
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(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 1075T.

(b) The force on a 10 cm wire carrying a current of 15A 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?

If the magnetic field is pointing to the right across the page, and the cur-
rent is going down the page, the direction of the magnetic force is up, out of
the page. The direction of this force will be important in applications such as
meters and motors, so it is necessary to have a rule to determine the direction
of the force in a variety of situations. There are two alternative hand rules com-
monly used. These are described below.

Left-hand rule

The left-hand rule applies as follows:

« the index finger, pointing straight ahead, represents the magnetic field (B)

« the middle finger, at right angles to the index finger, represents the current (I)

« the thumb, upright at right angles to both fingers, represents the force (F).
Lock the three fingers in place so they force (F) magnetic

are at right angles to each other. Now ; field (B)

rotate your hand so that the field and cur- ) 5

rent line up with the directions in your

problem. The thumb will now point in the

direction of the force.

Left-hand rule for determining the direction
of the magnetic force of a magnetic field
on a current

Right-hand-slap rule

The right-hand-slap rule applies as follows:
« the fingers (out straight) represent the magnetic field (B)
« the thumb (out to the side of the hand) represents the current (I)
« the palm of the hand represents the force (F).

Hold your hand flat with the i
fingers outstretched and the thumb 1:;?3 ?;)IC force (F)
out to the side, at right angles to your \ (outwards
fingers. Now rotate your hand so that

from palm)
the field and current line up with the 5 \\
direction in your problem. The palm o ‘
of your hand now gives the direction \ i
current (I)

.

of the force, hence the name.

Right-hand-slap rule for determining
the direction of the magnetic force of

a magnetic field on a current
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Magnetic propulsion

When a current flows along the closest rail (the lower of the two rails in the
figure at left, through the conductor rod and back to the power supply, the
conductor will experience a force to the right due to the magnetic field. This
force will make the conductor accelerate. If there is little friction, it can move
at high speeds.

Meters

In the electrical meter illustrated in
the figure at right, the force on the

wire BA is out of the page. The cur- pointer
rent travels around to D and then to
C, so the force on wire DC is into the jewel pivot

page. The two forces are the same
size because the strength of the mag- \
netic field is the same on both sides

of the coil, the current through the B

coil is the same at all points and the i
lengths BA and DC are the same. - TRt
However, the forces are in opposite

directions. The net force is therefore A D
zero. However, the forces do not act  insulator.

through the centre of the coil, so the
combined forces have a turning +
effect. The turning effect of the forces
is called a torque. The magnitude of
the torque on a coil is the product of
the force applied perpendicular to
the plane of the coil and the distance between the line of action of the force
and the shaft or axle.

If a spring is attached to the axle, the turning effect of the forces unwinds
the spring until the spring pushes with an equal torque. A pointer attached to
the axle measures the size of the torque, which depends on the size of the cur-
rent. The larger the current through the meter, the larger the magnetic force
and torque on the coil and the further the spring and the pointer are pushed
back to achieve balance. Spiral springs have the fortunate property that the
deflection of the pointer is proportional to the torque. This means that the
scale on the meter can be linear, or evenly spaced.

axle

N A

T
jewel pivot

An electrical meter

DC motors

A DC motor (a simplified example of which is given in
the figure at left) uses the current from a battery flowing
through a coil in a magnetic field to produce continuous
rotation of a shaft. How is this done?

A first attempt at a design might be to remove the
restoring spring that is used in a meter.

When a coil is in position 1 (as shown in the top
left figure on the opposite page), the forces will make it
rotate. As the coil rotates (position 2) the forces remain
unchanged in size and direction. This is because the
magnetic field and the current in the wire are still the
same size and in the same direction. However, their
lines of action are closer to the axle, so they have less

split ring
commutator
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turning effect. When the coil reaches position 3, at right angles to the
magnetic field, the forces are still unchanged in size and direction, but in
this case the lines of action of the forces pass through the axle and have
no turning effect. Since the coil was already moving before it got to pos-
ition 3, the momentum of its rotation will carry it beyond position 3 to
position 4(a). In position 4(a) the current is still travelling in the same direc-
tion, so in this position the forces will act to bring the coil back to position 3.

Position 2 Position %

current flow
N

current flow

Force on a coil in a DC motor

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.

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 coil will then be in the opposite position to that shown for
position 3. The current is again reversed to complete the rotation.

The current needs to be reversed twice every rotation when the coil is at
right angles to the magnetic field.

This reversal is done with a commutator. The commutator consists of
two semicircular metal pieces 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
rest against the commu-
tator pieces. As the axle
turns, these pieces turn
under the battery con-
tacts, called brushes.
This enables the cur-
rent through the coil to
change direction every
time the insulating spaces
pass the contacts.

Brushes are often small
carbon blocks that allow
charge to flow and the
axle to turn smoothly.

Commutator and coil from a hair dryer
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A DC motor is a device used to turn electrical energy into kinetic energy,
usually rotational kinetic energy. As an energy transfer device of some indus-
trial 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 for-
wards? Can it run at different speeds? Log in to www.jacplus.com.au to locate
the DC motor applet weblink for this chapter.

AS A MATTER OF FACT

The principle of the electric motor was proposed by Michael Faraday in
1821, but a useful commercial motor was not designed until 1873. Direct
current (DC) motors were installed in trains in Europe in the 1880s.

Magnetic force on charges

Electric current consists of electrons moving in a wire. A magnetic field acts
on the electrons and pushes them sideways. This force then pushes the nuclei
in the wire, and the wire moves. If the moving electrons were in a vacuum, free
of the wire, the magnetic field would still exert a force at right angles to their
velocity. What would be the effect of this force on a freely moving electron?

When an electron is moving across a magnetic field, it experiences a side-
ways force, which deflects the movement of the electron. The electron now
moves in another direction given by the hand rule; however, it is still moving at
right angles to the magnetic field, so the strength of the force is unchanged.
The direction of the force will again be at right angles to the electron’s motion,
and deflecting it again. The deflecting force on the moving electron will be
constant in size and will always be at right angles to its velocity. This results in
the electron travelling in a circle.

The magnetic force is always at right angles to the direction of the charge’s
motion. So the magnetic force cannot increase the speed on the charge; it can
only change its direction at a constant rate.

The mass spectrometer, the electron microscope and the synchrotron are
instruments that use a magnetic force in this manner.

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 cha