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SUBJECT OUTCOME |

MECHANICS: INTERPRET, EVALUATE AND
APPLY MOTION OF FREE-FALLING
BODIES

@ Subject outcome

Subject outcome 2.1: Interpret, evaluate and apply motion of free-falling bodies

Learning outcomes

Identify, analyse, describe and solve problems on vertical motion presented in diagrams, equations
and graphs of motion.

Identify that gravitational acceleration is independent of the mass of an object.

Apply principles of projectile motion to diagrams and solve problems using equations of motion.

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Identify and describe vertical projectile motion.
Identify that gravitational acceleration is independent of the mass of an object.
Identify, analyse and solve problems on vertical projectile motion using equations of motion.

‘g’ Unit 2 outcomes

By the end of this unit you will be able to:

Analyse and represent problems on projectile motion as graphs of motion.
Identify, analyse and solve problems on projectile motion represented in and using graphs of
motion.

Mechanics: Interpret, evaluate and apply motion of
free-falling bodies | 1






Unit 1. Vertical projectile motion

DYLAN BUSA

Unit outcomes

By the end of this unit you will be able to:

Identify and describe vertical projectile motion.
Identify that gravitational acceleration is independent of the mass of an object.
Identify, analyse and solve problems on vertical projectile motion using equations of motion.

What you should know

Before you start this unit, make sure you can:

Describe motion and identify and define the components of motion including:

displacement

velocity

constant acceleration

Refer to level 2 subject outcome 2.1 units 1and 2 if you need help with this.
Analyse and calculate problems dealing with motion in one-dimension using equations of motion.
Refer to level 3 subject outcome 2.1 unit 1 if you need help with this.

Introduction

Consider the situation shown in figure 1. A big heavy bowling ball and a super light feather are held at a
certain height above the ground. If they are dropped, what happens?
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Figure 1: A bowling ball and a feather dropped from the same height

You have probably seen enough objects dropped to know that both the bowling ball and the feather will fall
to the ground. But what makes them fall? Do they fall at the same speed? Which one hits the ground first?

Most, people when asked these questions, will respond that the objects fall because of gravity. Gravity ‘pulls’
the objects to the ground. They will go on to say that the bowling ball will fall faster and hit the ground first.
This is after all our experience of the real world.

But, if the bowling ball falls faster and hits the ground first and if the force of gravity acting on the bowling
ball and the feather is the same, then the bowling ball must fall faster because it is heavier. Its extra mass
must cause it to be pulled towards the earth faster. Right? Well, no!

Note

If you have internet connection watch the video called Misconceptions About Falling Objects to see if
these intuitions are correct.

Misconceptions About Falling Objects (Duration: 02.59)
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Gravity

Many people believe that heavier objects fall faster because their experience shows them that bowling balls
fall faster than feathers. But the only reason that bowling balls fall faster than feathers is because of air
resistance. If you drop two similarly sized and shaped objects of very different masses from the same height,
they will hit the ground at the same time!

If we make the objects the same shape and size, then we minimise the relative effects of air resistance on
the two objects. Why not try this yourself now?

Time required: 5 minutes

What you need:

a small ball (e.g. a bouncy ball or tennis ball)
a few pieces of paper
sticky tape

What to do:

Take a few pieces of paper and scrunch them up into a ball of about the same size as the real ball that
you have. Make sure that each ball is the same size. Wrap a few pieces of tape around your paper ball to
make sure it keeps its shape and size.

Now, hold both balls above your head and drop them. Do this a few times to make sure your results are
repeatable.

What did you find?

You should have found, if both balls were the same shape and size, that they both hit the ground at the
same time. It does not matter if one is heavier than the other. If we remove the relative effects of air
resistance, we can see that both balls fall at the same rate and hit the ground at the same time.

To show that it does not matter what the mass of an object is, it will always fall at the same rate, watch the
video called Brian Cox visits the world's biggest vacuum to see how, when all the air from a room is removed
and the effects of air resistance are removed completely, a bowling ball and a feather fall at exactly the same
rate and hit the ground at exactly the same time (see figure 2).
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Brian Cox visits the world's biggest vacuum (Duration: 04:47)

Figure 2: A bowling ball and a feather fall at the same rate

We know from Newton’s Law of Universal Gravitation that an object in the earth's gravitational field
experiences a force pulling it towards the centre of the earth. If this is the only force acting on the object (i.e.
we ighore or remove air resistance), then the object will accelerate towards the centre of the earth. We can
show that the value of this acceleration is 9.8 m.s2. All objects, irrespective of their mass, experience the
same rate of acceleration and, therefore, fall at the same rate.

For almost all everyday purposes, we can treat the acceleration due to gravity as a constant 9.8 m.s~2. It is
only when one gets far away from the earth, that this ‘gravitational force’ changes.

In traditional Newtonian physics we speak about and treat gravity as a force. We say that the force of
gravity on Earth accelerates objects at 9.8 m.s 2.

However, Einstein’s theory of special relativity explains that gravity is actually not a force at all. If you
would like to find out why and what gravity really is watch the video called Why Gravity is NOT a Force.
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Why Gravity is NOT a Force (Duration: 17.33)

In all the problems that we will encounter in this unit and the next, we will ignore all other forces on the
falling object, such as air resistance.

Motion due to gravity

In the next activity, we will investigate the motion of a ball as it is thrown vertically up into the air.

Time required: 10 minutes

What you need:
a ball

What to do:

Go outside where the air is as still as possible and throw a ball vertically up into the air. Watch carefully
what happens to the ball between the moment it leaves your hand and when it hits the ground.

We will assign upwards as the positive direction.

Does the ball have an initial velocity?

—_

Is this velocity increasing or decreasing?
Is the ball ever stationary and, if so, at what point?

If we ignore air resistance, what is the only force acting on the ball?

oA wN

As the ball travels down, what is happening to its velocity?

What did you find?

1. As the ball leaves your hand travelling vertically upwards, it has a positive initial velocity.
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2. This velocity is decreasing. As the ball gets higher and higher it slows down.

3. The ball’s velocity slows down until, for a moment, it is stationary. This is the balls maximum
height.

4. Ignoring air resistance, the only force acting on the ball from the moment it leaves your hand is
the force of acceleration due to gravity which, because it acts downis _9.8 m.g 2.

5. Asthe ball falls, its velocity increases. However, the ball's velocity is in the negative direction.

In activity 1.2 we dealt with an object (a ball in this case) that was thrown vertically up and fell vertically
down and the only force the object experienced throughout was acceleration due to gravity. When objects
travel vertically upwards and/or downwards while only experiencing acceleration due to gravity, we call this
vertical projectile motion.

Activity 1.2 showed us a few important things about vertical projectile motion.

Take note!

If we ignore air resistance, the only force acting on an object is acceleration due to gravity which
isaconstant g = 9.8 m.s 2.

Objects moving upwards or downwards in the earth’s gravitational field, always accelerate
downwards with this constant acceleration. Remember that non-zero acceleration means that
the velocity is changing.

Objects that have an initial velocity upwards will have zero velocity at their greatest height (h,,..).
Remember that even though the velocity decreases to zero and then increases in the opposite
direction, the acceleration experienced by the object is always constant.

Time symmetry

There is one aspect of free-falling bodies with initial upwards velocity that can be very helpful when solving
problems and this is called time symmetry.

Consider an object thrown upwards from a vertical height, say A. We know that it will travel upwards with
decreasing velocity (there is a constant downwards acceleration) until it stops and starts to fall back down
to the ground (increasing in velocity in the opposite direction).

We say that any object subject only to acceleration due to gravity is falling even if it initially travels
upwards.

The time that it takes for the object to fall back down to the same height p is the same as the time taken
for the object to reach its maximum height h,,., from height h originally. This happens because the object
experiences uniform acceleration throughout.

In addition, and again, because the object experiences a constant acceleration, the magnitude of the
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velocity at which the object reaches height p on its way down is the same as the magnitude of the velocity
with which the object was initially thrown upwards at height h. Obviously, the velocities are opposite in sign.

@ Take note!

Time symmetry (shown in figure 3) is a consequence of the fact that a falling object experiences a
constant acceleration (g = 9.8 m.s 2).

The time taken (¢;) for the object to move from an initial height h to h,,,, is equal to the time taken
(to) for the object to move from h,,,, back to the initial height h.

The velocity (v1) of the object at height h moving upwards is equal but opposite to the velocity (v2)
of the object at height b moving downwards.

hmax

Displacement s (m)

t1 to

V2

time t (s)

Figure 3: Time symmetry

Equations of motion of falling objects

The equations of motion that you learnt about and used in levels 2 and 3 are equally applicable to the
motion of falling objects. Why? These equations apply to objects moving in a straight line and with a
constant acceleration. Falling objects (objects moving up or down vertically) move in a straight line with a
constant acceleration. In all these cases we know that the acceleration is due to gravity. Therefore, we know
thatqg = g = 9.8 m.s™2.

We often refer to the movement of objects vertically up or down as vertical projectile motion.

Here is a reminder of the equations of motion you should know.
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vy =v; +at
1 o
s:vit+§at

vf2 = viz + 2as
where, in the case of vertical projectile motion:

v; is the object’s initial velocity (m.s71)

vy is the object’s initial velocity (m.s™1)

s is the object’s vertical displacement (m) or its change in vertical position (zy — ;)
t is the time interval (s)

a is the acceleration due to gravity (g = g = 9.8 m.s2).

Take note!

Remember that when we use the equations of motion, we are dealing with vectors which have
magnitude and direction. Therefore, you need to decide which direction will be the positive direction so

that your vectors have the correct signs.

p Example 1.1

A ball is thrown vertically upwards with an initial velocity of 7 m.g~1 from a height of 1 m. Ignore air
resistance.

What is the maximum height above the thrower's hand reached by the ball?

—

2. What is the maximum height above the ground reached by the ball?

3. How long does it take the ball to reach its maximum height?

4. How long after reaching its maximum height will the ball hit the ground?
5. How long after leaving the thrower's hand will the ball hit the ground?
Solutions

We are told that the ball is thrown vertically upwards and that we can ignore air resistance. Therefore,
we are dealing with vertical projectile motion where the ball experiences a constant acceleration due
to gravity. This is the only force acting on the ball.

1. We know that the ball’s velocity when it reaches its maximum height will be g m.g~1. Therefore, we
know the ball's initial and final velocity and we can calculate its displacement. We will assign
upwards as the positive direction.

10 | NC(V) Physical Sciences 4



4.

v, =17 m.s!

vy =0 m.s !
a=g=-98ms? Remember that upwards is
positive and acceleration
due to gravity always acts down
vt o= viz + 2as
. 2as = vf2 — ;2
UfZ — ’Uiz
2a
(0 rn.s_l)2 - (7 m.s_1)2
2 x (—9.8 m.s~2)
—49 m?.s72
=25m

The ball’'s maximum height above the thrower's hand is 2.5 m.

The ball was initially thrown from a height of 1 m above the ground. If its maximum height above
the thrower's hand is 2.5 m, then its maximum height above the ground is2.5 m+1 m = 3.5 m.

We know that the ball's maximum height above the thrower's hand is 2.5 m and that its velocity at
this heightis g m.s~1. Therefore, we have two equations we can use to calculate time.
vy =v; +at

t+1 t?
s = —a
2

It will be simpler to use the first of these:

v; =7 m.s!
vyp =0 m.s !
a=g=-98ms? Remember that upwards is
positive and acceleration
due to gravity always acts down
vy =v; +at
Lat =vf —y;
i v —U;
a
_O0ms ' —7ms™!
B —9.8 m.s2
=0.7T1ls

It will take 0.71 s for the ball to reach its maximum height.

We know from question 2 that the ball's maximum height above the ground is 3.5 m. We need to
calculate how long it will take the ball to travel this distance.
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v; =0 m.s!

s=-35m We need to be careful here.
The change in the ball’s
vertical position is
zf—2;=0m-35m=-35m
a=g=-98ms? Remember that upwards is
positive and acceleration
due to gravity always acts down

1
s =wv;t+ —at
2
But v; =0 m.s™!
1
s = —at?
2
g2
a
2s
St=3—
a
2 x (—3.5 m)
B —9.8 m.s2
=0.85s

It will take the ball 0.85 s to reach the ground from its maximum height.

5. We know that the ball takes (.71 s to reach its maximum height and then another (.85 s to fall to
the ground. Therefore, the total time is.0.71 s + 0.85 s = 1.56 s.

In example 1.1 we could have assigned downwards as the positive direction. All our answers would have been
the same. Why not redo the example and assign downwards as the positive direction to check?

p Example 1.2

Question adapted from Everything Science Grade 12 Worked example 2 page 80

A cricketer hits a cricket ball so that it goes vertically upwards. If the ball takes to return to the initial
height, determine its maximum height above the initial position.

Solution
In this question we will assign downwards as the positive direction.

We need to determine the maximum height of the ball. We are told that the ball takes 10 s after leaving
the bat to rise to the maximum height and then to fall back down to the initial height. We know, given
time symmetry, that the ball will spend the same amount of time travelling up to this height as it does
to fall back down to this height. Therefore, the ball will take 5 s to get to its maximum height.

We also know, again given time symmetry, that its initial velocity on leaving the bat will be the same
(but opposite) to its velocity as it falls back to the initial height.

Finally, we know that at its maximum height its velocity will be g m.g 1.
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If we focus on the portion of the ball’s flight from its maximum height back to the initial height, we can
use the fact that ¢y, = 0 m.s™%.

v; =0 ms™!
t=5s
a=g=298ms> Remember that downwards is

positive and acceleration
due to gravity always acts down

1
s =wv;t+ —at
2

But v; =0 m.s

3 X 98 m.s2 x (5 s)
=1225m

Because the ball travels 122.5 m to get back to its initial height from its maximum height, we know that
the ball's maximum height above the bat is 122.5 m.

Note: The positive answer for displacement in this case tells us that the ball's change in position is
downwards (it is falling) because we assigned downwards as positive.

It isimportant to note that in example 1.2 we did not calculate the ball's maximum height above the ground,
just its maximum height above the bat. We do not know how high the bat is from the ground, and hence
do not know the ball's maximum height above the ground.

This is important because it shows us that we can assign whatever coordinate system is convenient. In this
case, we set our coordinate system to assign the zero position to the bat, not the ground.

Exercise 1.1

1. Asoccer player kicks a soccer ball straight up into the air. The ball has an initial velocity of 15 m.g™!.

a. What height does the ball reach above the player's boot before it stops to fall back to the
ground?

b. How long does it take for the ball to reach its maximum height?

2. Achild throws a toy vertically upwards so that the toy reaches a maximum height of 2 m.
a. What initial velocity did the toy have?
b. How long does it take for the toy to reach its maximum height?

3. Atourist walking up the Leaning Tower of Pisa accidently drops her ice cream cone straight down.
If the vertical distance covered in the last second is equal to the distance covered in first two
seconds, find the height from which she dropped her ice-cream.
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Figure 4: The Leaning Tower of Pisa

4. A scientist experimenting on a new mechanism of distributing food aid from airplanes drops a
package from a hot-air balloon 60 m off the ground. At the moment of the drop, the balloon is
ascending vertically upwards with a velocity of 5 . g7 1.

a. With what velocity does the package hit the ground?
b. How long does the package take to hit the ground?

The full solutions can be found at the end of the unit.

Summary

In this unit you have learnt the following:

Vertical projectile motion deals with objects that fall vertically due to gravity alone.

Objects falling due to gravity experience a constant acceleration of 9.8 m.gs~2 downwards.

Because of this constant acceleration, objects fall with timme symmetry, meaning that the time it takes
an object to rise to its maximum height, is the same as the time it takes to fall back to its initial height.
An object’s velocity at its maximum height is zero.

The velocity with which an object that is thrown vertically upwards will be the same but opposite to
the velocity the object will have when it falls back to this initial position.

The equations of motion can be used to solve vertical projectile problems.

Unit 1; Assessment

Suggested time to complete: 15 minutes

1. Two balls, A and B, are simultaneously thrown into the air from the same height above the ground. Ball
Ais thrown upwards, and ball B is thrown downwards with the same speed.

a. What can you say about the velocity of both balls as they hit the ground?
b. What can you say about the acceleration both balls experience?

2. What acceleration will a ball thrown vertically in the air experience at its maximum height?
Question 3 adapted from NC(V) Level 4 Physical Science Paper 1 November 2015 question 6

3. An object is projected vertically upwards at g m.gs~! from the roof of a building. It strikes a concrete
surface below after with a velocity of 14 m.s~!. Ignore the effects of friction.
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a. How long will it take the object to reach its maximum height?

b. Calculate the maximum height above the roof that the object reaches.

c. Calculate the height of the building.

The full solutions can be found at the end of the unit.

Unit 1;: Solutions

Exercise 1.1

a. Let upwards be positive.
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v; = 15 m.s™?

1

vy =0m.s"
a=-98 ms 2
2 _ .2
vy =v;" + 2as
vf27vi2
S=—
2a
=11.48 m
b.
v; =15 m.s !
vy =0 m.s!
a=-98 ms >
vy =v; +at
Cp V=
a
=1.53s

a. Let upwards be positive

s=2m
vy =0 m.s~ !
a=-98 ms 2

vfz = vi2 + 2as

2 =vpi-2as

SOV = 4 /vf2—2as

= 6.26 m.s !

The ball had an initial velocity of .26 m.s~! upwards.

b.

v; = 6.26 m.s!
vy =0 m.s™?

a=-98 ms 2
vy =v; +at
=Y

a
=0.64 s

Let upwards be positive.

First two seconds:

v;, =0 m.s !

t=2s

t+1 t2
S = v; —Q
)

=—x4xa
2

=2a

Last second:
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t=1s

s:vit+lat2

2

_ 1

—vi—f—Ea
But s = 2a

,',2a:vi+la

2
. 3
,.’Ui—ECL

Last second:
vy =v; +at

=—-a+a
2

5
=—a
2

We know that for the full fall:

v; =0 m.s !

5
’l)fzga

a=-9.8ms!

£,2 = v + 2as

2
fv - Uiz

§=—-

2a
25
4
2a
25
= —a
8
= —30.625 s

Therefore, the ice-cream was dropped from a height of 30.625 m.

a. Let upwards be positive.
To calculate the velocity with which the package hits the ground, we need to calculate the
maximum height above the ground from which the package falls.

1

v; =5 m.s”
vy =0 m.s
a=—9.8m.s?

vf2 = viz + 2as

,Ufz — ;2
LS =—
2a
=128 m

Therefore, the maximum height of the package above the ground is 60 m + 1.28 m = 61.28 m.
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v; =0 m.s !

a=—9.8m.s 2

§=—61.28 m

vf2 = viz + 2as

Sovp =4 /v; + 2as

= —34.66 m.s !

Therefore the package will have a velocity of 34.66 m.s~! downwards when it hits the ground.
v; =0 m.s!

vy = —34.66 m.s~!
2

a= —9.8m.s™
vy =v; +at
g
a
=3.54s

Back to Exercise 1.1

Unit 1: Assessment

a. The velocity of both balls will be the same as they hit the ground. By the time ball A returns to the
point from which it was thrown, its velocity will have the same magnitude with which it was

initially thrown but in the downward direction. This will be the same velocity with which ball B was
thrown.

b. Both balls experience the same constant acceleration due to gravity —9.8 m.s~2 downwards.

2. 9.8 m.s~2 downwards

3.
a. Let upwards be positive.
v; =6 ms!
vy =0 m.s!
a=—9.8m.s?
vy =v; +at
St = A
a
=0.61s
b.
v; =6 m.s!
vy =0 m.s
a=—98m.s2
t=10.61s

L
s =uv;t+ —at
2

=184 m

The ball will reach a maximum height above the roof of 1.84 m.

c. The ball strikes the ground 5 s after being thrown. Therefore, it strikes the ground
5 s—0.61 s = 4.39 s after reaching its maximum height. Its velocity on hitting the ground is 14 m.g!.
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v; =0 m.s!

vy = —14 m.s?
a=—9.8m.s>
t=4.93s

vf2 = vi2 + 2as

,Ufz — ;2

=
2a
=—-10m

Therefore, the ball fell 10 m from its maximum height. But, its maximum height above the building
was 1.84 m, therefore, the building is 10 m—1.84 m = 8.16 m high.

Back to Unit 1: Assessment
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Unit 2: Graphs of vertical projectile
motion

DYLAN BUSA

Unit outcomes

By the end of this unit you will be able to:

Analyse and represent problems on projectile motion as graphs of motion.
Identify, analyse and solve problems on projectile motion represented in and using graphs of
motion.

What you should know

Before you start this unit, make sure you can:

Describe and identify vertical projectile motion. Refer to unit 1 if you need help with this.

Describe and apply gravitational potential energy. Refer to level 2 subject outcome 2.3 if you need help
with this.

Use graphs to describe and interpret motion in one dimension including:

. displacement-time graphs
. velocity-time graphs
. acceleration-time graphs.
Refer to level 3 subject outcome 2.1 unit 2 if you need help with this.
Calculate and interpret the gradient of:

. displacement-time graphs to determine velocity
- velocity-time graphs to determine acceleration.
Calculate the area of velocity-time graphs to find displacement.
Refer to level 3 subject outcome 2.1 units 2 and 3 if you need help with this.

Introduction

In the previous unit, we learnt about vertical projectile motion and how we can analyse and solve problems
about vertical projectile motion using the standard equations of motion. In this unit we will apply what
we know about graphs of motion to analyse situations involving vertical projectile motion. Remember, that
graphs of motion are just the graphical representations of the equations of motion.

Review graphs of motion

If you need to, now is a good time to revise what we learnt about graphs of motion in level 3 subject outcome
21 units 2 and 3. In level 3, we used these graphs of motion to analyse problems related to horizontal motion
in one dimension.
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Here is a summary of what you should know.

Displacement-time

Stationary
object s (m)

Constant
velocity

s (m)

Constant
acceleration s (m)

Figure 1: Summary of graphs of motion

t(s)

slope = velocity

t(s)

t(s)

v (m.s™1)

v (m.s71)

v (m.s™1)

Graphs of vertical projectile motion

Velocity-time

t (s)

area = displacement

t(s)

slope = acceleration

t(s)

a (m.s™?%)

a (m.s™?)

a (m.s~?)

Acceleration-time

t(s)

t(s)

area = velocity

t(s)

Suppose you throw a ball directly up into the air. What do you think the displacement-time graph of this
object’s motion will look like as it rises into the air and then falls back down and lands in your hand? Draw a
rough displacement-time graph for this motion before reading on. Assume that upwards is positive.

1. Initially (at ¢t = 0 s), the ball will be in your hand and so, relative to your hand, it will have a displacement

of 0 m.

2. After leaving your hand, the ball travels up and away from your hand while experiencing a constant

negative acceleration due to gravity.

Eventually, the ball will reach its maximum height (its maximum displacement from your hand).

4. The ball will then start to fall while continuing to experience the same constant negative acceleration

due to gravity.

5. Finally, the ball will land back in your hand and so have a final displacement, relative to your hand, of

0 m.

If we were to draw this motion, it would look like the displacement-time graph in figure 2.
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Displacement s (m)

time t (s)

Figure 2: Displacement-time graph of a ball thrown vertically in the air and caught again

Notice how the slope is not constant. The ball is experiencing a constant negative acceleration due to
gravity. On the way up, the ball is decelerating (the slope is decreasing). At its maximum height, the velocity
of the ball is zero (the slope is zero). After this, the ball starts to accelerate in the negative direction and so
the slope of the line is negative and increasing.

Note that in the graph in figure 2, the displacement is relative to your hand. If your hand were some distance
above the ground and we plotted the same motion relative to the ball's displacement from the ground, the
displacement-time graph would look like figure 3.

Displacement s (m) 2 4

time t (s)

Figure 3: Displacement-time graph of a ball thrown vertically in the air and caught again with reference to the ground
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Now, consider the same situation (a ball thrown vertically up and caught again) but this time draw the
velocity-time graph of this motion. Again, make your own sketch before reading on. Again, assume that
upwards is positive.

1. Initially (at ¢t = 0 s), the ball will be travelling with some initial positive velocity.

2. The ball decelerates while travelling up because it is experiencing a constant negative acceleration due
to gravity.

Eventually, the ball will reach its maximum height at which its velocity will be g m.s71.

4. The ball will then start to accelerate in the negative direction as it falls because it continues to
experience the same constant negative acceleration due to gravity.

5. Finally, the ball will land back in your hand with the same magnitude of velocity with which it was
thrown (time symmetry).

If we were to draw this motion, it would look like the velocity-time graph in figure 4.

Velocity v (m.s™%)
time t (s)

Figure 4: Velocity-time graph of a ball thrown vertically in the air and caught again

Remember that the final velocity is the same but opposite to the initial velocity and that the time it takes
for the ball to travel from your hand to its maximum height is the same as the time it takes for the ball to
fall from its maximum height back to your hand.

The slope of the line is constant because the ball experiences a constant acceleration due to gravity. The
slop of the line is negative because we defined upwards as positive and acceleration due to gravity is always
downwards. If we measured the slope of the velocity-time graph, it would be _9.8 m.s2.

Finally, draw the acceleration-time graph of this situation. This is the simplest graph to draw if you
remember that the ball experiences a constant acceleration due to gravity. Again, assume that upwards it
positive.

If we were to draw this motion, it would look like the acceleration-time graph in figure 5.
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time t (s)
-1

-2
Acceleration v (m.s~2)

g=—-98ms?

Figure 5: Acceleration-time graph of a ball thrown vertically in the air and caught again

The defining feature of vertical projectile motion is that the object is always subject to a constant
acceleration due to gravity of g=9.8 m. s 2. Because we defined upwards as positive and because

acceleration due to gravity always acts downwards, we represent this constant gravity as —9.8 m.g~2 in our
acceleration-time graph.

Drawing graphs of vertical projectile motion

Whenever you are asked to draw a graph representing vertical projectile motion, remember that:

the object experiences a constant acceleration due to gravity of 9.8 m.g—2; and
this constant acceleration is always downwards.

p Example 2.1

A learner stands on a first-floor balcony and throws a cricket ball vertically up into the air with an initial
velocity of 4 m.g1. It reaches its maximum height and then falls to the ground. If the ball is thrown from
a height of 10 m, draw an accurate:

1. displacement-time graph
2. velocity-time graph

3. acceleration-time graph.
Solutions

1. We know that the ball's initial displacement from the ground is 10 m. We will draw the
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displacement-time graph relative to the ground and assign upwards as positive.
We need to calculate the following to draw the displacement-time graph:

the time it takes for the ball to reach its maximum height
the ball's maximum height above the ground
the time it takes the ball to fall to the ground.

The time it takes for the ball to reach its maximum height:
-1

v; =4 m.s
vy = —14 m.s !
a=—9.8m.s >
vy =v; +at
P
a
=0.41s

The ball's maximum height above the ground.
-1

v; =4 m.s
a=-9.8 ms?
t=041s

1,

s =v;t+ —at
2
=0.82 m

This is the height of the ball above the hand that threw it. Therefore, the ball's height above the
ground is 0.82 m + 10 m = 10.82 m.

The time it takes the ball to fall to the ground:
-1

v; = 0 m.s
a=—-98-m.s >
= —10.82 m Remember that displacement is
zy—x; =0m—10.82 m = —10.82 m
1
s =wv;t+ —at
2
But v; =0 m.s™!
1
s = —at®
2
2s
St=4/—
a
=149 s

Therefore, the total time the ball isin the airis0.41 s+1.49 s =1.9 s.

Now we can draw an accurate displacement-time graph as follows.
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(0.41,10.82)

Displacement s (m)

time t (s)

When we are dealing with vertical projectile motion, we know that there is a constant acceleration
due to gravity of 9.8 m.s~2 downwards. Therefore, we know that the slope of any velocity-time
graph will be —9.8 m.s~2. If we know the initial velocity (4 m.s~! in this case) and the length of time
the object is in the air (1.49 s as calculated above) then we can draw the velocity-time graph. We
know that the ball will have a velocity of o m.g~! as it reaches its maximum height after 0.41 s.

Remember that we made upwards positive. This is why the ball's initial velocity is positive. But after
it reaches its maximum height, it starts to fall and has a negative velocity.

4

2 slope = g = —9.8 m.s2

time t (s)

Velocity v (m.s™?)

Drawing acceleration-time graphs of vertical projectile motion is straightforward as long as you
remember that there is a constant acceleration due to gravity downwards.
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time t (s)

-2

Acceleration a (m.s~2)

p Example 2.2

Question adapted from Everything Science Grade 12 Worked example 6 page 93

A cricketer hits a cricket ball from the ground and the following graph of velocity vs time was drawn.
Upwards was taken as positive. Study the graph and follow the instructions below:

19.6 ¢

. -1
Velocity v (m.s™) time t (s)

—-19.6

1. Describe the motion of the ball according to the graph.
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2. Draw a sketch graph of the corresponding displacement-time graph. Label the axes.

3. Draw a sketch graph of the corresponding acceleration-time graph. Label the axes.

Solutions

1. If we look at the velocity-time graph we can see that the slope is negative. This immediately tells
us that down is negative and up is positive. The ball starts off with a positive velocity of 19.6 m.s!-
Therefore, the ball initially travels up in the air. After 2 s, the velocity of the ball is 0 m.s~!. Therefore,
at 2 s the ball reaches its maximum height and starts to fall down, travelling with an increasing but
negative velocity. At 4 s, the ball's velocity is —19.6 m.s~! (the same magnitude as its initial velocity)
and so the ball is at the same height as where it started from, in this case the ground. The ball has
returned to its starting position.

2. The only additional piece of information we need to draw the displacement-time graph is the
ball's maximum height above the ground which we know is reached after 2 s. We can calculate
this using an equation of motion.

v; = 19.6 m.s !
a=—98-m.s"
t=2s

2

1,
s =v;t+ —at
2

=19.6 m

Alternatively, we can calculate the area under the given velocity-time graph between ¢t = (0 s and
t=2s

1
Area:EXbxh

1

1
5 X 28x19.6 m.s™

19.6 m

We can see from the velocity-time graph that the total area under the graph between t = (0 s and
t =4 sis 0 m. In other words, this is confirmation that the ball’s total displacement is 0 m and that
the ball returns back to its starting point.
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Displacement s (m)
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4 timet (s)

3. Remember that the upwards is positive. Therefore, we need to represent acceleration due to
gravity as —9.8 m.s 2.

9.8

Acceleration a (m.s~2)

36.74 time t (s)

% Exercise 2.1

1. The velocity-time graph below is of a bullet fired directly upwards from a gun. Downwards is
assigned as the positive direction.

a. Describe the motion of the bullet.

b. Draw the corresponding displacement-time graph.
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c. Draw the corresponding acceleration-time graph.

180

Velocity v (m.s™1)

36.74 time t (s)

-180

2. Arubber ballis dropped from 5 m above a hard concrete surface. Each time the ball bounces, the
magnitude of the velocity in the upwards direction is half the magnitude of the velocity with
which it hits the floor. The ball is allowed to bounce twice and is caught again as it reaches its
maximum height after the second bounce. Draw the following graphs for the situation:

a. Displacement-time
b. Velocity-time

c. Acceleration-time

The full solutions can be found at the end of the unit.

Summary

In this unit you have learnt the following:

Graphs for vertical projectile motion are similar to graphs for horizontal motion at constant
acceleration.

Unit 2; Assessment

Suggested time to complete: 30 minutes
Question 1 adapted from NC(V) Level 4 Physical Science Paper 1 November 2019 question 6
A hot-air balloon is rising vertically at constant velocity. When the balloon is at a height of 88 m above

the ground, a stone (mass 200 g) is dropped from the balloon. The displacement-time graph below

represents the motion of the stone from the moment it is released from the balloon until the stone
strikes the ground. Ignore the effect of air resistance.
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Displacement s (m)

Use the information supplied in the graph to answer the following questions.

a. Calculate the gravitational potential energy of the stone the instant it is dropped from the balloon.
b. State the velocity of the stone when it reaches its maximum height above the ground.

c. Calculate the velocity of the stone the instant it strikes the ground.

d. Calculate the velocity of the hot-air balloon the instant the stone is dropped from the balloon.

e. Draw a rough acceleration versus time graph for the motion of the stone.

2. The velocity-time graph below shows the motion of an object. Upwards is the positive direction.

30N """ TTT Tt T T T T T T T

Velocity v (m.s™!)
1324 timet (s)

3.06

B30 f————————=—— === —————— -

a. Describe the motion of this object.
b. Plot the corresponding displacement-time graph.

c. Plot the corresponding acceleration-time graph.

The full solutions can be found at the end of the unit.
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Unit 2; Solutions

Exercise 2.1

a.

The initial velocity of the bullet is —180 m.s~!. This is upwards (in the negative direction). The
bullet's velocity decreases due to the constant downwards (positive) acceleration due to gravity,
until after a certain time its velocity is zero. This is the point where it reaches its maximum height.
Thereafter, also because of the constant positive acceleration due to gravity, the bullet starts to fall
back to the ground. As it does so, its velocity increases, until at 36.74 s, its velocity is 180 m.s™!, the
same magnitude with which it was initially fired. This means that the bullet is at the same height
from which it was fired and its total displacement is 0 m.

The velocity-time graph shows time symmetry. Therefore, we know that the time after which the
bullet decelerates to g m.g7! is exactly half the time it takes to achieve a velocity of 180 m.s™!-
36.74 s

Therefore, the bullet reaches its maximum height after = 18.37 s.

The maximum height of the bullet:
v; = 180 m.s!
a=—9.8~-m.s™
t=18.37s

2
L
s =uv;t+ —at
2
=—-1653 m

Note: The displacement is negative because we assigned downwards as positive as the bullet has
travelled upwards.

36.74 time t (s)

Displacement s (m)

(18.37,1 653)

c. Draw the corresponding acceleration-time graph.
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9.8

Acceleration a (m.s2)

36.74 time t (s)

a. Let upwards be positive.

Velocity with which the ball first strikes the ground:
-1

v; = 0 m.s
a=—9.8-ms?
s=-5m

vi? = v;® + 2as

LUp = \/vf + 2as

=-99ms!

The time taken for the ball to first strike the ground
-1

v; =0 m.s
vy =—9.9 m.s !
a=—-98-m.s >
vy =v; +at
. t = Uf v
a
=1.01s

The initial velocity after the first bounce is —

-1
99% — 495 ms L.

The max height reached by the ball after its first bounce:

v; = 4.95 m.s~!
1

vy =0m.s”
a=—-98-m.s>
vf2 = vf + as
vf2 — ;2
ES=
2a
=1.25m

The time taken for the ball to reach maximum height after its first bounce:
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v; = 4.95 m.s~!
1

vy =0m.s"
a=—-98-m.s >
vy =v; +at
=L
a
=05s

Therefore, the total elapsed time is 1.01 s+ 0.5 s = 1.51 s.

The velocity with which the ball first strikes the ground after the first bounce, due to time

-1
symmetry, is —4.95 m.s~!. Therefore, the initial velocity after the second bounce is 495 ms The

2.48 m.s !
ball bounces a second time after 1.51 s + 0.5 s = 2.01 s.

The max height reached by ball after the second bounce:

v; = 2.48 m.s™?

vy =0 m.s

a=—-98-m.s >
2 _ .2
vy =v;" + 2as
vfz — 2
S =
2a
=031 m

The time taken for the ball to reach its maximum height after the second bounce:

v; = 2.48 m.s!
1

vy =0 m.s"
a=—9.8-ms >
vy =v; +at
=Y
a
=0.25 m

Therefore, the total elapsed time is 2.01 s + 0.25 s = 2.26 s.
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o
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Note: When the ball bounces, it experiences a moment of great positive acceleration. We do not
have enough information to determine what this is but for these very brief moments, the
acceleration experienced by the ball is not that due to gravity. Therefore, we need to indicate this
using open dots on the acceleration-time graph at these points in time.

Back to Exercise 2.1

Unit 2: Assessment

a.
Gravitational potential energy = mgh
=0.2kg x 9.8 ms? x 88 m
=172.48 J
b. 0ms!
c. The displacement-time graph indicates that upwards is positive.
v; =0 m.s!
t =6.08 s — 1.56s = 4.52s
a=—9.8-m.s 2
vy =v; +at
= —44.30 m.s!

The stone’s velocity on hitting the ground is 44.30 m.s~! downwards.

d. The stone travels upwards for 1.56 s before reaching its maximum height and having a velocity of
1

0m.s -

v; =0 m.s !
t=1.56s
a=—9.8-ms 2

vy =v; +at

v =vp —at
=15.29 m.s!
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The velocity of the balloon at the moment the stone is released is 15.29 m.s~! upwards.

6.08

time t (s)

Acceleration a (m.s~2)

-9.8

Note

The motion of the stone in question 1 above may seem strange. How can a stone that is dropped travel
upwards for a time before falling to the ground? This is possible only because the stone, at the moment
of release, is travelling upwards with the hot-air balloon. It has an initial upwards velocity. As soon as the
stone is released, acceleration due to gravity is the only force acting on the stone and it immediately
begins to slow down. From the perspective of someone in the balloon, the stone will, therefore, seem to
move downwards immediately. This is not the case, as the stone will keep moving up for a time but with
an ever-decreasing velocity until it reaches its maximum height above the ground where its velocity is
zero and it starts to fall towards the ground.

A very similar phenomenon happened when a Space Shuttle separated from its booster rockets (see
figure 6). At the moment of separation, the booster rockets were travelling at the same speed as the
Shuttle (about 1 280 m.s™!) and were 45 km above the ground. However, because of their initial upwards
velocity, the booster rockets continued to rise and reached a maximum height of 67 km before starting
to fall back to earth.
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.SOLIDC ROCKET EOOSTER (SRE) SEPARRTION.

Figure 6: Solid rocket boosters separating from a Space Shuttle

a. The object has an initial velocity of 30 m.s~! upwards but is decelerating. After 3.06 s, its velocity is
0 m.s~! and then becomes negative indicating that at 3.06s s, the object reaches its maximum
height and starts to accelerate downwards under gravity.

After another 3.06 s (a total time of 6.12 s) the object has achieved a negative (downwards) velocity
of 30 m.s~! indicating that it is back at its original height. At this point, its velocity instantaneously
changes to being 30 m.s~! again indicating that the object has bounced and travelled upwards
again. After another 3.06 s (a total time 0f 9.18 s), the object has once again reached its maximum
height and its velocity is again g m.s~!. The object starts to fall again and after another 3.06 s (total
time of 12.24 s) it again has a downwards velocity of _30 m.s~! having reached its starting point
again.
b. Maximum height reached by the object:
v; = 30 m.s!
vy =0 m.s!
a=—9.8-ms 2
vp? = ;2 + 2as
vp? — v;2
-
2a
=4592 m
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t(s)
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12;24

-9.8

o]

Back to Unit 2: Assessment
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SUBJECT OUTCOME Il

MECHANICS: STATE, EXPLAIN, INTERPRET
AND APPLY MOMENTUM AND FORCE

@ Subject outcome

Subject outcome 2.2: State, explain, interpret and apply momentum and force

‘@’ Learning outcomes

Define and calculate momentum and calculate the change of momentum of an object.

Define impulse (F,.y - t) as the change in momentum and use F,.; - At = m - Av for calculations
and problem solving.

Define Newton'’s third law and identify examples of interacting objects that exert equal forces on
each other.

Define the law of conservation of momentum.

Identify and distinguish between elastic and inelastic collisions; and apply law using calculations.

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Define and calculate momentum.

Calculate the change of momentum of an object.

Define impulse (F,.y - t) as the change in momentum and use F,.; - At = m - Av for calculations
and problem solving.

‘g’ Unit 2 outcomes

By the end of this unit you will be able to:

Define Newton'’s third law and identify examples of interacting objects that exert equal forces on
each other.
Define the law of conservation of momentum.

Mechanics: State, explain, interpret and apply momentum
and force | 43



Distinguish between elastic and inelastic collisions.
Apply the law of conservation of momentum in calculations on different types of collisions.
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Unit 1: Momentum

DYLAN BUSA

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Define and calculate momentum.

Calculate the change of momentum of an object.

Define impulse (F,.y - t) as the change in momentum and use F,.; - At = m - Av for calculations
and problem solving.

What you should know

Before you start this unit, make sure you can:

Define and work with vector quantities. Refer to level 2 subject outcome 2.1 unit 3 if you need help with
this.

Identify and apply principles of force. Refer to level 2 subject outcome 2.2 if you need help with this.
Describe, analyse and apply principles of concurrent forces. Refer to level 3 subject outcome 2.2 if you
need help with this.

Introduction

What would you rather be hit by a tennis ball travelling at 145 km /h or a cricket ball travelling at 50 km/h?
In considering this, you may think that the tennis ball would be the better option because it is lighter and
softer. However, it is travelling at about three times the speed.

Our experience of the real world and intuition tell us that heavier things hit harder. When a fly lands on your
arm you hardly notice it. When a dog jumps on you, you feel it. The fly is light, and the dog is heavy.

However, our experience and intuition also tell us that faster things hit harder. A car travelling at 10 km/h
is going to do far less damage if driven into a wall than the same car travelling at 100 km/h driven into the
same wall.

Which property, the mass of an object or its velocity, matters more when considering the force it can exert?

Momentum

Moving objects can exert a force on other objects as a result of their momentum. Momentum can be simply
defined as mass in motion. Every moving object, from stars to electrons, has momentum. If it is not moving,
it has no momentum.

We define momentum (p) as the mass of an object multiplied by its velocity. Therefore, p = m - v.

Unit 1: Momentum | 45


http://ncvs2.books.nba.co.za/chapter/unit-3-the-concepts-of-vectors-and-scalars/
http://ncvs2.books.nba.co.za/part/mechanics/
http://ncvs3.books.nba.co.za/part/mechanics-describe-analyse-and-apply-principles-of-concurrent-forces/

As velocity is a vector, momentum is also a vector. Whenever we calculate momentum, we need to note its
direction.

This means that momentum is directly proportional to both mass and velocity. If you increase either mass
or velocity, you increase momentum. If you double an object’s velocity, you double its momentum. If you
double an object’'s mass, you double its momentum. If you double both an object’s velocity and mass, you
guadruple its momentum.

As mass in measured in kg and velocity is measured in . g~1, momentum has units of kg.m.s’l.

Take note!

p=m-v
Momentum (p) has units kg.m.s !
Momentum is a vector quantity.

é© Example 1.1

A cricket ball of mass 163 g is hit towards the boundary at 39 m.g!. What is the momentum of the ball?

Solution

Step 1. Identify the information that has been given

The mass of the cricket ball: 163 g = 0.163 kg (remember that all quantities need to be expressed in
Sl with Sl units).
The velocity of the cricket ball: 30 m.s!

We need to calculate the momentum of the ball. We will define the positive direction as towards the
boundary.

Step 2: Do the calculation
p=m-v=0.163 kg x 30 m.s" = 4.89 kg.m.s

Step 3: Write the final answer

The cricket ball's momentum is 4.89 kg.m.s™' towards the boundary.

p Example 1.2

Example adapted from Everything Science Grade 12 Worked Example 3 page 24

The centre of the moon is approximately 384 400 km away from the centre of the earth and orbits
the earth in 27.3 days days. If the moon has a mass of 7.35 x 10*? kg, what is the magnitude of its

momentum? Assume that the moon’s orbit is circular.
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Solution

Step 1: Identify the information that has been given

The mass of the moon: 7.35 x 10* kg

The distance of the moon from earth: 384 400 km = 384 400 000 m
The duration of orbit: 27.3 days = 27.3 x 24 hrs/day x 60 min/hr x 60 s/min = 2 358 720 s

We need to calculate the magnitude of the momentum of the moon. We do not need to worry about
its direction in this case. We are told to assume that the moon's orbit is circular.

Step 2: Do the calculation

If the moon’s orbit is circular, then we can assume that its distance from the earth is constant and equal
to the radius of this orbit. With the orbital radius, we can calculate the orbital circumference.
Circumference = 27r = 2 x 7 x 384 400 000 m = 2 415 256 432.08 m

The moon covers this distance in 2 358 720 s. Therefore, we can calculate the magnitude of the moon's
velocity.

As 2 415 432.
po 28 _ 241543208 m _ o000 o1
At 2 358 720 s

Now we can calculate the magnitude of the moon’s momentum.
p=m-v="1.35x10" kg x 1 023.97 m.s' = 7.53 x 10*® kg.m.s

Step 3: Write the final answer

The magnitude of the moon’s momentum is 7.53 x 10% kg.m.s.

Questions 1, 2 and 3 adapted from Everything Science Grade 12 Exercise 2 — 1 page 29

1. The fastest recorded delivery for a cricket ball is 161.3 km/h, bowled by Shoaib Akhtar of Pakistan

during a match against England in the 2003 Cricket World Cup, held in South Africa. Calculate the
ball's momentum if it had a mass of 160 g.

2. The fastest tennis service by a man is 246.2 km/h by Andy Roddick of the United States of America
during a match in London in 2004. Calculate the ball's momentum if it had a mass of 58 g.

3. Would you rather face the bowling of Shoaib Akhtar or the serve of Andy Roddick? Explain.

The full solutions can be found at the end of the unit.

A change in momentum

When a cricket ball hits you, it slows down. If it slows down, then its momentum changes. Whenever an
object hits another object there is a change in momentum, often because of a change in the velocity of the
object but, sometimes, also because of a change in the mass of the object.

It stands to reason that the change in an object’'s momentum is calculated as its final momentum minus its
initial momentum. That is, after all what ‘change’ means. Therefore, Ap = Df — b;.
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We can write this in terms of mass and velocity as Ap = my - vy —m; - v;. If mass is constant (which it almost
always is) we can simplify this as follows:
Ap =my vy —m; - v;
SAp=m-vp—m-y;
SLAp=m-Av

Because momentum is a vector quantity, we can illustrate the change in momentum using the techniques
of vector addition. We will deal with cases in only one dimension.

An object bouncing off a wall or the floor

Figure 1shows the case of a ball bouncing off a wall. The total change in the object’s momentum is given by
the vector drawn from the end of the initial momentum vector to the end of the final momentum vector.

—

Pi

I T T O I T R T T e R T T O e S R R )

.....................................................

Ap = pr — pi

Figure 1: The change in momentum of an object bouncing off a wall

Figure 2 shows a similar situation of a ball bouncing off the floor. Note, however, that to keep things simple,
we will ignore the effects of gravity.
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Figure 2: The change in momentum of an object bouncing off the floor

p Example 1.3

A netball ball with a mass of 425 g is thrown against a wall perpendicularly with a velocity of 19 m.g!. If
it rebounds at a velocity of 9 g1, calculate its change in momentum.

Solution

Step 1: Identify the information that has been given

The mass of the netball: 425 g = 0.425 kg
The initial velocity of the netball: 12 m. g1
The final velocity of the netball: _g9 ;. g1 (We will define towards the wall as the positive direction)

We need to calculate the change in the momentum of the netball.
Step 2: Do the calculation

Ap=m-Av
=m(vy —v;)
= 0.425 kg(—9 m.s' — 12 ms?)
=0.425 kg x —21 m.s!
= —8.925 kg.m.s!

Step 3: Write the final answer

The change in the netball's momentum is —8.925 kg.m.s' away from the wall.

If we calculate the momentum of the netball in example 1.3 before and after it hits the wall, we get the
following answers:

p; =m-v; = 0.425 kg x 12 m.sT = 5.1 kg.m.s™! towards the wall

pr=m-vy = 0425 kg x —9 m.s?' = —3.825 kg.m.s or 3.825 kg.m.s™ away from the wall

It may seem strange that the change in momentum is greater than either the initial or final momentum
but, if you think about it, this makes sense. The netball had 5.1 kg.m,s‘1 of momentum towards the wall to

start with. It then had 3.825 kg,m,s"l of momentum away from the wall. Its change in momentum had to be
enough to completely reverse the initial moment AND give it some momentum in the reverse direction.

An object continues but more slowly

Sometimes, when an object collides with something it does not bounce back but continues in its original
direction, only more slowly. A bullet passing through a target is an example. Figure 3 shows such a case.
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Ap = pr—pi

Figure 3: The change in momentum of an object travelling more slowly after a collision

p Example 1.4

A 40 g bullet is fired at 595 m.s!. It strikes a stationary cement block perpendicular to its surface. The
bullet goes through the block and comes out on the other side at 210 m.g!. Calculate the change in
momentum of the bullet.

Solution

Step 1: Identify the information that has been given
The mass of the bullet: 40 g = 0.04 kg
The initial velocity of the bullet: 595 m.s!

The final velocity of the bullet: 210 m.s!
Notice that both velocities are in the same direction so they both have the same sign.

We need to calculate the change in the momentum of the bullet. We will define the bullet’s initial flight
towards the block as the positive direction.

Step 2: Do the calculation

Ap=m-Av
= m(vy — v;)
=0.04 kg x (210 m.s' — 595 m.s™!)
= 0.04 kg x (—385 m.s™")
= —15.4 kg.m.s!

Step 3: Write the final answer

The change in the bullet's momentum is 15.4 kg.m.s in the opposite direction to the bullet’s flight.
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It might seem strange that even though the bullet continued travelling in the same direction, we still get a
change in momentum in the opposite direction. However, after hitting the block, the bullet was travelling
more slowly (i.e. with less momentum), hence the change of momentum is clearly negative.

An object continues but faster
Sometimes objects that are already moving are given a push to move even faster. Think of a soccer ball

travelling towards the goal when a player comes up behind it and gives it another kick. Figure 4 illustrates
this situation.

----------------------------------------------------------------------------

Ap = pr — pi

Figure 4: The change in momentum of an object travelling faster after a collision

p Example 1.5

In the game of squash, a player may hit a ball that has bounced off the back glass. A regulation squash
ball weighs 24 g. In a game, the ball bounces off the back glass and travels towards the frontat 1.2 m.g!
before a player hits it with her racquet. After being hit towards the front wall, the ball is moving at
32 m.s’l. What is the change in momentum of the ball?

Solution

Step 1: Identify the information that has been given.

The mass of the ball: 24 g = 0.024 kg
The initial velocity of the ball: 1.2 m g
The final velocity of the ball: 32 m. g1

We need to calculate the change in the momentum of the ball. We will define travelling towards the
front wall as the positive direction.

Step 2: Do the calculation
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Ap=m - Av
= m(vy — v;)
=0.024 kg x (32 m.s? — 1.2 m.s™)
=0.024 kg x 30.8 m.s!
=0.7392 kg.m.s!

Step 3: Write the final answer

The change in the ball's momentum is 0.74 kg.m.s™ towards the front wall.

In this case, the ball's momentum after being hit was greater than before it was hit. Therefore, the change
in momentum is positive and in the direction of the front wall.

Exercise 1.2

1. A basketball player bounces a basketball on the ground. The mass of the ball is 590 g. Its velocity
down towards the ground is 7 m g and it bounces up with a velocity of 4.2 m.gl. What is its
change in momentum? Ignore the effects of gravity.

2. The change in momentum of a 2.2 kg brick crashing through a pane of glass is 5.73 kg.m.s. If its
velocity immediately after hitting the glass is 13 m.gl, what is its velocity just before hitting the
glass?

The full solutions can be found at the end of the unit.

Impulse

Why do cars have airbags? What do they do? How do they improve safety? To answer these questions, we
need to step back for a moment.

We know that an object in motion has momentum. We also know from experience that when a moving
object (one with momentum) hits us, we feel it. It applies a force. However, Newton'’s third law of motion
reminds us that every action has an equal and opposite reaction. In other words, if object A applies a force
on object B, then object B applies an equal but opposite force on object A. We will learn more about this in
the next unit.

Think of a hard ball like a cricket ball. As it hits your hand, it has momentum and applies a force to your hand.
Your hand also applies a force to the ball which causes it to slow down, stop and lose all momentum. Hold
this thought.

Do you remember Newton's second law of motion? It says that the force applied to an object is equal to its
mass multiplied by its acceleration.

If you have an internet connection, take the time to watch the video called Newton's 2nd Law of Motion.
Here astronaut Randy Bresnik demonstrates what this means on the International Space Station.
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Newton's 2nd Law of Motion (Duration: 02.39)

It must be said that while F,.;+ = m - a is correct and an accurate description of Newton's second law, it is
not quite how Newton described it. He described it in terms of momentum.

fnett =m-a

A _ vf — U;
Buta:—vzv uor ! ‘
t t t
(vf —vi)
Sanett:m~%
But m(vy —v;) = Ap
Ap

Therefore Fnett = T

Remember that we can refer to final and initial velocity as v and u or v§ and v; respectively.

We can rewrite this as Ap = Fy¢y; - t. We call Fo - t impulse. This means that Ap = F,,o - t = impulse.

@ Take note!

Impulse is the product of the net force and the time interval for which the force acts.
impulse = Ap = Fpe - At

We can also say that:

Ap
F, nett — E

But why do we care about impulse? If we need to change the momentum of a moving object, we can either
apply a larger force for a shorter time or a smaller force for a longer time. In the case of catching a cricket
ball, this matters.

Cricket players are taught to hold their hands out to the ball and gradually bring the ball into their body.
They do this to increase the time over which their hands apply the force needed to reduce the ball's
momentum to zero. The longer they can make this time, the less force they need to apply to the ball (and
hence the ball will apply to their hands) and the less it will hurt. Cricketers call this catching the ball with
‘soft hands'.
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If you have an internet connection watch the video called How to Catch the Ball for a demonstration.

How to Catch the Ball (Duration: 01.36)

The same is true if you ever need to catch an egg. You want to reduce the force needed to change the egg’s
momentum to zero, so you want to use ‘soft hands’ applying that force over the longest time possible.

We can now answer our initial question about air bags. Air bags reduce the effect of the force experienced
by a person during an accident. If the person is stopped by a collision with the windshield, the time of the
impact would be short and so a large force would need to be exerted. If instead of hitting the windshield,
the person hits an air bag, then the time of the impact is increased which results in a decrease in the force.

For a constant change in momentum, like bringing a person inside a car to rest, F,. - At is constant.
Therefore, if t is increased, the force on the body is decreased.

p Example 1.6

Waste pickers are pulling a trolley of mass 350 kg. They pull it with a resultant 15 N force. How long does
it take for them to increase the trolley’s velocity from 3 km/h to 5 km/h in the same direction?

Solution

Step 1. Identify the information that has been given

The mass of the trolley: 350 kg

The initial velocity of the trolley: 3 km/h = 0.833 m.s!
The final velocity of the trolley: 5 km/h = 1.389 m.s™
The resultant force: 15 N

We need to calculate the length of time the resultant force must be applied to accelerate the trolley
from 3 km/h to 5 km/h. We will define the initial direction of the trolley as the positive direction.

Step 2: Do the calculation
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Ap
Fne -
tt At
m - (vs — v;)
Fnett =
At
m - \(Vf —U;
oAt = m- (v —w)
Fnett
350 kg x (1.389 m.s — 0.833 m.s)
B 15 N
350 kg x 0.556 m.s!
B 15 N
=12.97s
Step 3: Write the final answer
It takes 12.97 s for the waste pickers to accelerate the trolley from 3 km/h to 5 km/h.

p Example 1.7

A goalkeeper catches a soccer ball travelling at 58 km/h in 1.2 s. If the ball has a mass of 435 g, what
force does he apply to the ball?

Solution

Step 1: Identify the information that has been given

The mass of the ball: 435 g = 0.435 kg

The initial velocity of the ball: 58 km/h = 16.11 m.s!
The final velocity of the ball: o m.g!

The time over which the force is applied: 1.2 s

We need to calculate the resultant force that must be applied to catch (i.e. stop) the ball. We will define
the initial direction of the ball as the positive direction.

Step 2: Do the calculation

Ap
At
m- (vy — ;)
At
0.435 kg x (0 m.s! — 16.11 m.s!)

1.2s
0.435 kg x (—16.11 m.s!)

1.2 s
= -5.84 N

F, nett

Fnett =

Step 3: Write the final answer

The goalkeeper will need to apply a force of 5.84 N in the opposite direction to the ball's initial motion
to catch it.

We can plot the force applied to an object against time to produce a force-time graph. These are similar
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to the displacement-time, velocity-time and acceleration-time graphs of motion we learnt about in level 3
subject outcome 2.1 unit 2 and 3. Figures 5 shows two examples of these graphs.

F (N) F (N)

A A

Figure 5: An example force-time graphs

What do you think the area under a force-time graph represents?

If we calculated the shaded area under either of the graphs in figure 5, the units would be N.s. In other
words, the shaded areas represent impulse (impulse = F,eys - At).

p Example 1.8

Question adapted from Everything Science Grade 12 Worked Example 17 page 56

Analyse the force-time graph provided and answer the following questions:
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What is the impulse for the interval 0 s to 3 s?

2. What is the impulse for the interval 3 sto 6 s?

3. What is the change in momentum for the interval ) sto 6 s?
4. What is the impulse for the interval 6 s to 20 s?

Solutions

1. We need to calculate the impulse of the interval 0 s to 3 s. In other words, we need to calculate the
area under the graphfrom¢=0stot=3s.
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The impulse is 4.5 N.s in the positive direction (the area is above the axis).

We need to calculate the impulse of the interval 3 s to 6 s. In other words, we need to calculate the
area under the graph from¢t =3 stot =6 s.
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Area = 3 x base x height = 5 x3sx(—3N)=-45Ns

The impulse is 4.5 N.s in the negative direction (the area is below the axis).

3. We need to calculate the change in momentum between ( sand 6 s.
Ap = impulse
.. Ap = impulsey_3 + impulses_g = 4.5 N.s — 4.5 N.s =0 N.s

The total change in momentum is 0 N.s (or 0 kg.m.s})

4. We need to calculate the impulse of the interval 6 s to 20 s. In other words, we need to calculate
the area under the graph from¢ =6 stot = 20 s.
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Area = base x height =6 s x (-3 N)+8 s x 2 N= —-18 N.s+ 16 N.s = —2 N.s

The impulse is 2 N.s in the negative direction. Therefore, the total change in momentum is 2 N.sin
the negative direction.

% Exercise 1.3

1. Aradio-controlled car (car A) of mass 1.3 kg is moving clockwise around a track at 12 m.g7!. It
collides head-on with another radio-controlled car (car B) of mass 1.12 kg moving at a velocity of
1.04 m.s~! in the opposite direction. After the collision car A moves with a velocity of 1.6 m.s~! in
the clockwise direction and car B rebounds (travels in the opposite direction to before) at

11.03 m.s

a. Calculate the change in momentum for each toy car.

b. Determine the impulse for each toy car.

c. Determine the duration of the collision if the magnitude of the force exerted by each toy car is
16.2 N.
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2. Abullet of mass 22 g strikes a target at 330 m.g”! and exits at 210 m.s!. The tip of the bullet takes
0.00013 s to pass through the target. Determine:

a. The change of momentum of the bullet.
b. The impulse of the bullet.
c. The magnitude of the force experienced by the bullet.

3. A piece of modelling clay with a mass of 400 g is thrown against a wall with a velocity of g ;. g1. It
sticks to the wall. Calculate:

a. The impulse of the clay on the wall.

b. The force exerted by the clay on the wall if it is in contact with the wall for (.25 s before it
comes to rest.

The full solutions can be found at the end of the unit.

Summary

In this unit you have learnt the following:

That momentum is mass in motion. Every moving object has momentum.

We define momentum (p) as the mass of an object multiplied by its velocity. Therefore, p = m - v.
Momentum is a vector.

Momentum has units of kg.m.s !

The change in momentum is Ap = m - Av.
Ap = Fe - t = impulse
The area under a force-time graph represents impulse.

Unit 1; Assessment

Suggested time to complete: 35 minutes
Question 1 adapted from Everything Science Grade 12 Worked example 16 page 55

1. Acricket ball weighing 156 g is moving at 54 km/h towards a batsman. It is hit by the batsman back
towards the bowler at 36 km/h. Calculate:

a. The ball'simpulse.
b. The average force exerted by the bat if the ball is in contact with the bat for (.13 s.

2. Asquash player hits the ball (mass 24 g) and it strikes her opponent at 105 km/h on the leg. It rebounds
at 43 km/h.

a. Calculate the change in the momentum of the ball.
b. What is the impulse of the ball on the player?
c. Calculate the magnitude of the force exerted by the ball on the player if the collision takes 0.017 s.

3. Modern cars are deliberately designed with a front crumple zone - an area designed to deliberately
crumple in a head on collision Why is this a good idea?

The full solutions can be found at the end of the unit.
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Unit 1; Solutions

Exercise 1.1

1. m =160 g = 0.160 kg
v =161.3 km/h = 44.81 m.s!

Define the direction in which the ball is bowled as positive.
p=m-v=0160 kg x 44.81 m.s' = 7.17 kg.m.s!

The ball's momentum is 7.17 kg.m.s™! in the positive direction.

2. m =58 g=0.058 kg
v =246.2 km/h = 68.39 m.s!

Define the direction in which the ball is served as positive.
p=m-v=0.058 kg x 68.39 m.s' = 3.97 kg.m.s™!

The ball's momentum is 3.97 kg.m.s™! in the positive direction.

3. The cricket ball bowled by Shoaib Akhtar had more momentum than the tennis ball served by Andy
Roddick. Therefore, it would be better to face the serve from Andy Roddick because, if the ball did hit
you, it would hurt less.

Back to Exercise 1.1

Exercise 1.2
1. m =590 g =0.590 kg
v; = 7 m.s’! towards the ground

v; = 4.2 m.s’' away from the ground

Define towards the ground as positive.
Ap = m(v; —v;) = 0.590 kg x (—4.2 m.s? — 7 m.s') = —6.61 kg.m.s

The ball's change in momentum is 6.61 kg.m.s* away from the ground.

2. m=22kg
Ap = —5.73 kg.m.s™
vy =13 m.s

Define the brick’s direction towards and through the glass as positive. Note that the change in
momentum is negative. The brick will travel more slowly after hitting the glass. Therefore, its
momentum will be less. Because it will still be travelling in the same (positive) direction, this change
(or loss) of momentum will be negative.
Ap = m(vy — v;)
Ap

R A

Ap
it A
—5.73 kg.m.s!
_13met (B kemST)
2.2 kg
=15.60 m.s!
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The brick’s velocity just before hitting the glass was 15.60 m.s! in the positive direction.

Back to Exercise 1.2

Exercise 1.3

a. CarA:
m = 1.3 kg
v; = 12 m.s’! clockwise
vy = 1.6 m.s™ clockwise

Define clockwise as positive.
Ap =m(v; —v;) = 1.3 kg x (1.6 m.s' — 12 m.s?') = —13.52 kg.m.s™

The change in momentum of car A is 13.52 kg.m.s! in the anti-clockwise direction.

Car B:

m = 1.12 kg

v; = 1.04 m.s™ anti-clockwise
vp = 11.03 m.s* m.s-1 clockwise

Define clockwise as positive.
Ap = m(vs —v;) = 1.12 kg x (11.03 m.s™ — (—1.04) m.s™') = 13.52 kg.m.s™!

The change in momentum of car B is 13.52 kg.m.s™in the clockwise direction.

b. impulse = Ap
impulsecay A = —13.52 kg.m.s! or 13.52 kg.m.s™! in the anti-clockwise direction
impulsecy; 5 = 13.52 kg.m.s™! or 13.52 kg.m.s! in the clockwise direction

c. Asthe magnitude of the change in momentum is the same for both cars, we can use the change
in momentum for either car in the calculation. We are calculating time and so direction is not

required.
Foet =162 N

Ap = 13.52 kg.m.s!

impulse = Fyey - At
Ap 13.52 kg.m.s!
Foww 162N

AL = =0.83s

The duration of the collision was (.83 s.

a. m=22g=0.022 kg
v; = 330 m.s

vy =210 m.s”

Define the bullet’s direction towards and through the target as positive.
Ap = m(v; — v;) = 0.022 kg x (210 m.s" — 330 m.s™') = —2.64 kg.m.s™

The change in the momentum of the bullet is 2.64 kg.m.s™ in the negative direction.

b. impulse = Ap = —2.64 kg.m.s!
Impulse is 2.64 kg.m.s! in the negative direction.
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c. At =0.00013 s

Ap = —2.64 kg.m.s™

impulse = Foy - At
Ap  —2.64 kg.m.s!

Fnett = =
At 0.00013 s

= —20 307.70 N

The bullet experienced a force of 20 307.70 N in the opposite direction to its motion.

m =400 g = 0.4 kg
v =9 m.s!

vy =0 m.st

Define towards the wall as positive.
Ap = m(v; —v;) =04 kg x (0 ms™ —9 m.s') = —3.6 kg.m.s™

The impulse of the clay is 3.6 kg.m.s‘1 in the opposite direction to its initial motion.

At =10.25s
Ap = —3.6 kg.m.s™

impulse = Fyey - At
Ap  —3.6 kgm.s?

— = =—-144N
At 0.25 s

Fnett =

The force exerted by the wall on the clay is 14.4 N in the opposite direction to the clay's initial
motion. Therefore, the force exerted by the clay on the wall is 14.4 N in the direction of the clay’s
original motion because the force exerted by the wall on the clay will be equal in magnitude but
opposite in direction to the force exerted by the clay on the wall.

Back to Exercise 1.3

Unit 1: Assessment

Question 1 adapted from Everything Science Grade 12 Worked example 16 page 55

a.

m = 156 g = 0.156 kg
v; = 54 km/h = 15 m.s!
vy = —36 km/h = —10 m.s™

Define from bowler to batsman as positive.
Ap = m(vs —v;) = 0.156 kg x (—10 m.s? — 15 m.s') = —3.9 kg.m.s™

The ball's impulse (or change in momentum) is 3.9 kg.m.s' from batsman to bowler.
At =10.13 s
Ap = —3.9 kg.m.s!

impulse = Foy - At
Ap —3.9 kgm.s!

.'. Fne = — =
“TOAL 0.13 s

=-30 N

The average force exerted by the bat is 30 N in the direction batsman to bowler.
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a. m=24g=0.024 kg
v; = 105 km/h = 29.17 m.s™!
vy = —43 km/h = —11.94 m.s™

Define from racquet towards player who gets hit as positive.
Ap = m(vy —v;) = 0.024 kg x (—11.94 m.s* — 29.17 m.s') = —0.99 kg.m.s!

The change in the ball's momentum is 0.99 kg.m.s™ from the hit player to the racquet.
b. impulse = Ap = —0.99 kg,m_s‘lin the direction from the hit player to the racquet.

c. At=0.017s
Ap = —0.99 kg.m.s™

impulse = Fyey - At
Ap  —0.99 kg.m.s!

" Fnett = =
At 0.017 s

= —5824 N

The force exerted by the player’s leg on the ball is 58.24 N in the opposite direction to the ball’'s
initial motion. Therefore, the force exerted by the ball on the player's leg is 58.24 N in the direction
of the ball's original motion (from racquet to hit player) because the force exerted by the leg on the
ball will be equal in magnitude but opposite in direction to the force exerted by the ball on the leg.

3. Acrumple zone will reduce the impulse during a collision by extending the time over which the
vehicle's velocity reduces and hence the time over which its momentum changes. Because
impulse = Ap = F,. - At, if t increases for a constant Ap then F,,.;; will decrease and less force will be
applied to the passengers in the car.

Back to Unit 1: Assessment
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Unit 2;: Collisions

DYLAN BUSA

‘?’ Unit 2 outcomes

By the end of this unit you will be able to:

Define Newton's third law and identify examples of interacting objects that exert equal forces on
each other.

Define the law of conservation of momentum.

Distinguish between elastic and inelastic collisions.

Apply the law of conservation of momentum in calculations on different types of collisions.

What you should know

Before you start this unit, make sure you can:

Define and calculate momentum. Refer to unit 1 if you need help with this.

Calculate the change of momentum of an object.

Define impulse as F,,.; - t or Ap. Refer to unit 1 if you need help with this.

Understand kinetic energy. Refer back to level 2 subject outcome 2.3 if you need help with this.

Introduction

In the previous unit, we learnt how Isaac Newton viewed his second law of motion (normally expressed as

A
Frett = m - a) in terms of momentum, in other words that F, ., = Ip or Ap = Fyey - At.
t
We defined Ap = F,.; - At as impulse and looked at several situations where we calculated either the force
or the time necessary to effect a specific change in momentum.

In many of these cases, we had two objects colliding with each other where the force exerted by object A
on object B is equal and opposite to the force exerted by object B on object A. This is a simple statement of
Newton’s third law of motion. But this has important consequences for momentum as we will see.

Newton'’s third law of motion

You have probably heard the expression that ‘every action has an equal and opposite reaction’. This is a
statement of Newton's third law of motion. You have experienced this law of motion every time you hit your
head on something. Your head applies a force to the object but the object applies an equal but opposite
force to your head and it hurts!

Note
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If you have an internet connection, watch the video called Newton's Third Law of Motion for an excellent
demonstration of the third law.

Newton's Third Law of Motion (Duration: 03.07)

Think about the case where two billiard balls collide (see figure 1).
@ @

- Force of 3 ball on 8 ball
<4— Force of 8 ball on 3 ball

© 0

Figure 1: Two billiard balls colliding

The 3 ball initially travels to the right while
the 8 ball is stationary.

During the collision, the 3 ball exerts a force
on the 8 ball that accelerates it. But the 8
ball exerts an equal and opposite force on
the 3 ball that decelerates it

Because of this, the 3
ball stops or rolls more
slowly, while the 8 ball
is accelerated

A
We can express the third law as Fj . = —Fg pan. But we also know from the previous unit that F,,.,; = Xp
t

Therefore, we can say that:

Ap; pan _ Apg pan
At At
"o APz pan = —APg ban

" Aps pan + Apg pan = 0

This means that if you add up all the changes in momentum for an isolated system the net result will be
zero. If we add up all the momenta in the system, the total momentum won't change because the net
change is zero.
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The conservation of momentum

Another way of saying this is that, in a closed system, momentum is conserved or the total momentum
before a collision (or explosion) is equal to the total momentum after a collision (or explosion). We can
express this as Pr; = Pry.

The total momentum of the system before a collision is my - v;1 + mg - v;2 and the total momentum of the
system after the collision is my - vy + mg - vy (see figure 2).

Before collision

i. @i

After collision

Figure 2: The total momentum is conserved

This means that, where there are two colliding objects mi - v +mg - vz =mq - v + M2 - Vg2, The
momentum of the isolated system is always conserved.

Note

In an isolated system with two colliding objects py = mq - v1 +ma - va.
But P; = Py. Therefore my - v;1 +mg - vi2 = my - V51 + Mo - Vo,

The momentum of an isolated system is always conserved.

Let's explore this further in the next two examples.

p Example 2.1
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In the situation illustrated in figure 1, the mass of each ball is 300 g. The 3 ball is initially moving at 9 m.g!
to the right while the 8 ball is stationary.

1. What is the total momentum of the system before the collision?

2. If, after the collision, the 8 ball moves to the right at 2 m.g1, what is the velocity of the 3 ball?
Solutions

1. Step 1. Identify the information that has been given
8 ball:
v;s = 0 m.s’t. Therefore, p.o = 0 kg.m.s™.

3 ball:

mg =300 g =0.3 kg

vis = 2 m.s''to the right

We define to the right as positive.

Step 2: Do the calculation

Pz =m3 X v;3 = 0.3 kg x 2 m.st =0.6 kg.m.s‘1

The total momentum of the system will be the momentum of the 3 ball plus the momentum of
the 8 ball.

Pri = Di3 + Pig = 0.6 kgm.s? + 0 kg.m.s? = 0.6 kg.m.s!

Step 3: Write the final answer
The total momentum of the system before the collision is 0.6 kg.m.s‘1 to the right.

2. We know that the change in momentum of this closed or isolated system is zero. Therefore, the
total momentum of the system before the collision will be equal to the total momentum of the
system after the collision.

Step 1: Identify the information that has been given
pri =pry = 0.6 kg.m.s™

vpg = 2 m.s™to the right

ms =300 g =0.3 kg

Step 2: Do the calculation
pg =03 kgx2 m.s? = 0.6 kg.m.s!
But pry = pgg +pps = 0.6 kg.m.s!
.Df3s =Dty — DPys
c.pp3 =06 kg.m.s' — 0.6 kg.m.s' = 0 kg.m.s!

Pz = mg X vgs

D3 0 kgm.s!
SUpg=—=————=0ms
m3 0.3 kg

-1

Step 3: Write the final answer
The 3 ball will move at g m.g! immediately after the collision. It will be stationary.
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p Example 2.2

Example adapted from Everything Science Grade 12 Worked example 9 page 42

A jetflies at a speed of 275 m. g relative to the ground. The pilot fires a missile forward off a mounting at
a speed of 700 m.g! relative to the ground. The respective masses of the jet and the missile are 5 000 kg
and 50 kg.

Treating the system as an isolated system, calculate the new speed of the jet immediately after the
missile was fired.

Solution

Step 1: Identify the information that has been given
Let the plane be object 1 and the missile object 2. Define the initial direction of the plane as positive.

m; =5 000 kg
vi1 = 275 m.s!
ms = 50 kg

vip = v;1 = 275 m.s™t (the missile and plane are travelling at the same speed)

vy = 700 m.s

We need to find the final speed of the plane (vs1) and we can use the conservation of momentum
because we can treat it as an isolated system.
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Step 2: Do the calculation
b; = Dby
SoMmy sV Mg s U2 =My s Vg Mg - Vg
But vy = vj1
co(my +my) v =my v +ma - v
Somy v = (Mg +my) v —ma - vg
(m1 +mg)-vin —my - vy

LU = ™
. (5 000 kg + 50 kg) x 275 m.s — (50 kg x 700 m.s?)
—on = 5 000 kg

=270.75 m.s !

Step 3: Write the final answer
The plane's velocity after firing the missile is 270.75 m.s™! in its initial direction.

&
A Exercise 2.1

1. A70 ton train is travelling north at a velocity of 40 km/h when it is approached by a 50 ton train
travelling south at a velocity of 55 km/h in the opposite direction. Calculate the total momentum
of the system.

2. Abullet of mass 55 g travelling horizontally at 540 m.s! hits a stationary target of mass 3.5 kg
resting on a smooth horizontal surface. The bullet goes through the target and comes out on the
other side at 925 m.gt. Calculate the velocity of the target after the bullet has come out the other
side. Assume that the target experiences no friction in its motion.

The full solutions can be found at the end of the unit.

Elastic collisions

Have a look at example 2.1 again. Here we had two billiard balls colliding. We were told that each ball has
a mass of 300 g and that initially the 3 ball rolled to the right at 9 m;.s! while the 8 ball was stationary.
After the collision, the 8 ball moved to the right with a velocity of 2 m.g1 and we calculated, because of the
conservation of momentum, that the 3 ball would move to the right with a velocity of g m.g! (see figure 3).
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Figure 3: The collision of the 3 ball and 8 ball

A 4

We know that momentum in this isolated system is conserved. But what else is conserved? Have a look at
figure 3 to see if you can see what this is.

The mass of the balls is the same. We also know that billiard balls are made to transfer kinetic energy very
effectively from one ball to the other. Can you see that the total kinetic energy before the collision is the
same as the total kinetic energy after the collision?

Before the collision:

KEig = % X mg X ’01'32 = é x 0.3 kg X (2 IIl.S_l)2 =0.61J

1 1
KBy = 5 xms x v’ = = x 03 kg x (0 ms?)’ =017

KEr; =0.61J

After the collision:

1 1
KEjp; = 5 xmy xvps® = 2 x 03 kg x (0 ms?)’ =017
1 1
KEyx = 3 X mg X vpg? = 3 x 0.3 kg x (2 m.s'l)2 =06J
KEr; =0.61]

This is an example of an elastic collision. This is a collision where the total momentum of the isolated system
is conserved AND the total kinetic energy of the isolated system is conserved (see figure 4).
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Before collision

EK;q EK;,
Uy f . ( : Uy f
After collision
EKfq EKf,

Figure 4: An example of an elastic collision - the total momentum and total kinetic energy are conserved

Take notel!

In an elastic collision:

total momentum is conserved:
b; = Dby
P P2 = Pp1 + Ppo
S.my sV Mg Uiz =My s Vp + M - Vg
total kinetic energy is conserved:
EK; = EKy

SEKjy +EKpy = EKy + EKypy

1 2 1 2 1 2 1 2
oMy v +§‘m2‘vi2 =§'m1'0f1 +§'m2'vf2

p Example 2.3

Two marbles collide. Marble 1 has mass 30 g and marble 2 has mass 60 g.

Marble 1 rolls to the right with an initial velocity of 2.5 m.g!. Marble 2 is initially at rest. After they collide,
both marbles are moving.
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1. What is the final velocity of marble 1if marble 2 has a velocity of 1.8 m.g! to the right?

2. Isthis an elastic collision?
Solutions

1. Step 1: Identify the information that has been given
m1 = 30 g = 0.03 kg
v;1 = 2.5 m.s’t to the right
my = 60 g = 0.06 kg
vi2 = 1.8 m.s?!
vpp = 1.1 m.s™

Define movement to the right as positive.

Step 2: Do the calculation
Momentum conserved:
mi - Vi1 + Mg - Vig = My - Vfp + My - Vs
But v;2 = 0 m.s™
S.my v =My s Vp Mo Vg
.My Vg =My - Vi1 — M2 - Uy
my - Vi — My - Ufa

LU = ™
0.003 kg x 2.5 m.s' — 0.06 kg x 1.1 m.s!
B 0.03 kg
=0.3 m.s™

Step 3: Write the final answer
Marble 1 will have a final velocity of 9.3 m.g1to the right.

2. Todetermine if the collision is elastic we need to determine if kinetic energy is conserved.

1 1
EKiZE'mrvﬂz—i-E'mrvﬂz

= % x 0.03 kg x (2.5 m.s™)” + % x 0.06 kg x (0 m.s!)”

=0.09375 J
1 2 1 2
EKfZE'ml"Ufl +§~TTl2'Uf2
1 1\2 1 1\2
= 5 x0.03 kg x (0.3 m.s™)” + 5 % 0.06 kg (1.1 ms™)

=0.00135 J + 0.0363 J
=0.03765 J
EK; # EK;.Therefore, the collision is not elastic.

@ Take note!

If you are asked to prove that a collision is elastic, you need to show that the total kinetic energy before
the collision is equal to the total kinetic energy after the collision.
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Inelastic collisions

In reality, however, most collisions are not elastic. In fact, the only perfectly elastic collisions that occur in the
real world are those between some sub-atomic particles. In all other cases, the collisions result in some loss
of kinetic energy in the form of sound, heat, and the permanent deformation of the objects in question.

Figure 5 shows an example of this. In this head on collision between these two cars, it is clear that they
did not bounce off each other like billiard balls! Most of the initial kinetic energy before the collision was
converted to sound, heat, and the energy necessary to permanently deform the cars. The force needed to
damage the cars was available because of the conservation of momentum. Remember that in all collisions,
momentum is always conserved.

Figure 5: A non-elastic collision

Another example of an inelastic collision is a meteor crashing into the earth and forming an impact crater
(see figure 6). In this kind of collision, the initial kinetic energy of the meteor is definitely not conserved as
kinetic energy. Instead, it results in so much heat being generated, that the meteor and the earth’s surface
is largely melted or vapourised and a huge crater in the surface of the earth is formed.
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Figure 6: An impact crater

(‘g Take note!

In an inelastic collision:

total momentum is conserved:
bp; = Py
B I i )
My Vi M Vg =My U+ M Up
total kinetic energy is not conserved:
EK; # EKy

p Example 2.4

A truck and a car are involved in a head on collision. The car is initially travelling at 65 km/h east while
the truck is travelling at 30 km/h west. The truck has a mass of 3.5 tons While the car has a mass of 850 kg

. After colliding inelastically, the truck and the car stick together. What is the resulting velocity of the
mass of metal formed?

Solution
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Step 1: Identify the information that has been given

Let the truck be object 1 and the car be object 2.

Define west as positive

my = 3.5 tons = 3 500 kg

v = 30 km/h = 8.33 m.s"'west

my = 850 kg

vz = 65 km/h = 18.06 m.seast

The truck and the car become one mass after the collision. Therefore, Vs1 = Vg2 = vy.
We need to calculate the velocity of the car and truck mass.

Momentum is conserved.

Step 2: Do the calculation
mi - Vi1 + Mg+ Vg = My - V1 + My - Vy2
SoMy - Y+ My - v = vy - (Mg 4+ ma)
my - Ui + Mg - Vig

SLUf =
! (m1 —|—m2)

3 500 kg x 8.33 m.s + 850 kg x (—18.06 m.s!)
- 3 500 kg + 850 kg

=3.17 m.s?

Step 3: Write the final answer
The final velocity of the truck and car mass is 3.17 m.g! west.

"Q') Take note!

If you are asked to prove that a collision is inelastic, you need to show that the total kinetic energy before
the collision is not equal to the total kinetic energy after the collision.

% Exercise 2.2

Question 1adapted from Everything Science Grade 12 Exercise 2 - 4 question 1

1. Atruck of mass 4 500 kg travelling at 20 m.g! hits a car from behind. The car (mass 1 000 kg) is
travelling at 15 m.g . The two vehicles, now connected, carry on moving together.

a. Calculate the final velocity of the truck-car combination after the collision.

b. Determine the kinetic energy of the system before and after the collision.

c. Explain the difference in your answers for b.

d. Was this an example of an elastic or inelastic collision? Give reasons for your answer.

2. Two billiard balls each with a mass of 200 g collide head-on in an elastic collision. The 4 ball was
travelling at a velocity of 9.5 m.g! and the 2 ball at a velocity of 1.5 m.g 1. After the collision, the 4
ball travels away from the 2 ball at a velocity of 1.5 m.s!.

a. Calculate the velocity of the 2 ball after the collision.
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b. Prove that the collision was elastic, showing all calculations.

The full solutions can be found at the end of the unit.

Summary

In this unit you have learnt the following:

Newton's third law of motion states that every action has an equal and opposite reaction. In other
words, if object A exerts a force on object B, then object B will exert an equal but opposite force on
object A.

Momentum is conserved. This means that the momentum of any isolated system is constant or the
change in momentum of an isolated system is zero or the total momentum before a collision is equal
to the total momentum after a collision.

In elastic collisions kinetic energy is conserved or the kinetic energy before a collision is equal to the

kinetic energy after a collision.
In inelastic collisions kinetic energy is not conserved. The kinetic energy before a collision is not equal

to the kinetic energy after a collision.

Unit 2;: Assessment

Suggested time to complete: 15 minutes
Question 1 adapted from Everything Science Grade 12 Worked example 18 page 59

1. Athiefisdriving at 40 m.g! east to evade the police. The thief's car has a mass of 1 000 kg. The thief’s
car collides head-on with a truck of mass 5 000 kg moving at 20 m.s! in the opposite direction. After
the collision, the car and the truck move together. Ignore the effects of friction.

State the law of conservation of linear momentum in words.
b. Calculate the velocity of the thief's car immediately after the collision.

c. Research has shown that forces greater than 85 000 N during collisions may cause fatal injuries.
The collision described above lasts for (0.5 s. Determine, by means of a calculation, whether the
collision above could result in a fatal injury.

Question 2 adapted from NC(V) Physical Science Level 4 November 2015 Paper 1 question 7.2

2. The figure shows a car with a mass of 1 000 kg that moves along a horizontal road at 20 m.g! west. It
collides with a taxi of mass 1 500 kg moving along the same horizontal road at 25 m.g! east. The two
vehicles join together upon collision.

1500 kg 1 000 kg
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Calculate the velocity of the car after collision.

b. A learner says that the force that the car and the taxi experience during collision will be the same.
Is the learner correct? Explain the answer in terms of the relevant law of physics.

c. Calculate the impulse experienced by the taxi.

d. Isthe collision elastic or inelastic? Show by means of a calculation how you arrived at the answer.
Question 3 adapted from NC(V) Physical Science Level 4 November 2019 Paper 1 question 7

3. An object of mass 3 kg, moving at g m.g!, collides with a stationary object of mass 6 kg. The 3 kg object
rebounds after the collision with a speed of 2 ;.¢71.

a. Calculate the speed of the 6 kg object after collision.
b. Show by means of a calculation whether the collision is elastic or inelastic.

4. In a railway shunting yard, a locomotive of mass 4 500 kg, travelling north at a velocity of 9.5 m g1,
collides with a stationary goods wagon of mass 7 000 kg in an attempt to couple with it. The coupling
fails and instead the goods wagon moves north with a velocity of 1.5 m.g!.

a. Calculate the magnitude and direction of the velocity of the locomotive immediately after collision.
b. Name and state in words the law you used to answer the previous question.
c. Was the collision inelastic or not? Show your calculations.

d. If the coupling had been successful, what would the locomotive’s velocity have been immediately
after the collision?

The full solutions can be found at the end of the unit.

Unit 2;: Solutions

Exercise 2.1

1. Let train travelling north be 1and train travelling south be 2.
my = 70 ton = 70 000 kg
v; =40 km/h = 11.11 m.s™ north
ms = 50 ton = 50 000 kg
vy = 55 km/h = 15.28 m.s* south
Let north be positive.
We need to calculate the total momentum.

Pr =p1 + D2
=mj V1 +Mmgy -V
=70 000 kg x 11.11 m.s* + 50 000 kg x (—15.28 m.s™)

=13 700 kg.m.s*
The total momentum is 13 700 kg.m.s™* north.

2. Let the bullet be object 1and target be object 2.
my = 55 g = 0.055 kg
v;1 = 540 m.s?!
vy = 225 m.s™
me = 3.5 kg
V9 =0 m.s?
Let the bullet’s initial direction be positive.
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my - Vi1 + Mg+ Vg = My - V1 + My - Vs
But v;s =0 m.s !

Somy v = my U + My - Vg

oMo Vg =M *Vin — My - V1

mi Vi1 —mp v

.U = e
my - (vi1 —vy1)
S Up2 = m—2
0.055 kg x (540 m.st — 225 m.s!)
B 3.5 kg
=4.95 m.s!

The block’s velocity will be 4.95 m.g! in the direction of the bullet.

Back to Exercise 2.1

Exercise 2.2

a. Letthe truck be object1and the car be object 2.
Let the initial direction of the truck and car be positive.

my1 =4 500 kg
Vi1 = 20 IIl.S-1
ms = 1 000 kg

V9 = 15 m.s!

UpL = Vg2 = vf

mi - Vi1 + My - Vig = My - Vf1 + M2 - Vg
Somy - v Mg - v = vy - (M 4+ ma)
my - Vi1 + Mg - Vg2

cvp =
d (m1 + mg)

4 500 kg x 20 m.s +1 000 kg x 15 m.s!
4 500 kg + 1 000 kg

=19.09 m.s*!
The final velocity of the truck and caris 19.09 m.g! in the initial direction of the vehicles.

EK; = EK;; + EK;

1 2 1 2
=S my-vp +§‘m2'vi2

2
1
5 (m1 ‘vt ? 4 my 'Ui22)

- %(4 500 kg x (20 m.s)® +1 000 kg x (15 m.s'1)2>

=1 012 500 J

1 1
EK; = EKj + EKpy = E'ml -vf12+§-mg -vf22

But vy = v = vy

S EKp = — v (my +my)

1
2
1

=5 x (19.09 m.s)® x (4 500 kg + 1 000 kg)

=1002177.28 J
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c. The total kinetic energy after the collision is less than before the collision. This is because some of
the kinetic energy was converted into sound and heat and was used up in the permanent
deformation of both the truck and car.

d. This was an inelastic collision because the kinetic energy of the system was not conserved.

a. Letthe 4 ball be object1and the 2 ball be object 2.
m; =200 g=0.2 kg
vi1 = 2.5 m.s?!
me = 200 g = 0.2 kg
V9 = 1.5 m.s!

vy = 1.5 m.s!

Momentum and kinetic energy are conserved.
Define the initial direction of 4 ball as positive.

my - Vi1 + Mg+ Vg = My - V1 + My - Vs
M2 s Vg =My - Vi1 + Mg+ Vg — My - V1
mi - Vi1 + M2 - Vig — My - V51

.U =
f Mo

0.2 kg x 2.5 m.s? +0.2 kg x (—1.5 m.s!) — 0.2 kg x (—1.5 m.s?)
0.2 kg

=25 m.s"’

The 2 ball will travel at 2.5 m.g! in the initial direction of the 4 ball.

EK;, = EK;; + EK;»

_ 2 1 2
= —-m1 -V +§'m2'vi2

- (ma o ® +mg - vi?)

R SN ORI

(02 ke x (25 ms?)” +0.2 kg x (~1.5 ms?)’)

. (m1 v +ma ‘Ui22)

5(0.2 kg x (~15 ms?)” +0.2 kg x (25 ms?)?)

=0.85J
Therefore, EK; = EK;. Kinetic energy was conserved and so the collision was elastic.

Back to Exercise 2.2

Unit 2: Assessment

a. The total momentum of an isolated system before a collision is equal to the total momentum of
the system after a collision, or the total momentum of an isolated system is constant, or the total
change in momentum of an isolated system is zero.

b. Let the thief’s car be object 1and the truck be object 2.
m1 =1 000 kg
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vi1 = 40 m.s! east

my = 5 000 kg

vy = 20 m.st west

'Ufl = Ufz = vf

Define east as positive.

my - V1 + Mg - Vig = My - V1 + M2 - Vg2
LS.y - V1 Ma - V9 :vf-(ml +m2)
mi - Vi1 + Mg - Vg2

PR O
d (m1 +my)

1 000 kg x 40 m.s! +5 000 kg x (—20 m.s?)
1 000 kg + 5 000 kg

= —10 m.s*!

The velocity of the car and truck after the collision is 10 m.s! west.

c. Occupants of the car:
Ap=my -vp —my - v
=1 000 kg x (—10 m.s™) — 1 000 kg x 40 m.s*
= —50 000 kg.m.s™!
Ap
At
—50 000 kg.m.s™!
0.5s
= —100 000 N
The occupants of the car would be subject to a force of 100 000 N. Therefore, the collision could
result in a fatal injury for the occupants of the car. The occupants of the truck would be subject to

an equal and opposite force. Therefore, the collision could result in a fatal injury for the occupants
of the truck as well.

Freww =

a. Letthe car be object1and the taxi be object 2.

my1 =1 000 kg
vi1 = 20 m.s™t west
ms = 1 500 kg

vy = 25 m.st east
Vf1 = Vf2 = vy
Define west as positive.

mi1 - Vi1 + Mg - Vig =My - VU1 + M2 - VUp
S.My - V1 Ma - V42 :Uf'(ml +m2)
my - Vi1 + M2 - Vg2

SV =
d (m1 +my)

1 000 kg x 20 m.s! +1 500 kg x (—25 m.s?)
1 000 kg + 1 500 kg

= _—7ms?

The velocity of the car and truck after the collision is 7 . g1 east.

b. The learner is correct in that the magnitude of the force experienced by both vehicles will be the
same while their direction will be opposite. This is Newton'’s third law of motion which states that
all forces between two objects exist in equal magnitude and opposite direction: if object A exerts a
force F, on object B, then B simultaneously exerts a force Fg on A, and the two forces are equal in
magnitude and opposite in direction: Fy = —Fg.
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Impulse = Ap
= M2Vfy — M2V;2
=1500 kg x — (7 m.s' — (—25 m.s™))
=27 000 kg.m.s™

Or 27 000 kg.m.s east

EK;, = EK;; + EK;»

2 1 2
Ty - Vi1 +§'m2'vi2

- (ma o +mg - vig?)

RN =N

_ 5(1 000 kg x (20 m.s™)” +1 500 kg x (25 m.s7)”)

= 668 750 J
EK; = EKjy + EKjy

2 1 2
-Mmy - Uf +5-m2-vf2

. (m1 ~vf12 + meo -vf22)

N RN~ N

= (1000 kg x (=7 m.sT)* + 1500 kg x (-7 ms?)?)

=61250J
Therefore EK; # EKj. Kinetic energy was not conserved and so the collision was inelastic.

a. Letthe 3 kg object be object 1and the 6 kg object be object 2.
Define object T's initial direction as positive.

mip = 3 kg

Vi1 = 6 IIl.S-1
v = —2 m.s™
me = 6 kg

V9 =0 m.st

my - Vi1 + Mg+ Vg = My - V1 + My - Vs
But v;o =0 m. st

oM sV =My Vs Mg - VU

my - Vi1 — My - Vf1

SV =
f: Mo

3 kg x 6 m.st —3 kg x (—2 m.s?)
6 kg

=4 ms!

The 6 kg object will move at 4 ¢! in the initial direction of the 3 kg object.

EK;, = EK;; + EK;

2 1 2
Ty - V1 +§'m2'vi2

- (ma - o +my - vi?)

RN =N

= §<3 kg x (6 m.s'l)2 +6 kg x (0 m.s'1)2>
=547
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EK; = EKj + EKjpy

2 1 2
:_'ml'vfl +§'m2"l)f2

S(m1vp® 4 ms v

N[RND|~R N

(3kgx (-2 ms?)" +6 kg x (4 ms?)’)

|

ot
~
o

Therefore EK; = EK;. Kinetic energy was conserved and so the collision was elastic.

a. Letthe locomotive be object 1and the wagon be object 2.
Define north as positive.

my1 =4 500 kg
v = 2.5 m.s’! north
mgy = 7 000 kg

V9 =0 m.st

vgp = 1.5 m.st north

my - Vi1 + Mg+ Vg = My - V1 + My - Vs
But v;s =0 m. st

Somy sV =My U + My - Vs

my - Vi1 — My - Vg2

SLoUfL = p—
4 500 kg x 2.5 m.st — 7 000 kg x (1.5 m.s!)
- 4 500 kg
=0.17 m.s™

The locomotive will have a velocity of .17 m.g! north after the collision.
b. The conservation of momentum

C.
EK; = EK;; + EK;

_ 2 1 2
= —-my V1 +§‘m2'vi2

: (m1 v+ my "Ui22)

R CN IS ORI

= (4500 kg x (2.5 ms™)* +7 000 ke x (0 ms)”)

=14 062.5 J
EKf = EKfl +EKf2

1 2 1 2
= 'ml'vfl +§'m2"l)f2

(1o s - ?)

2
1
2
1
=2 (4500 kg x (0.17 m.s)* +7 000 kg x (1.5 ms?)’)
=7 940.03 J

Therefore EK; # EKj. Kinetic energy was not conserved and so the collision was inelastic.

d. Now vs1 = vy2 = vy,
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my - Vi1 + M2 Vg = My - Vf1 + My - Vg
But v;2 = 0 m.s™
Somy v = vy - (my +mg)
my - Vi1
SV =
(m1 +me)
4 500 kg x 2.5 m.s!
4500 kg + 7 000 kg
=0.98 m.s™

The locomotive will have had a velocity of .98 m.s! north if the coupling had worked.

Back to Unit 2: Assessment
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SUBJECT OUTCOME IlI

MECHANICS: DEFINE, INTERPRET AND
APPLY PRINCIPLES OF WORK, POWER
AND ENERGY

@ Subject outcome

Subject outcome 2.3: Define, interpret and apply principles of work, power and energy

Learning outcomes

Define work and identify examples where no mechanical work is done.

Define and calculate work done on an object and/or system for vertical and horizontal
displacement.

Define and apply mechanical power.

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Define work and nett work.
Calculate the amount of work done on an object when its displacement is either vertical or
horizontal.

‘g’ Unit 2 outcomes

By the end of this unit you will be able to:

Define and identify conservative forces.
Define and identify non-conservative forces.
State and apply the work-energy theorem.

Mechanics: Define, interpret and apply principles of work,
power and energy | 87



‘g’ Unit 3 outcomes

By the end of this unit you will be able to:

Define and apply mechanical power.
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Unit 1. Energy and work

DYLAN BUSA AND LINDA PRETORIUS

Unit outcomes

By the end of this unit you will be able to:

Define work and nett work.
Calculate the amount of work done on an object when its displacement is either vertical or
horizontal.

What you should know

Before you start this unit, make sure you can:

Draw and use vector diagrams. Refer to level 3 subject outcome 2.2 unit 1 if you need help with this.
Define energy and describe the different forms that energy can take. Refer to level 2 subject outcome
2.3 unit 1if you need help with this.

Describe and explain the concept of conservation of energy. Refer to level 2 subject outcome 2.3 unit 2
if you need help with this.

Identify and determine the components of a force. Refer to level 3 subject outcome 2.2 unit 2 if you
need help with this.

Construct and interpret free-body diagrams. Refer to level 3 subject outcome 2.2 unit 3 if you need
help with this.

Introduction

Think for a moment about the definition of ‘work’.

‘Work' is a word we use often in everyday conversation. We go to work. We work at getting better at
something. Some things are hard work! But in physics, the word ‘work’ has a very specific meaning.

In the previous subject outcome on momentum, we learnt that the momentum of a system is always
conserved (the total energy in an isolated system is always constant). In elastic collisions, however, the
kinetic energy of the system is also conserved - it is the same before and after the collision. In inelastic
collisions, some of the kinetic energy of the system gets transformed into other kinds of energy.

In both cases, however, we have objects applying a force to other objects and transferring their energy. The
greater the energy of the object, the greater the force it can apply. This is the basic idea of work. The more
energy an object has, the more work it can do. If object A transfers some of its energy to object B, the energy
of object A decreases by the same amount of energy that object B increases by, and object A has done work
on object B.
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What is work?

Work, in physics, is a measure of energy transfer that occurs when an object is moved over a distance by
an external force. In other words, when a force acts upon an object to cause a displacement of the object, it
is said that work was done upon the object. The three important ingredients are ‘force’, ‘displacement’ and
‘cause’. In order for a force to do work on an object, there must be a displacement and it must be the force
that causes the displacement.

Can you think of at least three everyday occurrences where work is done? Stop and see if you can list them.

Here are some examples:

a horse pulling a wagon
a shopper pushing a shopping trolley
a learner lifting a full bags of books onto their shoulder.

In each case there is a force exerted upon an object that causes that object to be displaced. In each case,
the displacement is in the same direction as the nett applied force.

@ Take note!

Work is done when a force is exerted on an object that causes the object to be displaced (or moved).
The direction of the displacement is in the same direction as the nett applied force.

Time required: 10 minutes

What you need:

a piece of paper
a pen or pencil

What to do:

Think about the following situations. Is work being done? Write down whether work is done or not done
in each case.

1. A weightlifter lifting a weight off the ground.

A weightlifter pushing a weight off his chest.

A weightlifter holding a weight stationary above his head.
Pushing against a wall.

A book falling off a table.

An aeroplane accelerating through the sky.

Pulling a box across a room.

o N L

A ball rolling down a hill.
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9. A waiter carrying a tray across a room at a constant speed.
What did you find?

1. If a weightlifter lifts a weight off the ground, he is applying a force parallel with the direction of
motion of the object and the object is moved over a certain distance, so work is done.

2. If a weightlifter pushes a weight off his chest, he is applying a force parallel with the direction of
motion of the object and the object is moved over a certain distance, so work is done.

3. If a weightlifter holds a weight stationary over his head, there is no displacement and so no work is
done. Even though he is exerting a force to counter-balance the force of gravity, because there is
no displacement of the weight, no work is done.

4. If you push against a wall, you certainly exert a force against the wall and the wall exerts a force
against you. However, neither the wall nor you move over a distance and so no work is done.

5. If a book falls off a table, the force of gravity acts in the direction of the motion of the book and the
book is moved over a certain distance, so work is done. Even through the velocity of the book is
not constant during the fall, the force being applied is constant.

6. If an aeroplane accelerates through the sky, the force parallel to the motion of the aircraft is
applied to it and it moves over a certain distance, so work is done.

7. Ifaboxis pulled across a room, there is a force parallel to the direction of motion of the box and
the box moves over a distance and so work is done.

8. When a ball rolls down a hill, there is a component of the force of gravity acting in parallel to the
motion of the ball and the ball moves over a distance, therefore, work is done.

9. There is a force on the tray, but this is upwards to counteract the force of gravity. There is a
displacement of the tray as it moves across the room. However, the force does not cause the
displacement. There is no component of the lifting force in the direction of the displacement and
so the force is not causing the displacement. Therefore, no work is done.

Scenario 9 in activity 1.1 was a tricky one which we will explore in more detail later. For now, it is important to
remember that for work to be done, the force or at least a component of the force, must be in the direction
of the displacement.

The work done can be expressed mathematically as W = F Az cos § where:

W is the work done (measured in newton metres or joules—1 N.m =1 J)

F is the force acting on the object (measured in newtons)

Az is the displacement (measured in metres) — note that Az can also be represented as d

# is the angle between the force and the displacement vector (hence cos 8 gives us the component of
the force that acts in parallel with the displacement (see figure 1).
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Direction of motion

- - 1
_ F, =Fsin@ 1
N . 1
E :
1
1
6 |
—— -
FFriction Fx= Fcos@
Fg

Figure 1: Calculating the magnitude of the horizontal component

If the force is parallel to the direction of motion, and in the same direction, then § = 0°, cosf =1 and
W = FAx cos 0 becomes simply W = FAz (see figures 2 and 3).

K

AX

Figure 2: Cases of work being done where the force is parallel and in the same direction as the displacement

______________ = Direction of motion

W = FAX cos 0° = FAX(1) = FAX

Figure 3: The force and direction of motion are perfectly parallel
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If the force is parallel to the direction of motion, but in the opposite direction, then 9 = 180°, cosf = —1 and
W = FAzcos§ become W = FAz(—1) (see figure 4). We get a negative value for work. It isimportant to note
that work is not a vector and so only has a magnitude. If negative work is done, energy is lost (rather than
gained) and the object exerting the force gains this energy. For example, if you try to push a car uphill by
applying a force up the slope and instead the car rolls down the hill, you are doing negative work on the car.
Another way of saying this is that the car is doing positive work on you.

Direction of motion  1B0° F

M . . S S S S . . . . . - »

W = FA#% cos 180° = FA%(—1) = —FA%

Figure 4: Force and direction of motion are parallel but in opposite directions

If the force and the direction of displacement are perpendicular, then § = 90°, cosd = 0 and W = FAx cos 8
become W = FAz(0) = 0. Therefore, no work is done.

Before we move on, let's examine scenario 9 of the waiter carrying the tray from activity 1.1 in more detail. If
the waiter and tray started at rest, there would be a brief period of time when the waiter would have had to
apply a force to the tray to get it to start moving (i.e. to accelerate it). However, once the tray is at its constant
speed, it will stay in its straight-line motion at this constant speed without a forward force. If the only force
exerted upon the tray during this constant speed stage of its motion is upward, then no work is done on the
tray during this period. Remember, a vertical force does not do work on a horizontally displaced object.

Take note!

When a force or a component of a force acts in the direction of motion of an object to cause the object’s
displacement, work is done on the object. The work done on an object by a constant force F is:

W = FAzx cosf
Where:

F is the magnitude of the force
Az is the magnitude of the displacement
@ is the angle between the force and the displacement.

If the force is perfectly parallel to the direction of motion and in the same direction, then g = (° and so
cosf =cos0° =1and W = FAz x 1 = FAz.

If the force is perfectly parallel but in the opposite direction to the direction of motion, then g = 180°
and so cosB = cos180° = —1 and W = FAzx x (—1) = —FAx.

If the force and the direction of displacement are perpendicular then ¢ = 90° and so cosf =0 and
W = FAzcos@ = FAz x 0=0.
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We will only deal with occasions where g = ()° or § = 180°.

p Example 1.1

A bicycle is travelling along a straight horizontal road. The cyclist applies a force of 50 N through the
pedals and chain in the direction in which she is travelling, and is speeding up. While she is accelerating,
she covers a distance of 65 m. Calculate the work done by the cyclist.

Solution
F=50N
Az =65 m
0=0° the applied force of 50 N is in the direction of travel

We need to calculate the work done.
W = FAzxcos6

=50 N x 65 m x cos0°

=50 Nx65mx1

=3 250 N.m

3 250 N.m or 3 250 J of work is done. This means that the energy of the bicycle (and rider) increased.

p Example 1.2

The same cyclist as above applies her brakes to slow down. The force applied by the brakes opposite to
her direction of travel is 45 N and she travels 50 m while braking. Calculate the work done by the brakes.

Solution
F=45N
Az =50 m
f# = 180° the applied force of 45 N is in the opposite direction to the direction of travel

We need to calculate the work done.
W = FAzxcosf

=45 N x 50 m X cos 180°

=45 N x50 m x (—1)

= —2 250 N.m

—2 250 N.m or —2 250 J of work is done. This means that that energy of the bicycle (and rider) decreased.

Nett work

Hardly ever is there only a single force acting on an object. In activity 1.2, we will investigate some simple
cases of this.
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Time required: 15 minutes

What you need:

a pen or pencil
a piece of paper

What to do:

Study the following free-body diagrams and determine which forces are doing work and how much
work these forces are doing. Then determine the overall work being done.

1. A15 N force is applied to push a block across a frictionless surface for a displacement of 10.0 m to
the right.

&
N=30N
» F=15N
F,=30N
L

2. A 15 N frictional force slows a block moving to the right to a stop after a displacement of 10.0 m.
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N=30N

Fiie=15N =

F,=30N

L

3. A 15 Nforce is applied to push a block across a frictional surface at a constant speed for a
displacement of 10.0 m to the right.

—

N=30N
Fric=15N < » F=15N
F,=30N

4, A 3.06 kg object is sliding at constant speed across a frictionless surface for a displacement of 10 m
to the right.
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N =30N

3.06 kg

F,=30N

v

5. A3 kgobjectis pulled vertically upward by a 29.4 N force at a constant speed for a vertical
displacement of 10 m up.

Unit 1: Energy and work | 97



—»

F=294N

3 kg

el

What did you find?

1. The gravitational and normal forces act perpendicular to the displacement. Therefore, they do no
work. The applied force acts parallel to the displacement; therefore, it does work. The work done by
this forceis W = FAzcosd = 15 N x 10 m X cos0° = 150 J. This is the only force doing work, so the
nett work is 150 J.

2. The gravitational and normal forces act perpendicular to the displacement. Therefore, they do no
work. The frictional force acts parallel (but in the opposite direction) to the displacement;
therefore, it does work. The work done by this force is
W = FAzcosf =15 N x 10 m X cos 180° = —150 J. This is the only force doing work, so the nett
work is —150 J.

3. The gravitational and normal forces act perpendicular to the displacement. Therefore, they do no
work. The applied force acts parallel to the displacement; therefore, it does work. The work done by
this forceis W = FAzcosf = 15 N x 10 m X cos 0° = 150 J. The frictional force acts parallel (but in
the opposite direction) to the displacement; therefore, it does work too. The work done by this
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forceisW = FAz cos® = 15 N x 10 m x cos 180° = —150 J. Therefore, the nett work is
150 J + (=150 J) = 0 J. In other words, no nett work is done. This is a very important result!

4. The gravitational and normal forces act perpendicular to the displacement. Therefore, they do no
work. There is no force (or component of a force) acting in parallel to the displacement. Therefore,
no work is done.

5. The gravitational and normal forces act parallel to the displacement. Therefore, they do work. The
work done by the upward tension force is W = FAz cosf = 29.4 N x 10 m X cos0° = 294 J. The
gravitational force acts parallel (but in the opposite direction) to the displacement; therefore, it
does work. The work done by this force is
W = FAzcosf =15 N x 10 m x cos 180° = 3 kg x 9.8 m.s 2 x 10 m x (—1) = —294 J. Therefore, the
nett work is 294 J + (—294 J) = 0 J. In other words, no nett work is done.

p Example 1.3

How much work is done by an applied force to lift a 15 kg block 12.0 m vertically at a constant speed?

Solution

Firstly, if the block is lifted at a constant velocity, this means that there is no acceleration. Therefore, the
force lifting the block will be equal but opposite to the force of gravity. The applied force must, therefore,
be equal to the weight of the block.

m =15 kg
g=19.8 ms?
h=120m

F=mg=15kgx 9.8 ms 2 =147 N

W = FAxcosf
But Az = h and 6 = 0°
S W=Fxh
=147TNx 12 m
=1764J

p Example 1.4

A force of 500 N is accelerating a car down a flat straight road. Friction is working against the motion of
the car. A frictional force of 350 N acts to oppose the motion. Calculate the nett work done on the car to
move it forward 50 m.

Solution

The applied force is 500 N and the frictional force is 350 N acting in the opposite direction to the car's
motion. There is no work done by gravity or the normal force because these are perpendicular to the
car’'s motion. The road is flat.
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Foppiica = 500 N
Ftye =350 N
Az =50 m

Wapplied = F Az cos
=500 N x 50 m x cos0°
=25000J

Wriction = FAx cos
=350 N x 50 m x cos 180°
= —17 500 J

Wnet = Wapplied + Wfriction
=25 000 J-17 500 J
=7500J

Alternatively, we can calculate the total work by first calculating the nett force on the car.
Define forward as positive

Foppiica = 500 N

Frriction = —350 N

Both forces act in the same horizontal plane so the vector addition is simple and does not require
calculating any horizontal components.
Frett = Fopplied + Friction = 500 N—-350 N = 150 N

Neither gravitational force nor the normal force have horizontal components — they act perpendicular
to the motion.
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el

applied F friction
< P il

Fg

Whett = Frest Az cos 6
=150 N x 50 m x cos0°
=7500 ~J

% Exercise 1.1

1. Atraveller carries a 250 N suitcase up four flights of stairs (a total height of 10.5 m) and then pushes
it with a horizontal force of 50 N at a constant speed of .25 m.s~! for a horizontal distance of 50 m
on a frictionless surface. How much work does the traveller do on the suitcase during this entire
trip?

2. How much work is done by the force required to raise a 3 000 N lift five floors vertically at a
constant speed? The vertical distance between floors is 5 m high.

3. Alearner with a mass of 60 kg runs up three flights of stairs in 15 s, covering a vertical distance of
10 m. Determine the amount of work done by the learner to elevate her body to this height if her
speed was constant.

The full solutions are at the end of the unit.
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Summary

In this unit you have learnt the following:

Work is done on an object when a force acts on an object to cause a displacement of the object.
Work is expressed mathematically as W = FAx cos 8 where @ is the angle between the force and the
displacement vector.

Nett work is the work done by the nett force acting on an object that causes a displacement of the
object.

Unit 1;: Assessment

Suggested time to complete: 30 minutes

1. Before beginning its initial descent, a roller coaster car is pulled up the first hill to a high initial height.
Work is done on the car to achieve this initial height. A roller coaster designer is considering three
different incline angles at which to drag the 2 500 kg car to the top of a 70 m high hill. In each case, the
force applied to the car will be applied parallel to the hill. Which of the following options would require
the most work?

Option Angle Force Distance
A 35° 1.12x 10* N 105 m

B 45° 1.39 x 10* N 84.60 m
C 55° 1.61 x 10* N 73.04 m

2. A 120 kg rugby player does push-ups by applying a force to elevate his centre-of-mass by 30 cm.

Calculate the number of push-ups that he needs to do to do at least 10 000 J of work. Assume no air
resistance.

3. Car A and car B both have a mass of 950 kg. Car A can accelerate from rest to 100 km/h in 16 s. Car B
can accelerate from rest to 100 km/h in 3.5 s.

a. To accelerate to 100 km/h, which engine will do more work. Justify your answer with calculations.
Assume that both cars accelerate in a straight line. Ignore the effects of air resistance and friction.

b. What is this work?

The full solutions are at the end of the unit.

Unit 1; Solutions

Exercise 1.1

1. Work done up the steps:
W = FAzcosf

=250 N x 10.5 m x cos0°
=2625J
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Work done pushing:

W = FAxcosf
=50 N x 50 m X cos0°
=2500J

Total work =2 625 J+2500J =5 125]

W = FAzcos@
=3 0000 N x (56 x5) m
=75 000 J

3. Asspeed is constant, the learner is only doing work enough to equal the force of gravity.

W = FAzcosf
=60 kg x 9.8 m.s™2 x 10 m x cos0°
=5880J

Back to Exercise 1.1

Unit 1: Assessment

1.

The angle in the table is the incline angle. The angle g in the work equation is the angle between F and
Az. If the force is parallel to the incline and the direction of the displacement is parallel to the incline,
then the angle @ in the work equation is (°. For this reason, W = FAz cos(0° = FAz.

W = FAzcos0

A35 W =1.12x 10* N x 105 m =1 176 000 J
Bi45% W =139 x 10* Nx 84.60 m =1 175940 J
C55% W =161x10* Nx73.04m=1175944J

While there are small differences in the work done, given the amount of work these can largely be put
down to rounding errors. It really does not make much difference which option is used. The total work
required to get the car to the top will be about the same (about 1 176 000 J)

Each push up requires the player to do work only against gravity to lift his body.
W = FAzxcosf

=120 kg x 9.8 m.s 2 x 0.3 m

=352.87J
1
10000 J =28.34
352.8J

Therefore, the player will need to do at least 29 push-ups to do 10 000 J of work.

a. In both cases, the force accelerating the cars is parallel and in the same direction to the
displacement. Therefore, § = (0° and cosf = 1.
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W = FAx

But F' = ma
W = malAz
v — v;
But a = d !
m(vf — vi)
— f €T

1
But Az =s = E(vl + vyt

m(vy —v;)
¢

1
X E(vl +vg)t

1
= Em(vf —v;)(vi +vy)

Therefore, as both cars have the same mass, the same initial velocity and the same final velocity,
both engines will need to do the same amount of work.

m = 950 kg
v; =0 m.s™
vy =100 km/h = 27.78 m.s™!

1

1
W = gm(vg—vi)(vi +vf)

= Smlog)(oy)
%m(vf)2

1
= 5 X 950 kg x (27.78 m.s1)?
=366 570.99 J

Notice how the total work done by the engines is equal to the change in kinetic energy. We will
investigate this idea in more detail in unit 2.

Refer back to Refer to level 2 subject outcome 2.1 if you need to on how to determine acceleration.

Back to Unit 1: Assessment
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Unit 2: Energy-work theorem

DYLAN BUSA AND LINDA PRETORIUS

Unit outcomes

By the end of this unit you will be able to:

Define and identify conservative forces.
Define and identify non-conservative forces.
State and apply the work-energy theorem.

What you should know

Before you start this unit, make sure you can

Define and calculate work. Refer to unit 1 if you need help with this.
Define mechanical energy.

Define kinetic energy.

Define gravitational potential energy.

Calculate kinetic energy (E), = %m’vZ).

Calculate gravitational potential energy (E, = mgh).
Refer to level 2 subject outcome 2.3 if you need help with any of these other concepts.

Introduction

In level 2 subject outcome 2.3, we learnt that an object has potential energy due to its position above the
earth or its position in earth’s field of gravity. This is gravitational potential energy. If you let go of the object,
it will fall, and it can do work on your toe! We also learnt that the amount of this gravitational potential
energy is proportional to the mass of the object and its height. The heavier the object is or the greater the
height the object falls from, the more work it can do on your toe.

We calculate gravitational potential energy as E, = mgh.

Note that another form of potential energy is elastic potential energy. This is the energy stored in a
compressed spring or a stretched elastic.

We also learnt that an object has energy due to its motion, more specifically, its velocity. This is kinetic
energy. The faster an object is moving, the more energy it has and the more work it can do on other objects.
We also learnt that the amount of kinetic energy is proportional to the object's mass and the square of its
velocity.

We calculate kinetic energy as Ej, = %mv2.

The mechanical energy of an object is simply the sum of its potential energy and kinetic energy and is,
therefore, a measure of the total amount of work that the object can do.
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We calculate mechanical energy as Epechanical = Ep + Ej.

Work and energy

We know from level 2 subject outcome 2.3 that mechanical energy is conserved in a closed system. In other
words, if you drop a ball from a height, all the ball's gravitational potential energy at this height is converted
to kinetic energy when it hits the ground. In other words, in figure 1, the ball's mechanical energy at point A
is equal to the ball's mechanical energy at point B. At point A, the ball's mechanical energy is all gravitational
potential energy. At point B it has all been converted into kinetic energy.

A

Emechanical = Ex + Ep = 0] + mgh

1
Emechanical = Ex + Ep = Emvz +0]

Figure 1: Conservation of mechanical energy

But is this always the case? Is mechanical energy always conserved? Think of a car travelling on a flat road.
What happens to its mechanical energy if the engine stops?

Our experience tells us that the car’'s mechanical energy is not conserved. It will eventually roll to a stop. In
this case, its gravitational potential energy is not changing (it is on a flat road) but its kinetic energy certainly
is. We know why the car eventually stops and loses all its mechanical energy. Forces like friction and the
rolling resistance of the tyres on the ground always exert a force in the opposite direction to the car's motion.

Mechanical energy is only conserved when all the forces acting on an object are conservative forces.
Examples of conservative forces include gravity and spring forces. They are called conservative forces
precisely because they result in the conservation of mechanical energy as illustrated in figure 1.

If non-conservative forces act on the object, then its total mechanical energy will change. Non-conservative
forces, as the name suggests, do not result in the conservation of mechanical energy. Examples include
friction, air resistance, rolling resistance, any applied force and tension forces.

If a body is acted on by non-conservative forces, its mechanical energy will either increase or decrease. If
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positive work is done, then the object will gain energy. If negative work is done, then the object will lose
energy. This gain or loss in energy can be in the form of potential energy, kinetic energy, or both.

Conservative forces result in the conservation of mechanical energy. The object's energy simply
changes form from kinetic to potential or vice versa. Conservation forces are sometimes called internal
forces. The work done by a conservative force only depends on the starting and ending points of the
motion not the path taken.

Non-conservative forces result in the change of mechanical energy. The object gains or loses
mechanical energy. Non-conservative forces are sometimes called external forces. The work done by
non-conservative forces depends on the path taken.

Take notel!

Time required: 10 minutes

What you need:

a pen or pencil
a piece of paper

What to do:

Study the following simple scenarios, and in each case:

—

S R

identify what kinds of forces are involved in doing the work

identify whether mechanical energy is being conserved or not

if mechanical energy is conserved, state whether it is being from kinetic energy to potential
energy or vice versa

if mechanical energy is not conserved, state whether there is a change in the kinetic energy,
potential energy or both.

A ball falls from a height of 3 m in the absence of air resistance.

A stationary ball just after it is kicked along the ground.

A skier glides from one point to another down an undulating friction-free icy slope.
A cricket ball is traveling vertically upwards.

A horizontally moving hammer just after it strikes a nail into a block of wood.

The end of a compressed spring as it is released.

What did you find?

The only force doing work on the ball is gravity. Therefore, mechanical energy is conserved. As the
ball loses height it gains velocity. Potential energy is converted into kinetic energy.

The applied force of the foot causes the ball to accelerate and hence gain kinetic energy. As there
is no change in the potential energy of the ball, the ball gains mechanical energy. Thus, a non-
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conservative applied force changes the kinetic energy of the ball.

3. The only force doing work on the skier is gravity. Therefore, mechanical energy is conserved. As the
skier loses height on the downhills, she gains velocity. As she loses velocity on the uphills, she gains
height. Potential energy is converted into kinetic energy and vice versa but as her initial height is
greater than her final height, the overall conversion is from potential energy to kinetic energy.

4. The only force doing work on the ball is gravity. Therefore, mechanical energy is conserved. As the
ball gains height, it loses velocity. Kinetic energy is converted into potential energy.

5. The hammer is moving horizontally so there is no change in potential energy. The equal and
opposite force of the nail acting on the hammer causes the hammer to stop or gain negative
velocity. Therefore, there is a change in the hammer’s kinetic energy and its mechanical energy is
not conserved.

6. The only force doing work on the end of the spring is the compression force of the spring. The
spring changes from a compressed state to a relaxed state changing the velocity of the end of the
spring. Thus, the conservative potential spring energy is transformed into kinetic energy.

Take notel!

That mechanical energy is not conserved when non-conservative forces act on an object does not mean
that total energy is not conserved. Total energy is always conserved. Non-conservative forces simply
mean that mechanical energy is not conserved in a particular system which implies that some energy
is transferred in a process that isn't reversible, such as losses to heat.

The work-energy theorem

Consider the simple case of sliding a box across the floor (see figure 2). There is an applied force pulling the
box to the right and a frictional force acting in the opposite direction. We will define to the right as positive.

-

F friction ¥ " Fapplied

Figure 2: Pulling a box across the floor

If Fouppiiecd > Friction, there is a nett force to the right. The box will accelerate to the right. It will gain
velocity. Nett positive work will be done on the box.

If Foappiicd < Friction, there is a nett force to the left. The box will accelerate to the left (its acceleration
will be negative). It will lose velocity. Nett negative work will be done on the box.

If Foappiicd = Firiction, there is no nett force. The box will experience no acceleration. There will be no
change in its velocity. If it is stationary, it will remain stationary. If it is moving it will remain moving in
this direction at a constant velocity. No nett work will be done on the box. This does not mean that the
applied force and the frictional force are not individually doing work, just that the nett work on the box
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will be zero.

Now consider the simple case of a box being lifted into the air (see figure 3). There is an applied force lifting
the box up and a gravitational force acting in the opposite direction. We

F, applied

»

v
-

' gravity

Figure 3: Lifting a box into
the air

If Foappiiecd > Fyravity, there is a nett force up. The box will accelerate up. It will gain velocity. Nett positive
work will be done on the box.

If Foappiied < Fyravity, there is a nett force down. The box will accelerate down (its acceleration will be
negative). It will lose velocity. Nett negative work will be done on the box.

If Fouppiicd = Fyravity, there is no nett force. The box will experience no acceleration. There will be no
change in its velocity. If it is stationary, it will remain stationary. If it is moving it will remain moving in
this direction at a constant velocity. No nett work will be done on the box. This does not mean that the
applied force and the gravitational force are not individually doing work, just that the nett work on the
box will be zero.

This leads us to the conclusion that when a nett force does work on an object, then there is always a change
in the kinetic energy of the object. This is because the object experiences an acceleration and therefore a
change in velocity.

This leads to the work-energy theorem.
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The work-energy theorem states that the work done on an object by the nett force is equal to the
change in its kinetic energy.

Whett = AEy, = Ep— Ey;

To understand what this means in practice, it is helpful to look at some examples.

é© Example 2.1

Question adapted from Everything Science Grade 12 Worked example 6 page 232

A 2 kg brick is dropped from a height of 15 m. Calculate the work that has been done on the brick
between the moment it is released and the moment when it hits the ground. Assume that air
resistance can be neglected.

Solution

The brick falls freely with only conservative forces acting on it, so energy is conserved. We know that
the work done is equal to the brick’s change in kinetic energy. The brick has no kinetic energy at the
moment it is dropped, because it is stationary. When the brick hits the ground, all the brick's potential
energy is converted to kinetic energy.

m = 2 kg
h=15m
Ep = mgh
=2kgx9.8ms 2 x15m
=294]J

But the brick had 294 J of potential energy when it was released and (0 J of kinetic energy.
When the brick hits the ground, it has 0 J of potential energy and 294 J of kinetic energy.
Therefore Ey; = 0 Jand Eyy = 294 J.

Whett = AEy = Epy— Ey;
=294 J-0J
=294J

p Example 2.2

A 980 kg car traveling on a flat road skids to a stop from an initial velocity of 27 m g 1. The car’s brakes
apply a 7 650 N of frictional force. What is the stopping distance of the car?

Solution

There is no change in the potential energy of the car. Therefore, we can ignore any change in potential
energy. We will define the direction of the car’s initial motion as positive.
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m = 980 kg

v; =27 m/s "
vp =0m/s "
Fnett = 7 650 N
1
Eg; = Zmo?
S

1

7980 kg (27 m.s71)?
=357 210 J

Ex;=01

Whett = AEy = Epp—Ey;
. Waetr =0 J-357210 J
= —357 210 J note that nett work is negative i.e. the car loses mechanical energy

Wnett = Fnett Az cosf

Wnett
. Ar = —— X cosf
nett
= M x cos 180° remember that J = N.m so i = N_m =m
7 650 N N N
= 46.69 m

The car will stop in 46.69 m.

We can use the work-energy theorem to generate an expression to calculate the total work done by all the
non-conservative forces in a system.

We know that Fret = Feonservative + Fron—conservative (the nett work done is the sum of the work done by all of
the individual forces).

Therefore, Wnett = Wconservative + Wntmfctmservativa
But the work-energy theorem tells us that W,,.4 = AEg. Therefore, AEx = Weonservative + Whon—conservative -

But the work done by conservative forces can be expressed as APE. Rememober, if you lift an object at a
constant velocity, the conservative force (gravitational force) acts in the opposite direction to the motion
(negative work) but its magnitude is equal to the gain in potential energy of the object.

Therefore, AEx = —AEp + Whon—conservative-
Rearranging this equation, we finally get that Wion—conservative = AFx + AEp.

As we can see from the equation above, when the non-conservative forces oppose the motion of the object,
the work done by these forces is negative, causing a decrease in the mechanical energy of the system.
When the non-conservative forces do positive work, energy is added to the system. If the sum of the non-
conservative forces is zero then AEx = —AEp and mechanical energy is conserved.

@ Take note!

For situations where there is a change in the kinetic and/or the potential energy of an object, the total
work done by the non-conservative forces to enact this change can be calculated using:
Wnun—cunservative = AEK + AEP
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Once the total work of these forces is known, the total nett non-conservative forces or the distance over
which the work is done can be calculated.

p Example 2.3

Question adapted from Everything Science Grade 12 Worked example 9 page 242

Consider the situation where a football player slides to a stop on level ground. Using energy
considerations, calculate the distance a 65.0 kg football player slides, given that his initial speed is
6.00 m.s~! and the force of friction against him is a constant 450 N.

Solution

We know that the frictional force will act in the opposite direction to the player’s initial motion to reduce
his kinetic energy to zero. Most of this kinetic energy will be converted to heat, deformation of the grass
and some sound. While the total energy of the system is conserved, the mechanical energy of the player
is not. We know this because there is a frictional non-conservative force acting on the player.

Because the frictional force acts to reduce the player's mechanical energy, we know that it does
negative work on the player; 9 = 180°. Therefore, cos = —1.

Because the player is on level ground, there is no change in the potential energy. Hence AEp = 0.

We know that Wion—conservative = AFx + AEp. But AEp = 0. Therefore, Wion—conservative = AEg. This is
basically the original work-energy theorem.

m = 65 kg
v; =6 m.s™
Ftriction = 450 N
Whon-conservative = AEK
2 Firiction Az cos§ = Eg s~ Eg;
. —Ffriction Az = 0- E; (0 =180° and vy =0 m.s' so Exy =01J)
 —Eg
F riction
%’H’L’U2

F friction

1

Az

LAz =

1 6 m.s1)?
_ L kg )

2 450 N
= 2.60 m

The player will stop after 2.60 m.

1. Consider the falling and rolling motion of a 2 kg ball in the following two resistance-free situations.
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In one situation, the ball falls off the top of the platform to the floor. In the other situation, the ball
rolls from the top of the platform along the staircase-like pathway to the floor.

PE =100]

KE=0]

&

N\
AP - PE =c]
Calculate the value of a

\ PE =50]
KE = a]

v=bm.s™

1

PE =i]
KE =]
PE=f]

s,
v=hm.s!

For each situation:

a. indicate what types of forces are doing work upon the balls
b. indicate whether the energy of each ball is conserved and explain why
c. calculate values for all unknowns a — k in the diagram.

2. Atthe end of a roller coaster ride, the 6 000 kg train of cars (including passengers) is slowed from a
speed of 90 m.s~! to a speed of 5 m.g~! over a distance of 20 m up an incline that has a total vertical
height of 2 m. Calculate the braking force required to slow the train of cars by this amount.

3. Agirl onroller blades has an initial velocity of 10 m.s™!. She has a mass of 50 kg and coasts straight
up a hill thatis 2.5 m height.

2.5m

250 Y

a. What distance does she travel up the hill?

b. What is her speed at the top of the hill if the total frictional force acting on heris 1.5 N?

The full solutions are at the end of the unit.

Summary

In this unit you have learnt the following:
Conservative forces (or internal forces) conserve mechanical energy.

Non-conservative forces (or external forces) do not conserve mechanical energy.
The work done by conservative forces does not depend on the path taken.
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The work done by non-conservative forces depends on the path taken.
The work-energy theorem states that total nett work is equal to the change in kinetic energy; therefore
Whett = AEg = Eg¢— FEr;.

The work-energy theorem can be rearranged to calculate the total non-conservative work done on an
ObjeCt as Wnonfconsewative = AEK + AE‘P

Unit 2; Assessment

Suggested time to complete: 35 minutes

1. A shopping trolley full of groceries is sitting at the top of a 2.0 m hill. The trolley rolls down the hill and
hits a stump at the bottom of the hill. Upon impact, a 250 g can of baked beans flies horizontally out of
the shopping cart and hits a parked car with an average force of 500 N. How deep a dent is made in

the car (i.e. over what distance does the 500 N force act upon the can of beans before bringing it to a
stop)?

2. Arope is attached to a 40.0 kg crate to pull it up a frictionless incline at constant speed to a height of
3 m. A diagram of the situation and a free-body diagram are shown below.

-
Fnorm

3m

Fgrav

Note that the force of gravity has two components (parallel and perpendicular components); the

parallel component balances the applied force, and the perpendicular component balances the
normal force.

Of the forces acting on the crate, which ones do work?

b. Based upon the types of forces acting upon the system and their classification as conservative and
non-conservative forces, is mechanical energy conserved? Explain.

c. Calculate the amount of work done upon the crate.

The full solutions are at the end of the unit.
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Unit 2; Solutions

Exercise 2.1

a.

The only force doing work on the ball is gravity.

b. Since gravity is a conservative force, the total mechanical energy of the ball is conserved. Therefore,

the total mechanical energy of the ball remains 100 J.

a-50 J. If the ball has half its original potential energy, the other half must be been converted into
kinetic energy.

1 100
b-7.07 ms! Ex = Emv2 Lv=g o= /50.

c-50 J. The ball is at the same height, therefore, its potential energy is still 50 J.

d-50 J. There is no resistance, therefore, its kinetic energy is still 50 J.

e-17.07 m.s ! There is no resistance, therefore, its velocity is still 7.07 m.s~! 50 J.

f-0 J. The ball is on the ground, therefore, it has no potential energy.

g-100 J. The ball is on the ground, therefore, all its potential energy has been converted to kinetic
energy.

1 200
h-10 m.s ! Ex = Emvz =45 = +/100.

i—0 J. The ball is on the ground, therefore, it has no potential energy.
j—100 J. The ball is on the ground, therefore, all its potential energy has been converted to kinetic
energy.

1 200
k-10 m.s! Ex = Emv2 Lv=y 5= /100.

=6 000 kg

vi =20 m.s '

vf=5ms !
Az =20 m
h=2m

Wno’n—conservative = A-EK + A-EP

Where:
Wmmfconservatiue = Fbrake Az cosf = _Fbrake Ax
AEg = ExpEgi = ~mo2 Smo? = ~m(o?
Kk = By Exi = Smvp—omu; = Em(vf—'vl)

AFEp = mgh

1
o —Fyae Az = Em(v?c —v?) + mgh

1
(—m(v? —v?) + mgh)
Az
1
(5 * 6 000 kg ((5 m.s1)? — (20 m.s*1)2> +6 000 kg x 9.8 m.s~2 x 2 m)

Fbmke = -

20 m
=50370 N

Therefore, the braking force required is 50 370 N.
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a. We can use trigonometry to calculate the distance up the hill.

2.5
sin 25° = Zom
_ 2.5 m
sin 25°
=5.92m
b. The value calculated in a. is Az in calculation of work.
m = 60 kg
Az =592 m
Ffriction =15N
h=25m

v; =10 m.s!

We need to calculate the final velocity of the girl at the top of the hill. In this case, she will lose
kinetic energy and gain potential energy.

Wnon—con.servative = A-EIK + A-EP
Where:

Wmmfconservative = Ffriction Az cosd = *Ff'rictionAm
1 2 1 2 1 2 2
AEg = Egy—FEg; = Emvf——mvi = Em(vf—vi)

AEp = mgh

—_

o —Fpriction Az = —m(vfc —v?) + mgh

[\

1
_FfrictionAw - mgh‘ = Em(vi - ’U?)
(FfrictionAw + mgh)
-2 = v? — v
m
F TiC zonAm + mgh
“.v§:_2( prict )+vf
m

—1.5 N x5.92m)+ (50 kg x 9.8 m.s2 x 2.5 m

= —2( )+ g ) + (10 m.sfl)2

50 kg
=51.3552 m.s 2

Sovp =T.17 m.s~!
Her speed at the top of the hill will be 7.17 m.s~!.

Back to Exercise 2.1

Unit 2: Assessment

1. The only force acting on the trolley and, therefore the tin, is gravity. Therefore, mechanical energy is
conserved and all the potential energy at the top of the hill is converted to kinetic energy at the
bottom of the hill.
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m = 250 g = 0.25 kg
h=2m
FEp at the top of the hill = mgh
=025kgx9.8ms > x2m
=4917J
. Ex at the bottom of the hill =4.9 J

When the tin hits the car, it loses kinetic energy due to the force applied to it by the body of the car.
This is a non-conservative force. Therefore, mechanical energy is not conserved. All the can’s kinetic
energy is transformed into the energy needed to dent the car. The force the car body applies to the
can is 500 N in the opposite direction to the motion of the can.

Vi=0 m.s
F =500 N
Whett = AEg

S FAzcost = Egs—Eg;
..500 NAz(—1)=0J-497J
4.917]

T =
500 N
= 0.0098 m

Therefore, It will take 9.8 mm for the car to stop the can. In other words, the dent will be 9.8 mm deep.

a. Both gravity (because of the component of gravity acting parallel to the direction of motion) and
the applied tension force in the rope do work. The normal force is perpendicular to the direction of
motion so does no work.

b. The applied force is non-conservative. Since it does work on the box, the mechanical energy of the
box is not conserved.

C. Wnon—con.servative = A-EIK + A-EP
Where

AFEg = 0 J (there is no change in velocity)

AEp = mgh

*. Whon—conservative = mgh
=40 kg x 9.8 m.s 2 x 3 m
=1176J

The work done by the non-conservative force in pulling the box up the inclineis 1 176 J.

Note that it does not matter what the angle of the incline or distance of the incline is. Because
there is no change in kinetic energy, all the non-conservative work is done ‘against gravity'.
And the work done by gravity, being a conservative force, does not depend on the path taken;

only the start and end points i.e. the change in height.

Back to Unit 2: Assessment
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Unit 3: Mechanical power

DYLAN BUSA AND LINDA PRETORIUS

Unit outcomes

By the end of this unit you will be able to:

Define and apply mechanical power.

What you should know

Before you start this unit, make sure you can:

Define and calculate work and nett work. Refer to unit 1 if you need help with this.
State and apply the work-energy theorem. Refer to unit 2 if you need help with this.

Introduction

In the previous units we have defined and used the concepts of energy and work. We know that work can
be defined as the energy transferred by a force. But what about how quickly this energy is transferred? In
other words, what about how quickly work is done?

Think of the following scenario. Two cars line up at the start of a race. One is an ordinary road car and the
other is a sports car. Both cars can accelerate to 100 km/h from rest. The ordinary road car can do it in 16 s.
The sports car can doitin 3.5 s. If we assume that both cars have the same mass (950 kg), which car’s engine
will do more work? Which car's engine is more powerful?

What is power?

You may recognise the scenario above from the first question in the unit 1 assessment and therefore already
know that the work done by both engines (ignoring wind resistance and friction) is the same. Remember
that this is based on the work-energy theorem. We know that W,,.; = AE}. As both cars experience exactly
the same change in kinetic energy (both cars accelerate from g m.g~! to 27.78 m.s_l), the net work done is

the same.

But the sports car is able to do this work far quicker. We would say that it has a more powerful engine. This
everyday use of the word ‘power’ is very similar to the physics use. We call the rate at which work can be

done power. Therefore, P = ?

In unit 1, we calculated that the net work done by both engines is 366 570.99 J. However, what is the power
of each engine?

The road car:
p_ K ~ 366 570.99 J
Tt 16 s

=22 910.69 W
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The sports car:

p— W _ 366570997 0 vaisrw
t 3.5s

The unit for power is joules per second (i or J.s~1). However, the more common unit of power is the watt (
S
W)ilJst=1W

Clearly, the sports car engine is far more powerful than the road car engine. It can do the same amount of
work in a far shorter time.

Using the definition of work, we can easily derive an alternative expression for power:

p_ K _ FAzcosf
t t

If the force and the change in displacement are in the same direction then:
FAzx

P= ,

But % is the definition of velocity. Therefore:
P=Fv

Note that if the force and velocity are in the opposite direction then power will be negative. Like work, power
is not a vector. It only has magnitude.

p Example 3.1

Calculate the power required for a 20 N force to slide a 100 kg box over a frictionless surface at a speed

of 3 m.st

Solution
F=20N
V=3ms!
We need to calculate the power required.
P=Fv
=20 Nx3ms!
=60 W

60 W are needed for a force of 20 N to move a 100 kg box across at frictionless floor at 3 m g7 L.

Note: The weight of the box (its mass multiplied by the force of gravity) acts at right angles to the
direction of motion of the box. Therefore, it does not contribute to the work done and hence the power
needed.
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p Example 3.2

Question adapted from Everything Science Grade 12 Worked example 12 page 246

A forklift lifts a crate of mass 100 kg at a constant velocity to a height of 8 m over a time of 4 s. The forklift
then holds the crate in place for 20 s.

1. Calculate how much power the forklift exerts in lifting the crate?

2. How much power does the forklift exert in holding the crate in place?

Solutions

Merate = 100 kg
hcrate =8m
t=4s

We need to calculate the power required to lift the crate.
w

pP=
t
FAzx
t
Merate * g X hcra,te
t
100 kg x 9.8 m.s™2 x 8 m

4s

=1960 W

2. While the crate is being held, there is no displacement and so the work done is zero. If no work is
done, then no power is exerted.
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p Example 3.3

A 55 kg athlete trains by doing stair sprints — running up a flight of stairs. From rest, she runs up three
flights of stairs each 2.5 m in height in 7.2 s. If her final velocity is 7 m.s~! what is her power output?

Solution

Her total work will be the increase in her kinetic energy plus her increase in gravitational potential
energy. Therefore W = AE, + AE,. We are told that she starts from rest and we can assume that her
initial gravitational potential energy is also zero (relative to her gravitational potential energy at the top
of the stairs).

W = AE, + AE,
W = (Eps— Ep) + (Eps— Epi)
= (Ers=0) + (Eps — 0)

1
= —mav® + mgh
v="Tms !
m = 55 kg
g=19.8ms?

h=3x25m=75m
1
W = 5 x 55 kg(7 m.s )? + 55 kg X 9.8 m.s 2 X 7.5 m
=53901J

= = 748.61 W.

She does 5 390 J of work in 7.2 s. Therefore, her power output is P = -
2s

W 53901J
t

Note that only 1 347.5 J of work went into increasing her velocity from rest to 7 ;. g 1. The bulk of the
work (4 042.5 J) was required to lift her 7.5 m. This is why stair sprints are such effective workouts.

1. Does the work required to lift a book to a high shelf depend on how fast you lift it? Does the power
required to lift the book depend on how fast you lift it? Explain.

2. Awinch designed to be mounted on a truck is advertised as being able to exert a .8 x 10® N force
and to develop a power of 0.30 kW. How long would it take the truck and the winch to pull an
object 15 m?

3. An elevator motor lifts a total mass of 1.1210° kg a distance of 40.0 m in 12.5 s at a constant velocity.
How much power does the elevator motor generate during this period?

4. A windmill is used on a farm to pump water out of a well. The water flows up 37 m above the well
water level, before being directed to the dam. The water is pumped at 2 ;m.s~ L.
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a. Calculate how much energy is necessary to pump 90 kg of water out of the ell to a height of
37 m.

b. Itis necessary to pump at least 90 kg of water per minute. What is the minimum power that
the windmill must produce?

c. The farmer wants to modernise the farm. The farmer decides to buy a 0.5 kW petrol water
pump. Will the petrol water pump be able to pump at the required rate?

The full solutions are at the end of the unit.

Summary

In this unit you have learnt the following:

Power is the rate at which work is done.
The unit for power is joules per second (J.g~1), however, the more common unit of power is the watt (W

J1Jst=1W.
If force and velocity are in the opposite direction, then power will be negative.
Like work, power is not a vector. It only has magnitude.
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Unit 3; Assessment

Suggested time to complete: 45 minutes
Question 1is adapted from NC(V) Grade 12 Paper 1 February 2019 question 8

1. Afarmer irrigates his crops using water drawn from a storage tank. The water falls by gravity down
through the pipe at a rate of 9,05 m3.s~1. The water falls through a height of 8 m. The mass of | 33 of

wateris1 x 10° kg. Ignore the effects of friction.

8m

Calculate the mass of water that flows through the downpipe each second.
b. State the principle of conservation of mechanical energy.

c. Using this principle, calculate the kinetic energy of the mass of water in a. above as the water
reaches the bottom of the downpipe.

d. The farmer decides to install a small hydro-electric generator at the bottom of the downpipe.
Assume that the generator is able to convert 75% of the maximum kinetic energy gained by the
water into electricity. Calculate the electrical power output of the generator.

2. Acable car has a mass of 3 000 kg when fully laden. An electrical motor is used to pull the cable car up
from the lower base station (at 366 m above sea level) to the top of the mountain, which is 1 066 m
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above sea level. The motor can deliver a maximum of 88 kW. It takes seven minutes for the cable car to
move from the lower base station to the top of the mountain.

Define power.

b. If the motor operates at maximum power output, calculate the electrical energy used by the motor
to pull the cable car.

c. Calculate the gain in gravitational potential energy of the fully laden car when it moves from the
bottom station to the top station. Compare your answer with the value calculated in the previous
guestion and explain the difference.

d. Should the braking mechanism of the fully laden car fail while it is at rest at the top of the station,
at what speed will the car strike the bottom station, if during the descent, the car loses g x 108 J of
mechanical energy in doing work against friction?

3. Hikers climb to the top of a waterfall that is 948 m high. 6 x 10* kg of water falls from the top of the
waterfall each minute. (Ignore air resistance and any other frictional forces).

Define gravitational potential energy.

b. Calculate the gravitational potential energy of 6 x 104 kg of water at the top of the waterfall, relative
to the bottom of the waterfall.

c. The gravitational potential energy stored in this water could be used to turn a turbine connected to
an electrical generator at the bottom of the falls. Describe the energy conversion that takes place
in a generator.

d. If 80% of the power that the water has owing to its gravitational potential energy is converted into
electrical power, calculate the output power of the generator?

e. What would be the average kinetic energy of a kilogram of water when it reaches the bottom of
the waterfall?

The full solutions are at the end of the unit.

Unit 3; Solutions

Exercise 3.1

1. Work is purely a function of force and distance. It does not matter how fast you lift the book. The total
amount of work done is the same. Power, however, is the rate at which work is done. Therefore, the
faster your raise the book, the more power you deliver.

P=0.3kW=300W
F=68x10°N
W = FAzx
=6.8%x10° Nx15m
=102 000 J
p_. W
¢

P

102 000 J

300 W
=340 s

3. During this period, there is no change in the velocity of the lift. Therefore, the lift does not gain any
kinetic energy. The only work done is to overcome the weight of the lift. This work is exactly equal to
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the weight of the lift. There is acceleration hence no net force.
m = 1.1 x 10 kg
Az =40 m
t=12.5s
W =FAx
= mgAzx
=1.1x10° kg x 9.8 m.s! x40 m
=431 200 J

P=—
t

431200 J
1255
=34 496 W

a. The water is given potential energy and kinetic energy as its velocity is increased from
0m.s't02ms

h=37Tm
v=2ms !
m = 90 kg

W = AE;, + AE,

1
= gmv2 + mgh

1
=5 X 90 kg x (2 m.s )? +90 kg x 9.8 m.s 2 x 37 m
=32814J

W =328141J
t=060s
w

P=—
t

328147

60 s
=546.9 W

c. The 0.5 kW pump will only be able to produce 500 W of power. Therefore, it will be insufficient to
pump 90 kg of water a minute as this requires a power output of 546.9 W.

Back to Exercise 3.1

Unit 3: Assessment

a. 0.05 m? flows every second. If 1 3 has a mass of 1 000 kg, then .05 m3 will have a mass of
1 000 kg.m ™ x 0.05 m® = 50 kg.

b. The total mechanical energy (sum of gravitational potential energy and kinetic energy) in an
isolated system remains constant as long as the system is free of friction and other non-
conservative forces.
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a=98 ms !

s=8m
vi:Onl.{1
v: =02 + 2as
f i

=2x98ms2x8m
= 156.8 m?.s 2
covp=1252 ms !

v=1252 m.s!

m = 50 kg
1

E, = ~mu?
2

1
= 5 x50 kg x (12.52 m.s1)?
=3918.76 J

Because the water falls freely (without friction), we know that all the potential energy at the top of
the pipe is converted into kinetic energy at the bottom of the pipe. Therefore, the total work done

is3 918.76 J.

This work is done every second. Therefore, the total power output is 3 918.76 W. However, only 75%
of this is converted to electrical power. Therefore, the electrical power output is
3 918.76 W x 0.75 = 2 939.07 W.

Power is the rate at which work is done.

P =88 kW =88 000 W
t = 7 minutes = 420 s
%4

P=— but work is equal to energy
~E=Pxt
= 88000 W x 420
=36.96 x 10° J
m =3 000 kg
h =1 066 m—366 m = 700 m
AE, = mgh
=3 000 kg x 9.8 m.s"2 x 700 m
=20.58 x 10° J

There is a difference of 36.96 x 106 J — 20.58 x 10° J = 16.38 x 10° J- The difference is due to energy
‘lost’ in overcoming friction and air resistance as well as the energy required to initially accelerate
the car to its constant velocity.

. The total energy available is the car’s gravitational potential energy of 90.58 x 10% J. If ¢ x 10% Jis
lost doing work against friction then the total energy available to be converted into kinetic energy

i514.58 x 10° J.
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2 x 14.58 x 10% J
3 000 kg
v =9859 m.s

This is equivalent to 355 km/h

a. Gravitational potential energy is the energy a body possesses owing to its position above a
particular reference point (particularly the earth’s surface).

b.
m =6 x 10* kg
h =948 m
E, = mgh
=6x10% kg x 9.8 m.s? x 948 m
= 5.574210% J

c. Asthe water falls, its gravitational potential energy is converted into kinetic energy. Inside the
turbine, the kinetic energy of the water is converted to mechanical energy of the turbine which is
then converted to electrical energy.

6 x 104 kg of water falls from the top of the waterfall each minute. Therefore, the falling water can

do 5.574 x 10% J every minute or 60 s. However, only 80% of this is converted.

P= ? x 80%
_ 5.5746; S108 J 08
=7.432 x 10° W
d.
E, = E;
m=1kg
h =948 m
E,=1kgx98ms 2 x948 m
=92907J

Therefore, the average kinetic energy would be 9 290 J.

Back to Unit 3: Assessment
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SUBJECT OUTCOME IV

MECHANICS: STATE, EVALUATE AND
APPLY MECHANICAL ADVANTAGE

@ Subject outcome

Subject outcome 2.4: State, evaluate and apply mechanical advantage

‘@’ Learning outcomes

Define torque and identify its application in simple machines.

Describe and identify the mechanical advantage in a wheel and axle.

Define a pulley and distinguish between fixed and movable pulleys.

Identify and describe the mechanical advantage of a pulley system.

Define gears and gear trains and distinguish between the use of gears and pulleys.
Analyse and apply law (equation) of simple machines on pulleys (hoist) to determine the
mechanical advantage.

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Define torque.
Identify the application of torque in simple machines.
Describe and identify the mechanical advantage in a wheel and axle.

‘g’ Unit 2 outcomes

By the end of this unit you will be able to:

Define a pulley.

Distinguish between fixed and movable pulleys.

Identify and describe the mechanical advantage of a pulley system.

Analyse and apply law (equation) of simple machines on pulleys (hoist) to determine the
mechanical advantage.
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‘g’ Unit 3 outcomes

By the end of this unit you will be able to:

Define gears and gear trains.
Distinguish between the use of gears and pulleys.
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Unit T: Wheels and axles and their
mechanical advantage

LEIGH KLEYNHANS

Unit outcomes

By the end of this unit you will be able to:

Define torque.
Identify the application of torque in simple machines.
Describe and identify the mechanical advantage in a wheel and axle.

What you should know

Before you start this unit, make sure you can:

Identify, describe, and apply principles of simple machines and mechanical advantage. See level 2
subject outcome 2.4 to revise this.

Introduction

You have learnt that simple machines are devices that can be used to multiply an applied force - often at
the expense of the distance through which the force is applied. Levers, gears, pulleys, wedges, and screws
are some examples of machines. Energy is still conserved for these devices because a machine cannot do
more work than the energy put into it. However, machines can reduce the input force that is needed to
perform the job. You have also learnt that the ratio of output to input force for any simple machine is called
its mechanical advantage (MA).

What is torque?

The ability of a force to rotate a lever around a fixed point is measured by a quantity called torque.

Torque depends on the size of the force and the lever arm. The perpendicular distance from the axis of
rotation to a line drawn along the direction of the force is called the lever arm (the distance, d, from the fixed
axis of rotation to the point at which the force is applied).
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Axis of rotation

F

Figure 1: A diagram showing a force (F) being applied to a lever with a fixed axis of
rotation, with d representing the lever arm

Application of torque in simple machines

To illustrate how torque is used in simple machines, look at figure 2 of a pet flap door.

Figure 2: A pet flap door

The force F is applied by the dog perpendicular to the pet-flap door. The lever arm is the distance, d, from
the dog’s nose to the hinge. If the dog pressed on the door at a higher point, the lever arm would be shorter.
As a result, the dog would need to exert a greater force to apply the same torque.

How easily an object rotates depends not only on how much force is applied but also on where the force is
applied.

The further the force is from the axis of rotation, the easier it is to rotate the object and the more torque is
produced.
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Torque is directly proportional to the force applied (effort) and the length of the lever arm. This can be
represented mathematically using the following formula:

T=rlF

Where:

T is the torque

rl isthe length of the lever arm
Fis the force or effort

Suggested Time: 10 minutes

What you need:

a hinged door
tape

What to do:

In this activity, you will explore how the amount of force required to open a door changes when the
lever arm changes.

1. Tape the latch of a hinged door so that the door will open when you push without turning the
door handle.

2. Using only a force perpendicular to the door, push the door open several times by applying a force
at different distances from the hinge.

3. Compare the relative effort required to open the door when pushing near the edge to that
required when pushing near the hinged side of the door.

What did you find?
You should have found that the longer the lever arm (the distance from the hinge to where you applied

the force), the less effort (force) was required to open the door. When the lever arm is short, a greater
effort (force) is required to rotate the door.

Note

Watch this video to find out more about torque. (Note that you are not required to do calculations for
assessment.)

Torque (Duration: 07.02)
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A
)/ Exercise 1.1

a. What quantity describes the ability of a force to rotate an object?
b. On what quantities does it depend?

2. How would the force needed to open a door change, if you put the handle in the middle of the
door?

3. What are two things that a cat pushing on a cat-flap door can change to increase the amount of
torque applied to the door?

The full solutions are at the end of the unit.

Wheels and axles

The wheel and axle is a machine consisting of a wheel attached to a smaller axle so that these two parts
rotate together because a force is transferred from one to the other.

Wheel

Axle\.

Load

Force

Figure 3: A wheel and axle system

The wheel and axle can be viewed as a version of the lever, with a drive force applied tangentially to the
perimeter of the wheel and a load force applied to the axle, balanced around the hinge which is the fulcrum.

The simple machine called a wheel and axle refers to any assembly formed by two disks, or cylinders, of
different diameters mounted so they rotate together around the same axis. The thin rod which needs to
be turned is called the axle and the wider object fixed to the axle, is called the wheel. A tangential force
applied to the outer edge of the large disk (greater circumference = longer distance) can exert a larger
force on a load attached to the outer edge of the axle (smaller circumference = shorter distance), achieving
mechanical advantage. A heavy load can be lifted with a small force.

Circumference is proportional to radius, thus by varying the radii of the axle and/or wheel, mechanical
advantage may be gained. The larger the ratio, the greater the multiplication of force (torque) created. If
friction is ignored, the ideal mechanical advantage can be expressed using the following formula:

F Bout or Rwheel radius
F Azn Tazle radius

IMA =
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Radius = R

Radius = r

Effort Load Effort Load

Figure 4: The ratio of radius of wheel to radius of axle determines mechanical advantage

On a powered vehicle, the engine exerts a force on the axle which has a smaller radius than the wheel. The
mechanical advantage is therefore much less than 1. The force on the wheels will be less than the force on
the axle. However, the friction between wheel and road is quite low, so even a small force exerted on the
axle is sufficient to create a force to rotate the wheels of larger radius. The actual advantage of this system

lies in the large rotational speed at which the axle is rotating creating a lesser, but effective rotational speed
in the wheels.

FORCE e
(ENGINE) I;’f H-\". l(ﬁ,r—-\,

Figure 5: The wheel and axle in a car

Types of wheel and axle machines

Depending on the point where the force is applied, wheel and axle machines can be classified into two
broad categories:

1. Machines where force is applied to the wheel
In these types of machines, the effort or force is applied to the wheel causing it to rotate. The motion of

the simple machine is initiated by the wheel that develops a greater amount of force on the axle. Some
examples of such machines include windmills, drills, and screwdrivers.

2. Machines where force is applied to the axle

Here, the effort or the force is applied to the axle (usually at a rapid rate), and this causes the wheel to
rotate at a slower rate. This means that the motion initiated by the axle gets transferred to the wheel.
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Some of the real-life applications that use this type of wheel and axle simple machine include bicycles,
Ferris wheels and vehicles.

Watch this video to find out more about a wheel and axle system.

The Wheel and Axle (Duration: 03.24)

Exercise 1.2

1. In the simple machine called a wheel and axle, what is the difference between the component
referred to as the wheel and the component referred to as the axle?

2. When a force is applied to the wheel, how do the following compare to each other?
a. the force on the wheel and the force on the axle
b. the energy of the wheel and the energy of the axle
c. the rotational distance of the wheel and the rotational distance of the axle
d. the rotational speed of the wheel and the rotational speed of the axle

3. How would the answers to the above questions change if the force was applied to the axle?

The full solutions are at the end of the unit.

Summary

In this unit you have learnt the following:

Torque is the measurement of the ability of a force to rotate a lever around a fixed point.

The torque is determined by the force and the length of the lever arm.

The shorter the lever arm, the greater the force required for rotation. The longer the lever arm, the less
force required for rotation.

Torque is applied in simple machines such as hinged doors and windows, and when using a wrench to
tighten or loosen a bolt.

A wheel and axle is a simple machine consisting of two disks or cylinders of different radii connected
together; the one with the larger radius is called the wheel and the one with the smaller radius is
called the axle.

Less force is required to rotate the larger wheel (over a larger distance), therefore more force is created
at the smaller axle (over less distance).
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The mechanical advantage of a wheel and axle where the force is applied to the wheel can be
expressed as:
FBout Rwheel radius

or

IMA = -
FAm Tazle radius

In wheel and axle systems where the force is applied to the axle, there is no mechanical advantage
(increase in force) but rotation of the axle rapidly over a short distance can cause the wheel to rotate at
a slower speed but over a larger distance.

Unit 1;: Assessment

Suggested time to complete: 10 minutes

1. Define torque.

2. Explain why it is easier to open a window by applying a force near the opening edge rather than near
the hinged edge.

3. Explain why it is easier to fasten a screw with a screwdriver rather than with your fingers. Support your
reasoning by applying the principle of mechanical advantage.

4. Which answer correctly describes a wheel and axle movement?
A. the wheel and axle move the same distance and turn with the same amount of force
B. the wheel moves a lesser distance than the axle but turns with greater force
C. the wheel moves a greater distance than the axle but turns with less force
D. the wheel moves, while the axle stays completely still

5. Explain how a windmill makes use of the principle of the wheel and axle system. Support your answer
by applying the principle of mechanical advantage.

The full solutions are at the end of the unit.

Unit 1; Solutions

Exercise 1.1

a. torque

b. the size of the force and the length of the lever arm (distance from the axis of rotation to where the
force is applied)

2. It would be more difficult to open the door, more force will be required (the lever arm will be shorter, so
to create the same amount of torque the force needs to be greater).

3. Increase the force with which they push the door
Apply the force as far as possible from the hinge.

Back to Exercise 1.1
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Exercise 1.2

1. The wheel has a larger radius/circumference and is bigger than the axle.
2.
the force on the axle will be greater than that on the wheel
b. the energy of the wheel and axle are the same

c. the rotational distance covered by the wheel is greater than the rotational distance covered by the
axle

d. the rotational speed of the axle is greater than the rotational speed of the wheel

3. They would not change.

Back to Exercise 1.2

Unit 1: Assessment

1. Torgue is the measurement of the ability of a force to rotate a lever around a fixed point.

2. Torqgue is proportional to the force applied (effort) and the length of the lever arm (the distance from
the hinge to where the force is applied). This is expressed in the formula: + = r F. Therefore, to create
the amount of torque to open the window, the force will decrease the further it is applied from the
hinge of the window.

3. Thisis explained using the mechanical advantage of a wheel and axle system. The handle of the
screwdriver has a larger radius than the radius of the screw head. The mechanical advantage of a

FB, R ;
wheel and axle system is expressed as: IMA = - ——— 24 op Z2whecl radivs 10 refore, the output force on the

Ain Tazle radius
screw head will be greater than the input force on the handle of the screwdriver. It will be easier to turn
the screwhead with a screwdriver compared to directly applying a force to the screw head.

4. C

5. The blades of a windmill have a large radius. When a small force is applied by the wind to the blades,
the force on the axle will be greater, as its radius is smaller. This creates a mechanical advantage

FBout Rwheel radius
or

according to the formula: IMA = - . The increased force on the axle can be used to

Ain Taxle radius

create kinetic energy to pump water or make electricity.

Back to Unit 1: Assessment
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Unit 2: Pulleys and mechanical
advantage

LEIGH KLEYNHANS

Unit outcomes

By the end of this unit you will be able to:

Define a pulley.

Distinguish between fixed and movable pulleys.

Identify and describe the mechanical advantage of a pulley system.

Analyse and apply law (equation) of simple machines on pulleys (hoist) to determine the
mechanical advantage.

What you should know

Before you start this unit, make sure you can:

Identify, describe, and apply principles of simple machines and mechanical advantage. See level 2
subject outcome 2.4 to revise this.

Introduction'

In this unit, you will learn how pulleys can act as simple machines and provide a mechanical advantage.
Thousands of years ago and still to this day, engineers have used pulleys to make everyday tasks and large
construction projects easier. They use pulleys to raise heavy objects, taking advantage of gravity to help lift
an object. Engineers incorporate pulleys into a wide range of modern-day applications, such as cranes for
lifting very heavy objects in construction projects, elevators, flagpoles, motors, bicycles, and boats. To gain a
mechanical advantage using multiple pulleys in conjunction with motors and electronics, engineers create
devices that operate with very little power in relation to how much work they perform.

What is a pulley?

A pulley is a simple machine that consists of a wheel with a groove, running along its circumference
between the rims of the wheel. A rope or cable passes through the groove, which is attached to the load on
one end, and the effort is applied to perform work at the other end. A fixed pulley is one that is attached to
a non-moving point (an anchor) and the rope is attached to the object that needs to be raised or lowered.

1. Parts of the text in this unit were sourced from Teach Engineering released under a
CC-BY licence.
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In a movable pulley the rope is attached to a non-moving point and the pulley is attached to the object and
which is able to slide along the rope.

Fixed pulleys

A fixed pulley is useful for raising an object to a level above your head. Using this type of pulley enables you
to take advantage of gravity. A real-life example of this would be raising a flag on a flagpole.

Pulley

Object

Force 1

Figure 1: A fixed pulley

The pulley in figure 1 redirects the force. This means that by looping a rope around the pulley and attaching
the rope to an object, one pulls down on the rope to raise the object, instead of having to lift the object.
Although this is a helpful and convenient use for pulleys, it has a major limitation: the force you must apply
to lift the object is the same as if you were just lifting the object without the pulley. This means that a fixed
pulley does not give any mechanical advantage.

By attaching a counterweight to the end of the rope that you pull, you can lessen the amount of force
you must apply. Once a force is applied to either side, the system continues moving in that direction. This
kind of pulley system is used in lifts. The lift has a cable attached to it that goes up, around a pulley, then
comes down and attaches to a counterweight. The motor that moves the lift uses much less power since
the counterweight provides a gravitational force.

Movable pulleys

In a movable pulley system, the rope is attached to a fixed (non-moving) point, the pulley is attached to the
object that you want to move, and the other end of the rope is left free (see figure 2). By pulling on the rope,
the pulley moves, and the object is raised.
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Skg
MA=2
Pulley

Object

Figure 2: A movable pulley

This type of system is good if you are trying to raise an object located below you to your level. In a variation,
if both sides of a movable pulley system are fixed and the rope is taut between the fixed points, the system
becomes like a wheel and axle because the object can ride along the rope if a force is applied to it (for
example, a zip line).

% Exercise 2.1

1. Where have you seen pulleys before?

2. Why do people use pulleys?

The full solutions are at the end of the unit.

The mechanical advantage of using multiple pulleys

How can pulleys make our lives easier? Pulleys are powerful simple machines. They can change the
direction of a force, which can make it much easier for us to move something. If we want to lift an object
that weighs 10 kg to a height of 1 m, we can lift it straight up or we can use a pulley where we can pull down
on one end to lift the object up. It is much easier to use the pulley because, as long as we weigh more than
10 kg, we can just hang onto the end of the rope and take advantage of gravity, so our weight provides all
the necessary force to lift the object.

Pulleys can also provide us with a mechanical advantage when we use several together and more rope. This
process lessens the amount of force required to lift something.

Activity 2.1: Demonstrate how using more rope can increase mechanical advantage

Time required: 10 minutes

What you need:
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3 people
a 6 m piece of rope
2 brooms

What to do:

1. Tie the rope to one of the brooms (broom 1) and wrap the rope around the other broom (broom 2).
Have two people stand about a metre apart each holding a broom, and try to keep the brooms
separated while the third person pulls on the free end of the rope; it should be a difficult task to
pull the broom sticks together.

2. Next, wrap the rope around each of the brooms again. Try again to pull the brooms together.

3. Repeat the process again (see figure 3).

Brooms MA =2 Brooms | MA =6
Reaction Reaction

S e
‘_ I_’ Forces ‘_ l_' Forces
— —

Broom 2 Broom 1 Broom 2 Broom 1

Figure 3: The arrangement of brooms and rope in step 2 and step 3

What did you find?
The more times you wrap the rope around the brooms, the easier it is for the third person to pull the

brooms together. This is an example showing the power of mechanical advantage.

Combining multiple pulleys decreases the amount of force necessary to move an object by increasing the
amount of rope used to raise the object. The mechanical advantage (MA) of a pulley system is equal to the

number of ropes supporting the movable load. (Do not count ropes that are only used for redirecting the
force.)

M A = number of load supporting ropes

A single pulley therefore has a mechanical advantage of 1, but using multiple pulleys will proportionally
increase the mechanical advantage.
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Movable
Pulley

Object

Figure 4: A pulley system with a
mechanical advantage of 2

Mevable
Pulleys

Object

Figure 5: A pulley system with a
mechanical advantage of 4
because it has four
load-supporting rope segments

A system of multiple pulleys that creates a significant mechanical advantage is referred to as a block and
tackle. Engineers combine many pulleys into a pulley system that significantly reduces the amount of force
required to lift an object. They often use pulley systems to move extremely heavy objects. A block and tackle
system may take a lot of cable or rope, but a human using enough pulleys could lift several tons. Engineers

use the block and tackle along with motors and electronics to create modern devices that operate with very
low power requirements, such as cranes and elevators.

% Exercise 2.2

Determine the mechanical advantage of the following pulley systems:
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The full solutions are at the end of the unit.

Time required: 10 minutes

What you need:

a plastic milk bottle filled with sand
rope or string

What to do:

Tie the rope to a strong bar (or rod) above your head (a playground swing works well).

—_

Run the rope through the handle of the milk bottle and then over the bar overhead.
Raise the milk bottle by pulling the rope down. Note how difficult it is to do this.

Next, run the rope through the milk bottle and over the bar again. Raise the milk bottle again.

oA wN

Continue to loop the rope through the milk bottle and over the bar noting how much easier it
becomes to raise the milk bottle . (See figure 6)
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Figure 6: A milk bottle being raised by
multiple pulleys

What did you find?

Each time the rope is looped over the rod, the force required to lift the bottle becomes less.

This is an example of a block and tackle system of multiple pulleys.

Even though proper pulleys are not used, the mechanical advantage of increasing the length of
the rope and having the rope support the object being raised multiple times demonstrates the
mechanical advantage of the system.

Using real pulleys would decrease the friction of the system and therefore make the process even

easier.

Watch this video of an experiment to demonstrate the mechanical advantage of multiple pulleys.

Pulley'ing Your Own Weight (Duration: 01.32)
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Summary

In this unit you have learnt the following:

A pulley is a simple machine consisting of a grooved wheel in which a pulled rope or chain runs.

A pulley changes the direction of a force to lift a load.

Pulleys are divided into two types: a fixed pulley is attached to a non-moving point and the rope is
attached to the object, while a movable pulley is attached to the object.

Using a single pulley does not give any mechanical advantage, however using several pulleys together
can create a mechanical advantage.

The mechanical advantage of a system of pulleys reduces the effort by increasing the length of the
rope used in the system.

The equation to calculate the mechanical advantage of a pulley system is:

M A = number of load supporting ropes

Multiple pulley systems, called a block and tackle, are used to reduce the effort required to hoist very
heavy objects.

Unit 2; Assessment

Suggested time to complete: 20 minutes

—

S R

Define a pulley

Name the two kinds of pulleys and explain the difference between them.

Explain how to find the mechanical advantage of a pulley system.

What is the trade-off of mechanical advantage in a pulley system?

What are some examples of modern items that engineers have designed with pulleys?

A rock of 100 kg needs to be raised.

a. How much force would be required if a single pulley was used?

b. How much force would be required if a pulley system with five supporting ropes was used?

The engine of a vehicle needs to be raised by a block and tackle with four supporting chains. The force
used is 500 N. Calculate the mass of the engine.

A single pulley does not provide a mechanical advantage (M A = 1).
a. Explain this statement.

b. What would be the benefit of using a single pulley to raise a heavy object?

The full solutions are at the end of the unit.

Unit 2;: Solutions

Exercise 2.1

1.

Possible answers: Crane, flagpole, blinds or shades, gym equipment, clothesline, water well, zip line,
bike chain, elevator, sailboats.

2. To change the direction of force or make it easier to lift something.
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Back to Exercise 2.1

Exercise 2.2

1. MA = number of load supporting ropes = 1
2. MA = number of load supporting ropes = 3
3. MA = number of load supporting ropes = 4

Back to Exercise 2.2

Unit 2: Assessment

1. A pulley is a simple machine consisting of a grooved wheel in which a pulled rope or chain runs.

2. Afixed pulley is attached to a fixed point and the rope is attached to the object. A movable pulley is
attached to the object with one end of the rope attached to a fixed point and the other end of the rope
is free.

3. The mechanical advantage of a pulley is system is equal to the number of ropes supporting the object
being lifted or hauled.

4. The greater the mechanical advantage the greater the length of rope required.

5. Possible answers: Cranes, elevators, block and tackle on boats, flagpoles, zip lines, motors, bicycle rings/
chains, rock climbing devices, window blinds and sail boats.

6.
a.
Force required to lift 100 kg = m x g = 100 x 9.8 = 980N
M A = no. of supporting ropes = 1
980 N must be force applied
b.
Force required to lift 100 kg = m x g = 100 x 9.8 = 980N
MA = no. of supporting ropes = 5
980 ~ 5 =196 N must be force applied
7.
MA = no. of supporting ropes = 4
lifting force = 4 x applied force = 4 x 500 = 2 000 N
F 2
m=2 200 50408 ke
g 9.8
8.

a. The force applied (effort) is the same as the force required to raise the object (load).

b. A pulley can redirect the force so instead of pulling upwards, you can pull downwards which is
easier to do because it is with gravity rather than against gravity.

Back to Unit 2: Assessment
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Unit 3;: Gears and mechanical
advantage

LEIGH KLEYNHANS

Unit outcomes

By the end of this unit you will be able to:

Define gears and gear trains.
Distinguish between the use of gears and pulleys.

What you should know

Before you start this unit, make sure you can:

Identify, describe, and apply principles of simple machines and mechanical advantage. See level 2

subject outcome 2.4 to revise this.
Define torque. See level 4 subject outcome 2.4, unit 1to revise this.

Introduction'

In this section you will see how gears can be used in a simple machine. A gear is a rotating machine part
with one or more wheels with teeth usually made of metal or plastic. These wheels are called cogs.

Figure 1: A cog

1. Parts of the text in this unit were sourced from Teach Engineering released under a

CC-BY licence.
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Gears are all around us and are found in just about everything that has spinning parts. For example, car
engines, wind-up toys, non-digital clocks, drills, bicycles, car transmissions, powered wheelchairs, and lifts.
Gears are used in machines to:

change direction of rotation
change speed of rotation
change torque (force).

How do gears work?

Gears are arranged with two cogs that have their teeth locked into each other. The teeth in each cog are the
same size. Since the teeth fit together, when one cog is turned, it causes the other cog to turn as well. If the
first cog is rotated clockwise, the direction of the rotation of the other cog will be anti-clockwise (and vice
versa). In this way gears can be used to change the direction of rotation.

Figure 2: A gear consisting of two cogs

When two cogs of different diameters are connected in a gear, slow rotation of the large cog will cause
the smaller cog to rotate quickly. The gear in this case can increase the input speed of rotation to a higher
output speed.

Turning a large cog slowly requires less energy than it would to rotate the small one quickly. By using
cogs, there is saving of energy, making work easier. In this way, gears can change the torque and create
mechanical advantage.

If cogs are different diameters, they will have different numbers of teeth. The ratio of the number of teeth
in two meshed cogs is referred to as the gear ratio. For example, if one gear has 60 teeth and another has
20, the gear ratio when these two gears are connected together is 3 : 1 The smaller cog will complete three
rotations for every one rotation of the bigger cog.

Watch the following video which explains the basics of gears.
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Gear Basics (Duration: 10.58)

Why are gears needed?

Some of the machines used in our daily life would be impossible to operate without gears. A car is a
perfect example. The combustion and electrical engines that power cars use suitable gear systems to
regulate engine power. For example, in a car transmission system, the driver (or an automated transmission
mechanism) selects the appropriate gear ratio depending on the power required. On a flat road, a high gear
ratio allows the vehicle to speed up, while when climbing up a hill, a small gear ratio produces the necessary
(torque) force to move the vehicle up the slope.

Gear trains

Multiple gears are often connected together in gear trains, as illustrated in figure 3. When gears in a gear
train are the same size, they rotate at the same speed and transfer the same torque or force. However, when
the gears are different sizes either more torque/force or more speed will result.

22 teeth

44 teeth
10 teeth

input idle output

Figure 3: A gear train
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When we have two or more gears meshed together, the gear attached to the motor is called the input gear
and the gear attached to the wheel is called the output gear. Any cogs between the input and the output
are referred to as idle gears. The idle gear can ensure that the output and the input gear rotate in the same
direction.

The gear ratio will be the ratio of the number of teeth on the output gear versus the number of teeth on the
input gear (the drive gear). For the gear train in figure 3, the gear ratio will be 44 : 10 or 22 : 5.

When the input gear is larger than the output gear, the output gear rotates faster; this is called gearing
up. The output gear provides less torque but moves at a higher speed. For example, many bicycles have
different gears. When you would like the bike to go faster, you can change to a higher gear, so that it can
provide speed, though it will do so with less force. When the input gear is smaller than the output gear, the
output will rotate slower; this is called gearing down. Though it rotates slower, the torque from the output
gear is more. In the example of a bicycle, when you want to climb a hill, you can change to a lower gear to
get more force, though at a slower speed.

The difference between gears and pulleys

Now that you have studied both gears and pulleys, you can identify the similarities and differences between
these two types of simple machines. Pulleys are mainly used to lift large, heavy objects providing a
mechanical advantage so that less force is required. Gears are mainly used to increase speed of rotation with
less torque.

However, pulleys can also be arranged to provide the same advantage as gears. The wheel of one pulley is
driven by a motor and a belt is looped around this wheel and around a second wheel. When the motor is
turned on, the powered wheel turns the belt which turns the second wheel.

belt

Driver pulley Driven pulley

Figure 4: A drive pulley system

If the two pulleys have different diameters, there will be a difference in the rotational speed. A pulley allows
you to have more distance between the wheel axles, but they transmit less torque compared to gears, as
they can allow slip to happen when the tension force exceeds the friction. With gears there is no slip, but
the gear teeth need to be in contact with each other. Gear systems require a much more precise alignment
than pulley systems.

154 | NC(V) Physical Sciences 4



Summary

In this unit you have learnt the following:

A gear is a rotating machine part with cut teeth that mesh with another toothed part in order to
transmit torque, increase speed or change direction of rotation.

A gear train is a system of multiple gears.
The gear ratio is the number of teeth on the input gear to the number of teeth on the output gear.

Pulleys can be arranged to perform a similar function to gears.

Unit 3;: Assessment

Suggested time to complete: 15 minutes

1. Define the following terms:

a. gear

b. geartrain

Cc. gear ratio

2. How is a gear ratio designed for a particular application?

3. Give the gear ratios illustrated below and state the direction of rotation of the output gear:

a.

Input
40 teeth

Idle

O—
Output

40 teeth

10 teeth
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Idle

44 teeth

Output
22 teeth

Idle
44 teeth

Input
12 teeth

Input

10 teeth

12 teeth

Output

4. Inthe gear assembly diagrams below, which one:
a. produces torque?
b. produces speed?

c. isneutral?
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Input
40 teeth

Idle

Output

Input

20 teeth

10 teeth

10 teeth

5. For each of the following situations, say whether you would use a pulley system, a gear system or

either:
a. raising a flag
b. ina motorised garage door

c. lowering a heavy load onto the deck of a ship

o

rotating the drum of a washing machine

The full solutions are at the end of the unit.

Unit 3; Solutions

Unit 3: Assessment

a. arotating machine part with cut teeth that mesh with another toothed part in order to transmit

torque

b. two or more gears connected together

c. theratio of the number of teeth on the input gear to the number of teeth on the output gear

2. Some applications (machines) may need to be fast, while other machines may need to be strong.
When designing gears for a machine, it is important to know whether speed or torque (strength) is
more important. In general, if you need to have more torque, select a large gear ratio. If you need to

move fast, then use a smaller gear ratio.

a. 1:1 clockwise
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b. 11:5 clockwise

c. 1:1clockwise

4.
B - output gear has larger diameter than input gear
b. A-output gear has smaller diameter than input gear
c. C-outputand input gears are the same size
5.
a. pulley
b. either
c. pulley
d. either

Back to Unit 3: Assessment
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SUBJECT OUTCOME V

WAVES, SOUND AND LIGHT: DESCRIBE
AND APPLY PROPERTIES OF WAVES IN
EVERYDAY LIFE CONTEXTS

@ Subject outcome

Subject outcome 3.1: Describe and apply properties of waves in everyday life contexts

Learning outcomes

Identify and describe the basic concepts of the Doppler effect with sound and ultrasound.
Apply the Doppler effect to radar and examples of sonic boom.

Define EM radiation; identify the EM spectrum and identify examples (light, radio waves,
microwave, IR, UV and others) and their application.

Describe the dual nature of EM radiation; i.e. wave and particle nature.

Identify the relationship of wavelength to frequency to explain colour and energy of light.
Define lasers and give examples of its application.

Explain and apply the photoelectric effect give examples of its application.

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Identify and describe the basic concepts of the Doppler effect with sound and ultrasound.
Apply the Doppler effect to radar and examples of sonic boom.

‘?’ Unit 2 outcomes

By the end of this unit you will be able to:

Define electromagnetic (EM) radiation.
Identify the EM spectrum and identify examples (light, radio waves, microwave, infrared,
ultraviolet, x-rays and gamma rays).
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Describe the dual nature of EM radiation, i.e. wave and particle nature.
Identify the relationship of wavelength to frequency to explain colour and energy of light.

‘g’ Unit 3 outcomes

By the end of this unit you will be able to:

Identify the applications of radiation across the EM spectrum.
Define lasers and give examples of their application.
Explain and apply the photoelectric effect and give examples of its application.
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Unit 1: The Doppler effect

DYLAN BUSA

Unit outcomes

By the end of this unit you will be able to:

Identify and describe the basic concepts of the Doppler effect with sound and ultrasound.
Apply the Doppler effect to radar and examples of sonic boom.

What you should know

Before you start this unit, make sure you can:

Describe how the frequency of a sound wave affects the pitch of the sound. See level 3 subject
outcome 3.1 unit 2 if you need help with this.

Introduction

Even if you don't realise it, you have more than likely heard of the Doppler effect in action. Examples of it are
the way ambulance and police car sirens change in pitch as they approach you or get further away.

Click here to listen to the Doppler effect.

Doppler effect (Duration: 00.03)

Because of your experience, you instinctively know that the hooter’s pitch going up indicates that the car
is approaching and as the hooter’s pitch decreases, the car is travelling away again. The Doppler effect
does not only apply to sound waves though. It applies to all waves including light waves and other forms of
electromagnetic radiation. To understand why, we need to take a closer look at what is happening.

Did you know?

The Doppler effect is named after the Austrian physicist Christian Doppler (see figure 1), who described
the phenomenon in 1842. Doppler was a mathematician and physicist.
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Figure 1: Christian Doppler
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The Doppler effect

You may have noticed that the Doppler effect only happens when something is moving. Most of our
everyday experiences of the Doppler effect occur when a vehicle, the source of the sound, is moving relative
to us, the observer (or listener in the case of sound waves). In this case, the source is moving, and the
observer is stationary.

Let's explore this simple case of the source moving relative to a stationary observer. As the source of the
sound, a car’s hooter for example, moves towards us, it is travelling in the same direction as the sound waves
it emits that will reach our ears (see figure 2). But because it is moving towards us, the waves in front of
the source get bunched up. This means that more waves pass a given point each second which means that
there is an increase in the frequency. Because there is an increase in frequency, we hear a higher pitched
sound.

Direction of motion

o
Lt

Sour Observer

Figure 2: The Doppler effect when a source is travelling towards an observer

It is important to note that the frequency of the sound wave from the source does not change. It is our
perception of this frequency that has changed.

When a source moves away from us, the reverse happens. The waves behind the source get more spread
out, resulting in a lower frequency and hence a lower perceived pitch (see figure 3).
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Direction of motion

Observer Sour

Figure 3: The Doppler effect when a source is travelling away from an observer

However, it need not be the source that is moving. An observer who is moving relative to a stationary source
will also experience the Doppler effect. An observer moving towards a source will experience the waves at
a higher frequency and so will hear a higher pitched sound. An observer moving away from a source will
experience the waves at a lower frequency and so will hear a lower pitched sound.

In fact, both the source and the observer can be moving. What is important is that there is relative motion
between the source and the observer.

('Q') Take note!

The Doppler effect is the apparent change in the frequency of a wave caused by the relative motion
between the wave's source and the observer.

Activity 1.1: The Doppler effect
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Time required: 10 minutes

What you need:

a mobile phone or other small, light source of sound
string (three to four metres long)

What to do:
1. Tie a three to four metre piece of string around your mobile phone (or some other small and light

sound source). Make sure that the string is tied tightly and across all four sides like a bow around a
present.
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2. Go outside into a large, open space and play a song or some other sound on the mobile phone.

3. Ask a friend to stand nearby while you swing the phone carefully above your head making sure
that you don't let it crash into anything or anyone.

4. Ask your friend to describe how the sound changes as the phone comes towards them and then
moves away again.
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5. Swop roles so that you can hear the sound effect of the phone moving towards and away from
you.

6. Does changing the speed of the phone affect how much the sound changes?

What did you find?

As the phone moved through the air you should have heard a change in the pitch of the sound coming
from the phone. As the phone moved towards you, the pitch of the sound goes up. As the phone moves
away from you, the pitch of the sound goes down.

This is because, as the phone moves towards you, the sound waves in front of the phone get bunched
up and so more waves pass a certain point in a given time. There is a perceived change in the frequency
of the sound and so the pitch of the sound increases.

The exact opposite happens as the phone moves away from you.

You should also have found that the extent of the change in the pitch of the sound coming from the
phone (both the increase and decrease in pitch) was greater the faster the phone was moving. The
faster the phone moves, the more bunched up or spread out the sound waves become and so the
greater the extent in the perceived change in frequency and pitch.

Note

If you have an internet connection, watch the video called What is the Doppler Effect? for an excellent
explanation and demonstration of the Doppler effect.

What is the Doppler Effect? (Duration: 02.30)

L

Change the velocity of the source (vs) to see how this affects the extent of the Doppler effect experienced
by the Observer (R). Notice that the frequency of the waves emitted by the source never changes. What
changes is the perceived frequency of the waves by the observer. Each time a wave front hits the observer,
it blinks.

Unit 1: The Doppler effect | 167


https://www.youtube.com/watch?v=rbcvPEXiWWo
https://www.youtube.com/watch?v=rbcvPEXiWWo
https://www.youtube.com/watch?v=rbcvPEXiWWo
https://www.geogebra.org/m/rqzcyuq4
https://www.geogebra.org/m/rqzcyuq4
https://www.geogebra.org/m/rqzcyuq4

Calculate the Doppler effect

If we know the speed of the waves, the frequency of the waves and the relative speeds of the source and
observer, we can calculate the frequency that the observer will perceive using the following formula.

@ Take note!

Where:

f1 is the frequency perceived by the observer (or listener)
fs is the frequency of the source

v is the speed of the wave through the medium

vy, is the speed of the listener

vg is the speed of the source

Remember that vr, and vg are vectors. The signs of these quantities will tell us if the relative motion of the
source and observer (or listener) is towards or away from each other.

@ Take note!

If the source is moving towards the observer, vg is negative.
If the observer is moving towards the source, vy, is positive.

p Example 1.1

A police car with a siren sounding at 750 Hz is driving along a road at 22 m.g~1. You are standing on the
pavement. If the speed of sound in air is 344 m.s~!., what frequency will you hear as:

1. the car travels towards you?
2. the car travels away from you?
Solutions

All the values given are in Sl units so we do not need to do any conversions before we can calculate. We
have been asked in each case for the frequency perceived by the listener.

168 | NC(V) Physical Sciences 4



fs = 750 Hz

v=2344 m.s~!

1

v =0 m.s™ listener is stationary

1

vg = —22 m.s~ source is moving towards listener
v+ g
fo= () s

344 m.s! + 0 m.s!
s fr=

344 m.s! —22 m.s!
.. fr = 801.24 Hz
This answer makes sense as we expect the observer to perceive the siren at a higher pitch (i.e. a
higher frequency) as the car comes towards them.

) - 750 Hz

fs =750 Hz

v=344 m.s~!

1

v =0 m.s™ listener is stationary

1

vg = 22 m.s~ source is moving away from the listener

v+
fo= ()
) (344 m.s ! 4+0ms?
o= (344 m.s! + 22 ms!
oL fp =704.92 Hz
This answer makes sense as we expect the observer to perceive the siren at a lower pitch (i.e. a
lower frequency) as the car moves away from them.

) - 750 Hz

p Example 1.2

A fire truck is driving towards a building in which a fire alarm is ringing at 825 Hz. The truck is travelling
at 18 m.s!. If the speed of sound in air is 344 m.s~1, what frequency do the firemen in the truck hear?

Solution

All the values given are in Sl units so we do not need to do any conversions before we can calculate. We
have been asked for the frequency perceived by the listener.

fs = 825 Hz

v=2344 m.s~!

1

v =18 m.s™ listener is moving towards the source

1

vg =0 m.s™ source is stationary
v+ g
o= () s

= (344 m.s ! +18 ms!
oL 344 ms 1 +0ms?
.. fr = 868.17 Hz

) - 825 Hz

This answer makes sense as we expect the observer to perceive the siren at a higher pitch (i.e. a higher
frequency) as they move towards the source.
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p Example 1.3

A hearing-impaired passenger is at a train station. They can only hear frequencies above 900 Hz. The
train approaches the platform at a constant speed of 85 km/h and sounds its whistle as a warning. The
whistle sounds at 815 Hz. Assume the speed of sound in air is 344 m.s!.

1. Will the person hear the warning whistle? Explain your answer.

2. What frequency would the whistle need to be for the person to hear it if the train travelled at the
same speed of 85 km/h?

3. At what speed would the train need to travel for the person to hear the whistle if the frequency is
800 Hz?

Solution

Not all the values given are in Sl units. We need to convert the speed of the train to ;.7 L.
85 km/h = 23.61 m.s~'.

1. We have been asked for the frequency perceived by the listener.
fs = 815 HZ
v=2344 ms!

1

v =0 m.s™ listener is stationary

vg = —23.61 m.s~! source is moving towards listener
v+ VL
fo= (vj:vg) “fs
. - 344 m.s™! +0 m.s™!
= (344 m.s~! — 23.61 m.s!
*. fr, = 875.06 Hz

The frequency of the sound of the train whistle perceived by the observer is 875.06 Hz. This means
that the person will not be able to hear the sound as it is below their audible threshold.

) - 815 Hz

2. We have been asked to calculate the frequency of the whistle such that the frequency perceived
by the listener would be 900 Hz.

fr, =900 Hz
v=2344 ms!
vy =0 m.s! listener is stationary
vg = —23.61 m.s source is moving towards listener
v+ g

fo= () s

fr
fs =

(v:I:vL)
v+ vg
900

( 344 m.s! £ 0 m.s~1 )

fs =

344 m.s~! —23.61 m.s1
.. fg = 838.23 Hz
The frequency of the sound of the train whistle would need to be at least 838.23 Hz to be heard by
the listener.

3. We have been asked to calculate the speed that the train must travel at such that the frequency
perceived by the listener would be 900 Hz of a whistle with a frequency of 815 Hz.
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£z = 900 Hz

fS = 815 Hz
v =344 m.s!
vy =0 m.s™! listener is stationary
vt
= ()
fs  wvtus
T f vt
f—S c(vtwvp) =vtug
fi
Lvg = f_s c(vxwvp) —w
fr
15 H:
LU = 815 Ha x (344 ms ' +0ms ') 344 ms*
900 Hz
= —-32.49 m.s™"

The speed of the approaching train would need to be at least 32.49 m.s~! towards the listener for
the train whistle to be heard by the listener.

You will only ever need to answer questions where either the source or the observer are moving, never
both.

Exercise 1.1

1. Passengers in a car hear its hooter at a frequency of 812 Hz. What frequency does someone
standing on the pavement hear as the car moves directly towards them at a speed of 85 km/h?

Assume the speed of sound in air is 340 m.s~!-
Question 2 adapted from Everything Science Grade 12 Exercise 6-1 question 3

2. Asmall plane is taxiing directly away from you down a runway. The noise of the engine, as the pilot
hears it, has a frequency 1.15 times the frequency that you hear. What is the speed of the plane?
Assume the speed of sound in air is 340 m.s!.

3. An experiment was done in the South Pole. The temperature was —4(°C. A source, moving away
from an observer at 22.5 m.s~ 1, emitted a sound at 2 500 Hz. The observer measured a frequency
of only 2 335 Hz. What was the speed of sound at this cold temperature?

Question 4 adapted from Everything Science Grade 12 Exercise 6-1 question 5

4. Cecil approaches a source emitting a sound with a frequency of 437.1 Hz. Assume the speed of
sound is 344 m.s!-
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a. How fast does Cecil need to move to observe a frequency that is 20 percent higher?

b. If he passes the source at this speed, what frequency will he measure when he is moving
away?

The full solutions are at the end of the unit.

Applications of the Doppler effect

As we said above, the Doppler effect applies to all waves. Light from a source travelling towards you will be
perceived to have a slightly higher frequency and will shift blue (blueshift). Light from a source travelling
away from you will be perceived to have a slightly lower frequency and will shift red (redshift). This is
illustrated in figure 4.

N\

-,

/

>

Direction el ~
e

Figure 4. Redshift and blueshiftThis effect is used to determine whether distant galaxies are travelling
towards or away from us. The extent of the blueshift or redshift can be used to determine how fast another
galaxy is approaching or receding.

Traffic cops use exactly the same technique to measure the speed of motorists using radio waves. This is
called radar.

The radar gun (see figure 5) fires a burst of radio waves towards an approaching vehicle. If the vehicle was
stationary, these radio waves would be reflected back at exactly the same frequency. However, if the car is
moving towards the gun, the waves get reflected back at a slightly higher frequency. The gun compares the
frequency of the reflected waves with the source waves and uses the difference to calculate the speed of
the vehicle. The faster the vehicle is travelling, the greater the change in frequency.

The same principle underpins all radar applications including those used to track the path of aircraft as well
as storms.
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Figure 5: A radar speed gun

Sonic booms

The phenomena of sonic booms can be thought of as the Doppler effect on steroids. Have a look at the
formula we have been using to calculate the frequency of the sound perceived by the observer.

+
fL=<U vL)‘fS

v+ vg

What happens as vs gets closer and closer to v? Can you see that the denominator gets very, very small
meaning that the whole fraction gets very, very big. This means that f; gets very big and approaches
infinity as vs approaches v.

When this happens, a sonic boom occurs. A sonic boom is the sound associated with the shock waves
created by an object travelling through the air, at or faster than, the speed of sound. They create a large
amount of energy, and sound like explosions. The ‘crack’ of a bullwhip is a result of a sonic boom.

If you have an internet connection, watch and listen how a Meteor creates sonic boom burning up in
the atmosphere.

Meteor creates sonic boom burning up in the atmosphere (Duration: 00.45)

As the speed of the sound source increases to the speed of the sound waves themselves, the waves, not
being able to get out of each other’s way, are forced together. They eventually merge, through constructive
interference, into a single shock wave traveling at the speed of sound. This happens at the critical speed
known as Mach. The shock waves radiate out from the sound source in the shape of a cone (see figure 6).
When a person on the ground hears the sonic boom, the object that made it has long since passed.
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Figure 6: A sonic boom cone

Did you know?

Chuck Yeager of the United States Airforce was the first person to break the sound barrier. He flew
a small airplane called the Bell X-1 (see figure 7) which is currently in the Smithsonian Air and Space
Museum in Washington, DC.
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Figure 7: The Bell X-1

Summary

In this unit you have learnt the following:

When a source emitting sound relative to a listener, the listener perceives a change in the frequency of
the sound. This is called the Doppler effect.

If the source moves relatively towards the listener, the perceived frequency is higher.

If the source moves relatively away from the listener, the perceived frequency is lower.

The Doppler effect also occurs when a light emitting object moves relative to an observer.

If the object is moving relatively towards the observer, the light appears more blue (blueshift to higher
frequency light).

If the object is moving relatively away from the observer, the light appears more red (redshift to lower
frequency light).

The frequency of the wave (sound or light) perceived by the observer can be calculated using the

+
formula f; = <U vL) - fs-

v+ vg

Unit 1;: Assessment

Suggested time to complete: 35 minutes

Question 1adapted from NC(V) Level 4 Physical Science Paper 1 February 2019 question 10
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1. A goods train sounds its horn as it approaches and passes through a station at a constant speed of
20 m-s ! The horn has a frequency of 550 Hz. Assume the speed of sound in air is 344 m.s!-

a.

What is the frequency of the horn heard by people sitting on the station platform as the train
approaches?

What is the frequency of the horn heard by the driver of the train?

The train passes through the station. The driver next sounds the horn when the train is travelling
away from the station and has accelerated to a constant speed of 30 m.s~1. Will the frequency of
the horn heard by the people sitting on the station platform INCREASE/DECREASE/REMAIN THE
SAME? Support your answer with a calculation.

Question 2 adapted from NC(V) Level 4 Physical Science Paper 1 November 2019 question 10

2. The siren of a police car emits sound waves of wavelength (.55 m. A stationary listener watches the
police car approaching him at a constant velocity on a straight road. Assume that the speed of sound

in airis 345 m.g 1.

a.

How does the wavelength of the sound waves change as the police car approaches the listener?
Only write down INCREASES, DECREASES or REMAINS THE SAME.

Calculate the observed frequency of the sound waves if the car moves toward him at a speed of
120 km/h?

How will the answer to question 2.b. change if the police car moves away from the listener at
120 km/h? Only write down INCREASES, DECREASES or REMAINS THE SAME.

3. A motorbike approaches you at an unknown speed. The sound of the bike's engine has a frequency of
510 Hz, however you hear a frequency of 545 Hz. The speed of sound is 344 m.s~!.

a.

Calculate the speed of the motorbike.

b. How will the sound change as the bike passes you? Explain this phenomenon in terms of the

wavelength and frequency of the sound.

Question 4 adapted from Everything Science Grade 12 Exercise 6-2 question 4

v
4. A police car is driving towards a fleeing suspect at 35 m.s ', where vis the speed of sound. The

v
frequency of the police car’s siren is 400 Hz. The suspect is running away at rm m.s ! What frequency

does the suspect hear?

The full solutions are at the end of the unit.

Unit 1; Solutions

Exercise 1.1

1. 85 km/h = 23.61 m.s™!
We have been asked to calculate f;.
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fg =812 Hz

v =340 m.s~!
v =0 m.s!
vg = —23.61 m.s !

fi = (”“L) fs

v+ vg

= ( 340 m.s™! +0 m.s~? ) 812 Tz
340 m.s! — 23.61 m.s1
= 872.59 Hz
2. We have been asked to calculate vg.
fr =z Hz
fg =1.152 Hz
v=2340 m.s~!

v, =0 m.s !

1.15z

observer is stationary

source is moving towards observer

observer is stationary

SLUs = (340 m.s™' + 0 m.s™!) — 340 m.s!
T

vg=115-(340 m.s ™t + 0 m.s ') — 340 m.s

=51 m.s™?

Therefore yg = 51 m.s~! away from the observer.

3. We have been asked to calculate v.

fr =2 335 Hz

¢ =2 500 Hz

vg = 22.5 m.s

v =0 ms™!

v+

fr= (viv5> “fs
AR
'E: v+ vg

vt 2 335 Hz
“v+us 2500 Hz
S+ 0mst =0.934 x (v+22.5 ms!)
c.v=0.934v + 21.015 m.s ™
v —0.934v = 21.015 m.s~!
~v(1—0.934) = 21.015 m.s™*
v =2318.41 m.s!

=0.934

a. We have been asked to calculate vg.
fr =437.1 x 1.2 Hz = 524.52 Hz

fs =437.1 Hz

v =344 m.s~?

vg =0 m.s

fr= <v:|:vL) 'fs

v+ vg
524.52 Hz

source moving away from observer

observer is stationary

source is stationary

vp = ———— - (344 m.s ' + 0ms ) — 344 m.s?

437.1 Hz
=68.8 m.s!
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b. We have been asked to calculate f;.
fg=4371Hz

v=2344 m.s!

1

vg =0 m.s™ source is stationary

1

vy = —68.8 m.s™ observer moving away from source
==X}
fr= (U T vs ) fs

344 m.s~! —68.8 m.s~!
L fr=

344 m.s~! +0 m.s!
= 349.68 Hz

) -437.1 Hz

Back to Exercise 1.1

Unit 1: Assessment

a. We have been asked to calculate f.

¢ = 550 Hz
v=2344 ms!
v, =0 m.s observer is stationary
vg = —20 m.s ! source moving towards observer
vt
- (22

= ( 344 ms ! +0ms?!
L\ 344 ms—1 — 20 ms?
— 583.95 Hz

) - 550 Hz

b. The driver will hear the actual frequency of the horn — 550 Hz.

c. The frequency of the horn for the people will decrease.
fg =550 Hz

v=344 m.s"!

1

v =0 m.s™ observer is stationary

1

vg = 30 m.s™ source moving away from observer

vEoug
o= (22
) [ 344 m.s! 4+ 0 ms™?
o h = (344 m.s—! + 30 m.s!
— 505.88 Hz

) - 550 Hz

a. Increases

b. 120 km/h = 33.33 m.s ™!

v=fXxA
345 m.s~!
L f=2 2R 69T Hy
X  055m

We have been asked to calculate f.
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fs = 627.27 Hz
v=345 m.s~!
v =0 m.s!

vs = —33.33 m.s!
vEoug
= ()

= ( 345 m.s ! +0 ms!
P\ 345 ms! — 33.33 ms!
— 694.35 Hz

c. Decreases

3.
a. We have been asked to calculate vg.
fg =510 Hz
v = 575 Hz
v=2344 ms!

v =0 m.s!

B vtg
fL—(vivS)-fs

LU = fS “(vEwvp) -
fL
510 H
SLvg = z. (344 ms ' +0mst
575 Hz
= 38.89 m.s

) -627.27 Hz

observer is stationary

source moving towards observer

observer is stationary

b. Asthe bike passes and travels away, the sound waves will become more spread out. The listener
will perceive a sound of a lower frequency and hence a sound with a lower pitch.

4. We have been asked to calculate f;. Both the car and the suspect are moving. It is clear that the car is
moving towards the suspect. However, because the car is moving faster than the suspect, the suspect
is also moving towards the car even though he is trying to run away.

fs =400 Hz

Vg = —— m.S

—— | -400 Hz
35v—v

(68”+” U>-400Hz

2380v + 35v
2380v — 60v

v(2380 + 35)

- 400 Hz
2380 60)

416.38 Hz

) -400 Hz
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Back to Unit 1: Assessment

Media Attributions

figurel © Unknown is licensed under a Public Domain license
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Unit 2: Electromagnetic radiation

DYLAN BUSA

Unit outcomes

By the end of this unit you will be able to:

Define electromagnetic (EM) radiation.

Identify the EM spectrum and identify examples (light, radio waves, microwave, infrared,
ultraviolet, x-rays and gamma rays).

Describe the dual nature of EM radiation, i.e. wave and particle nature.

Identify the relationship of wavelength to frequency to explain colour and energy of light.

What you should know

Before you start this unit, make sure you can:

Explain how a wave is a periodic disturbance in a medium that transfers energy from one point to
another. Refer to level 2 subject outcome 3.1 unit1if you need help with this.

Explain the differences and similarities between transverse and longitudinal waves. Refer to level 2
subject outcome 3.1 unit 2 if you need help with this.

Explain what is meant by wavelength, frequency, amplitude and period. Refer to level 2 subject
outcome 3.1 unit 3 if you need help with this.

Describe the electric field that exists around a point charge. Refer to level 3 subject outcome 4.1 unit 1 if
you need help with this.

Explain the principles of electromagnetism, especially how a moving charge produces a magnetic field
and how a changing magnetic field produces or applies a force on a charged particle. Refer to level 3
subject outcome 4.2 units 1and 2 if you need help with this.

Introduction

Sight is one of the most amazing senses we have. It allows us to interact with and experience the world
in wonderful ways. Think of the beautiful sunsets you might have seen (see figure 1). So much of life is
mediated through the gift of sight.
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Figure 1: A beautiful sunset

But despite how amazing our sense of sight is, did you know that we can actually see very little of what there
is to see with our eyes? Did you know that there are kinds of ‘light waves’ that you cannot see with your eyes?
In fact, the light that we can see is just a small portion of a larger family of waves called the electromagnetic
spectrum. We will see later on why it is called the electromagnetic spectrum.

The electromagnetic spectrum

The so-called electromagnetic spectrum (the EM spectrum) consists of an extremely wide range of wave
frequencies that transmit energy in the form of electromagnetic radiation. On the one end of the spectrum,
we have radio waves which can have wavelengths of more than 1 000 km. On the other end are gamma
waves that can have wavelengths smaller than the nucleus of an atom. Figure 2 shows a summary of all the
different types of waves that make up the EM spectrum.

As we move from left to right in figure 2, the wavelength of the waves gets shorter and shorter. This means
that the frequency of the waves gets higher and higher. The higher the frequency of the wave, the more
energy it can carry. This is why ultraviolet radiation, x-rays and gamma rays can be so dangerous. This
radiation has enough energy to alter some chemical bonds in our cells which can lead to serious illness.
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Figure 2: The electromagnetic spectrum

Somewhere in the middle of the EM spectrum is a little band of waves with wavelengths between about
700 nm and 400 nm called visible light that our eyes can see (see figure 3). By the way, a nanometre (nm) is
one billionth of a metre.

Electromagnetic spectrum

NN VAVAVAVAATN

Radiation type Radio waves | Microwaves| Infrared Ultraviolet|  X-rays G?g?a
Wavelength 30 mm 1 mm 10 nm 0.01 nm

(approximate)

Visible light

700 nm 600 nm 500 nm 400 nm

Figure 3: The visible light part of the EM spectrum

Figure 3 also shows us that red light has a longer wavelength (and hence lower frequency) than blue light.
The higher frequency of blue light means that it carries more energy as well.

If you have an internet connection, watch the video called Tour of the Electromagnetic Spectrum - 01—
Introduction for an excellent introduction to the electromagnetic spectrum.
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Tour of the Electromagnetic Spectrum — O1 — Introduction (Duration: 05.03)

This video is the first video in a series of videos that explore each part of the spectrum in detail. Why not
watch the rest of the series?

Tour of the Electromagnetic Spectrum — 02 — Radio Waves.

Tour of the Electromagnetic Spectrum — 02 — Radio Waves (Duration: 03.38)E

Tour of the Electromagnetic Spectrum — 03 — Microwaves.

Tour of the Electromagnetic Spectrum — 03 — Microwaves (Duration: 03.04)E

Tour of the Electromagnetic Spectrum — 04 - Infrared Waves.

Tour of the Electromagnetic Spectrum — 04 — Infrared Waves (Duration: 05.23)

Tour of the Electromagnetic Spectrum 05 — Visible Light Waves.

Tour of the Electromagnetic Spectrum 05 — Visible Light Waves (Duration: 04.50)
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Tour of the Electromagnetic Spectrum — 06 — Ultraviolet Waves.

Tour of the Electromagnetic Spectrum — 06 — Ultraviolet Waves (Duration: 03.41)

Tour of the Electromagnetic Spectrum — 07 — X Rays.

Tour of the Electromagnetic Spectrum — 07 — X Rays (Duration: 05.04)

Tour of the Electromagnetic Spectrum — 08 - Gamma Waves.

We will investigate each part of the EM spectrum and its applications in more detail in the next unit.

Properties of EM radiation

The waves in this spectrum have some important and unique properties. Firstly, you might remember in
level 2 when we first talked about waves that we said that waves transfer energy through a medium and
need a medium through which to travel. That is certainly true for water waves and sound waves, but it is not
true for electromagnetic radiation waves. They do not need a medium and can propagate through empty
space. They can, however, also travel through media such as air, water and you.

Did you know?

As scientists dig a little deeper into the nature of space and time, they are discovering that empty space
is not so empty after all. In fact, empty space is full of tiny fluctuations of energy. Maybe it will turn
out that EM waves actually do need a medium through which to propagate and empty space is the
medium!

Secondly, we know that sound waves travel through the air at about 340 m.s™! (depending on the
temperature). Next to EM waves, they are almost standing still. EM waves travel through a vacuum at about
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300 000 000 m.s~!. That is almost 900 000 times faster! In fact, EM waves travel at the speed limit of the
universe which we call the speed of light. We give this constant the symbol c¢. The ‘¢’ in | = m¢? is the speed
of light. Just like other waves however, v = f x A or for EM waves, ¢ = f x A.

And lastly, EM waves are dual-natured. Depending on how we look at them they can behave like the
ordinary transverse waves we have become familiar with, or they can behave like particles. We call the
individual particles or packets of EM radiation photons.

Take notel!

Important properties of electromagnetic radiation:

EM radiation can propagate through a vacuum. It does not need a medium.

EM radiation travels at the speed of light (c) in a vacuum; ¢ = 299 792 458 m.s~!.

EM radiation obeys the wave equationv = f x Aorec= f x A

EM radiation has a dual nature. It can behave both as a transverse wave and as a particle.

Electromagnetic waves

You might think it strange to refer to light as an electromagnetic wave. What is electric or magnetic about
light? This does not fit our everyday experience of light.

In level 3 subject outcome 4.1 unit 1, we drew the electric field that exists around a point charge. The charged
particle creates an electric field that radiates out from the charge. Now, if we move this charged particle up
and down, we will create a changing electric field in a particular region near the particle.

We know that a magnetic field is produced around a current-carrying wire. The reason is that there is a
changing electric field around the wire. So, the changing electric field created by our oscillating charged
particle will create a changing magnetic field.

Similarly, we know that a changing magnetic field results in a changing electric field. If there is a wire in the
changing magnetic field, the electrons are made to move through the wire by the changing electric field.
This is the basis of how generators work.

So, a changing electric field creates a changing magnetic field and a changing magnetic field creates an
electric field. We have a positive feedback loop or chain reaction, and it is this mutual induction situation
which propagates out as an electromagnetic wave due to the initial oscillation of our charged particle.

It is called an electromagnetic wave because it consists of an oscillating electric field and an oscillating
magnetic field. These fields oscillate at right angles to each other and at right angles to the direction of the
wave (see figure 4).
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Figure 4: An electromagnetic wave

Figure 5 is an animation showing how an EM wave propagates.
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Figure 5: EM wave propagation

Note

If you have an internet connection, you should watch the video called Electromagnetic waves and the
electromagnetic spectrum for a more detailed explanation of what electromagnetic waves are and how
they are created.

Electromagnetic waves and the electromagnetic spectrum (Duration: 05.47)
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p Example 2.1

Calculate the frequency of an electromagnetic radio wave with a wavelength of 5.1 m.

Solution

EM waves obey the same wave equation that we have used before. The only difference is that we
replace ‘v’ in the equation with ‘¢, the speed of light. Therefore, ¢ = f x A where ¢ = 300 000 000 m.s -

We have been asked to calculate f. All the given information is in Sl units.
¢ = 300 000 000 m.s~ ! (unless you are told otherwise, you can assume this value of ¢ for the speed of
light in a vacuum)

A=51m
c=fxA
c
"f_X
300 000 000 m.s?

51m
= 58 823 529.41 Hz

When we get very big answers like this, we usually convert the units or use scientific notation to simplify
them. We can write the answer as 58.823 MHz or 5.8823 x 107 Hz-

Exercise 2.1

1. Red light has a wavelength of about 700 nm. Calculate the frequency of red light.

2. An x-ray machine produces radiation with a frequency of 2.1 x 108 Hz. What is the wavelength of
these waves?

3. Aspace telescope detects EM radiation with a frequency of 3.95 x 102 Hz. Can the human eye
detect this radiation? Show a calculation to support your answer.

The full solutions are at the end of the unit.

Wave-particle duality

The section above explains how electromagnetic radiation behaves like a wave. It is the result of changing
electric and magnetic fields that propagate out from a source like a wave. Light displays the same
interference patterns associated with other kinds of waves. Wave-like properties like wavelength and
frequency neatly explain the different energies associated with different parts of the EM spectrum as well
as properties of light like colour.

But sometimes, light does not behave like a wave at all. Sometimes it behaves like a beam of particles. For
example, if you shine light onto a metal surface, the light transfers some of its energy to the atoms in the
metal but only in very specific and discrete amounts called quanta. In this case, it is as though light was a
beam of little packets of energy. We call these packets of energy photons.

The energy of each photon is related to the wavelength of the EM radiation by a special number called
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Planck’'s constant, named after Max Planck. Planck’'s constant is given the symbol A and
h = 6.63 x 10°%* J.Hz 1. Sometimes you may see Planck’s constant written as , = 6.63 x 1034 J.s- Although
this is technically correct J.s are not the official Sl units.

@ Take note!

C
The energy of a photon is calculated using E = hfor E=h - X where:

E is the energy of the photon in J

h =6.63 x 1073 J.Hz ! (Planck’s constant)

fis the frequency of the wave in Hg

¢ =300 000 000 m.s~ ! (the speed of light in a vacuum)
) is the wavelength of the wave in m

Did you know?

This duality — sometimes behaving like a wave and sometimes behaving like a particle - means that EM
radiation is really like nothing else. It was the discovery of this dual nature of EM radiation that led to
guantum mechanics.

Note

For more on the duality of EM radiation watch the video called “Is light a particle or a wave?”.

Is light a particle or a wave? (Duration: 04.23)

p Example 2.2

Calculate the energy of a photon with a frequency of 5.6 x 107 Hz

Solution

We have been asked to calculate the energy of a photon and have been given the frequency. Therefore,
we need to use the equation E = hf. All the values have been given in standard units.
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E=hf
~E=663x10 JHz ! x 5.6 x 10'7 Hz
=3.7128 x 10716 J

The energy of one photon is 3.7128 x 10716 J.

p Example 2.3

Calculate the energy of one photon of infrared light with a wavelength of 0.021 mm.

Solution

We have been asked to calculate the energy of a photon and have been given the wavelength.

c
Therefore, we need to use the equation E = h - X The wavelength is not in standard units and needs to

be converted.

0.02l mm=21x10"°m

E—-hn- £
A
34 .
- E=6.63- 10 J.s x 300 000 000 m.s
21x10° m
—947x 1072 ]

The energy of one photon is 9.47 x 102 J.

Exercise 2.2

1. Calculate the energy of a photon of EM radiation with a frequency of 4.7 x 10'2 Hz

2. Determine the energy of a photon of orange EM radiation with a wavelength of 630 nm-.

The full solutions are at the end of the unit.

Summary

In this unit you have learnt the following:

The electromagnetic spectrum (EM spectrum) consists of electromagnetic radiation waves with a very
wide range of wavelengths (and therefore, frequencies).

EM radiation can propagate through a vacuum. It does not need a medium.

EM radiation travels at the speed of light (c) in a vacuum; ¢ = 299 792 458 m.s!.

EM radiation obeys the wave equationv = f x Aore= f x A

EM radiation has a dual nature. It can behave both as a transverse wave and as a particle.

EM radiation consists of an electric field and a magnetic field oscillating at right angles to each other
and to the direction of wave propagation.
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EM waves with a higher frequency are more energetic.
The discrete packages of energy transmitted by EM radiation are called photons.

C
The energy of a photon is calculated using E = hfor E = h - 3 where h is Planck’s constant and

h=6.63x107* J.s

Unit 2;: Assessment

Suggested time to complete: 15 minutes

1. Calculate the wavelength of a radio wave with a frequency of 147.8 kHz?

What is the energy of a photon of EM radiation with a frequency of 3.75 x 10!% Hz?
What is the energy of a photon of light with a wavelength of 450 nm?

What is the energy of a photon with a frequency of 12.56 GHz?

A wN

Two photons are detected. One has a wavelength of 276 nm and the other has a frequency of 400 THz.
Which has the longer wavelength?

The full solutions are at the end of the unit.

Unit 2: Solutions

Exercise 2.1

700 nm = 700 x 107° m

c=fxA
C
..f—;
300 000 000 m.s*
700 x 107° m

= 428 571.43 x 10° Hz
=4.29 x 10 Hz

c=fxA
A=<
f

300 000 000 m.s!

2.1 x 10'® Hz
= 142 857 142.486 x 107 ¥ m

=143x10%m

SA=2
f

300 000 000 m.s !

3.25 x 102 Hz
=923x10°m
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This wavelength falls outside of the visible spectrum of 700 nm to 400 nm and so cannot be detected by

the human eye.

Back to Exercise 2.1

Exercise 2.2

E=hf
. E=6.63x10% J.Hz ! x 4.67 x 102 Hz
=3.096 x 1072 J

630 nm = 630 x 10" m
E:h-E
A

1
L E=663x10% JHg 1. 200000 000 m5

630 x 1 —9 m
=315x101°J

Back to Exercise 2.2

Unit 2: Assessment

147.8 kHz = 1 478 000 Hz
c=fxA
A=
f

300 000 000 m.s™*

1 478 000 Hz
202.98 m

E=hf
. E=6.63x107% JHz ! x 3.75 x 103 Hz
=248 x10720J

450 nm = 450 x 107° m
E=h-<
A

300 000 000 m.s~*

E=663x10* JHz '
450 x 107° m

=441x101°J

12.56 GHz = 12.56 x 10° Hz
E=hf

. E=6.63x107% J.Hz ! x 12.56 x 10° Hz

=832x107%# ]
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400 THz = 400 x 10'? Hz

c=fxA
=<
f

300 000 000 m.s~*
400 x 10" Hz
=750 x 107° m
= 750 nm
The photon with a frequency of 400 THz has a longer wavelength.

Back to Unit 2: Assessment
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Unit 3: Applications of electromagnetic
radiation

DYLAN BUSA

Unit outcomes

By the end of this unit you will be able to:

Identify the applications of radiation across the EM spectrum.
Define lasers and give examples of their application.
Explain and apply the photoelectric effect and give examples of its application.

What you should know

Before you start this unit, make sure you can:

Explain what EM radiation is.

Use the wave equation to calculate either the wavelength or frequency of EM radiation.
Calculate the energy of a photon of EM radiation given either the wavelength or frequency.
Refer to unit 2 if you need help with any of this.

Introduction

In the previous unit we learnt what electromagnetic radiation is, how it forms and what properties it has.
We noted that EM radiation covers an extremely wide range of wavelengths and frequencies and that we
have classified different segments of the EM spectrum into different kinds of waves.

In this unit, we are going to explore the applications of these different kinds of EM radiation, but it is
important to remmember that a radio wave with a wavelength of a few hundred metres is fundamentally
the same thing as visible light with a wavelength of 500 nm or a gamma ray with a wavelength of a few
picometres. They are all EM radiation. They all obey the same laws. They are all formed in much the same
way, and they propagate in the same way. All that is different is that they have different wavelengths and
hence different frequencies and energies.

Applications of the EM spectrum

This section is based on College Physics. Authored by: OpenStax College. License: CC BY!

Figure 1shows the full electromagnetic spectrum and which portions of it are used for specific applications.
We can see, for example, that the part of the spectrum typically used for TV broadcasting also contains a

1. Located at: http://cnx.org/contents/031da8d3-b525-429¢c-80cf-6c8ed997733a/College_Physics.
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small section for FM radio and that AM radio uses radiation with a far longer wavelength (about 100 times
longer).

(3 cm) (3um) (3A) (30 fermis)
3x10°m 300 m 3x10%m 3x10°m 3x10"m 3x10"m
| | | ] | ] ] ] ]
> Wavelength
Infrared Ultraviclet
Radio waves X rays
- o
Microwaves yrays
AM radio e —— -— .-
TV
=" = \Visible light
FM radio
Lt { | | 1} | | | 1
10° 107 10* 10° 10° 10" 102 10™ 10" 10" 107 0= 10*

Freauencv (Hz)
Figure 1: The EM spectrum

Figure 1 also shows us that the different segments of the spectrum tend to overlap. There are no hard and
firm rules about what is an X-ray and what is a gamma ray. It is all electromagnetic radiation with an almost
infinite range of wavelengths. We only segment the spectrum like this so that we have some idea of the
kind of wavelengths, frequencies and energies that are involved.

Table 1 lists the general segments of the EM spectrum and how waves in the range of each segment tend
to be produced and what applications the EM radiation generally has. Gamma radiation, we can see, is
generally produced when the unstable nuclei atoms lose energy by radiation. Hence another word for this
is radioactive decay.

Table 1: The production and applications of different types of EM radiation?

Type of EM radiation

Production

Applications

Life sciences aspect

Issues

Radio and TV

Accelerating charges

Communications,
remote controls

MRI

Requires controls for
band use

Microwaves

Accelerating charges
and thermal
agitation

Communications,
ovens, radar

Deep heating

Cell phone use

Thermal agitations

Thermal imaging,

Absorbed by the

Infrared and electronic : Greenhouse effect
transitions heating atmosphere
Thermal agitations .
Visible light and electronic All pervasive Engggiy\%?oeﬁ's'
transitions
Thermal agitations Sterilisati Vitamin D o depleti
Ultraviolet and electronic ertl |s|a ion, cancer i admlnf zone depletion,
transitions contro production cancer causing
Inner electronic . . .
X-rays transitions and fast Medical, security Medical diagnosis, Cancer causing

collisions

cancer therapy

Gamma rays

Nuclear decay

Nuclear medicine,
security

Medical diagnosis,
cancer therapy

Cancer causing,
radiation damage

Let's take a closer look at each broad type of EM radiation and their applications.

2. Source: https://courses.lumenlearning.com/physics/chapter/
24-3-the-electromagnetic-spectrum/ - CC-BY 4.0
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Radio waves

Radio waves are the longest wavelength, lowest frequency and lowest energy EM radiation. They are
produced on Earth by passing alternating currents through wires and other conductors. This part of the
spectrum gets its name because of the major applications of radiation in this range — that of transmitting
information, first by radio transmitters and receivers and later by television systems.

AM radio stations use frequencies between 540 kHz and 1 600 kHz. AM stands for amplitude modulation. A
wave of a specific and constant frequency (the carrier wave) has its amplitude modified or modulated by
an audio signal (see figure 2). The receiver is tuned to have a resonant frequency matching the carrier wave
and uses the changes in amplitude to replicate the original audio.

HH mmmummmu|.m
(T

Carrier Audio Amplitude modulated

Figure 2: Amplitude modulation

FM radio uses a slightly different technique. FM stands for frequency modulation. Instead of the carrier
wave's amplitude being changed or modulated to carry the information, its frequency is changed (see
figure 3).
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Figure 3: Frequency modulation

FM uses frequencies between 88 MHz and 108 MHz. Because the frequency of the wave needs to be able
to be changed by the range of human hearing (about 20 kHz) FM radio stations cannot be closer together
on the dial than 20 kHz or 0.02 MHz. Interference (destructive and constructive) from other sources of
EM radiation can more easily change a wave's amplitude than its frequency, therefore, FM radio suffers
less from ‘noise’ than does AM radio. However, the lower frequencies used for AM mean that the longer
wavelength waves are able to get around objects such as buildings and hills meaning that they tend to be
better when broadcasting over longer ranges.

Traditional terrestrial television broadcasts typically use AM for the visuals and FM for the audio. TV uses
the 54 MHz and 88 MHz and 174 MHz and 222 MHz bands. Satellite television and newer digital terrestrial
broadcast use higher frequencies still (up to 1 000 MHz or more depending on regulations).

Mobile phone networks use frequencies in the range of 1.9 GHz and magnetic resonance imaging (MRI)
typically operates in the 100 MHz range. It is a general rule of thumb that the higher the frequency of the
radio wave, the more information it can carry.
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Extremely low frequency (ELF) radio waves of about 1 kHz are used to communicate with submarines
because these waves are able to penetrate salt water quite well.

Many pieces of modern technology produce radio waves as a by-product. Perhaps the most pervasive are
those produced by electricity transmission grids running at 50 Hz or 60 Hz. These have extremely long
wavelengths of about 6 000 km but due to their low energy do not penetrate buildings and other structures
well.

Figure 4: Transmission grids produce long wavelength EM radiation at 50 Hz or 60 Hz

Radio waves are not only created on Earth by people. Certain astronomical phenomena also generate waves
in the same range and these waves carry important information about these phenomena and the universe
more generally. For example, the cosmic microwave background radiation has given astronomers one of
the best pictures of how the universe probably formed and subsequently expanded (see figure 5).
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Figure 5: The cosmic background radiation

But all the radio waves created on Earth can interfere with these astronomical efforts. This is why regulations
control what wavelengths can be produced and where no EM radiation can be created at all. The two sites
of the Square Kilometre Array (a huge radio telescope project) are being built in the middle of unpopulated
deserts in Australia and South Africa (see figure 6) so that they are as far from any man-made EM radiation
as possible.

Figure 6: The Square Kilometre Array (SKA) site, north of Carnarvon, Northern Cape, South Africa
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Microwaves

Microwaves are the highest frequency EM radiation that can be produced, like radio waves, by electric
currents in macroscopic circuits. They are so named because, next to radio waves, they have very small
wavelengths. Typical frequencies range from 10° Hz to 10!2 Hz

The most known application of microwave radiation is the microwave oven for heating and cooking food.
The energy in the EM radiation (2.45 GHz) is ultimately transferred to the water molecules in the food which
gets hot and cooks.

Time required: 10 minutes

What you need:

a microwave oven
aruler

What to do:

1. Assuming that the microwave radiation generated by the oven is 2.45 GHgz, calculate the
wavelength of the microwaves produced (in mm).

2. Look at the door of the microwave. Measure the diameter of the holes in the metal grid.

3. How do the holes in the grid compare to the wavelength you calculated? With this in mind, what
do you think this grid is for?

What did you find?

2.45 GHz = 2.45 x 10° Hz
c=fxA

Sy C
A=

300 000 000 m.s!

2.54 x 10° Hz
=0.122 m

=122 mm

2. The diameter of the holes in the grid should be about 1 mm.

3. The holes are much smaller than the wavelength of the microwaves. Therefore, the grid effectively
stops all the microwaves from escaping from the oven, reflecting them back inside the oven but
the holes still allow you to see how your food is doing.

Cooking food is not all that microwaves are good for. Microwaves are also the basis of radar. Radar is a
detection system that uses the reflection and doppler shift of EM radiation in the microwave range to
determine the distance, angle, or speed of objects. It can be used to detect aircraft, ships, spacecraft, guided
missiles, motor vehicles, weather formations, and terrain. Special radar systems are used to map the Earth
and other planets. The smaller the wavelength used, the greater the detail that can be produced.

We noted above that the higher the frequency of the EM radiation, the more information it can carry. This
is exploited in microwave-based communications, like satellite systems and internet backbones. But higher
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frequencies mean lower wavelengths and so microwave communications require ‘line of sight’. The receiver
must be able to ‘see’ the transmitter without having any obstacles in the way.

e
. i|'|l;:’ L‘

Figure 7: A microwave communications tower

Infrared radiation

Infrared means ‘below red’ and includes those frequencies just below visible light and the upper end of the
microwave range (although there is some overlap). When we think of infrared, we tend to think of night-
vision scopes. These devices can detect the infrared radiation that is emitted by warm and hot objects.

Infrared radiation is produced by thermal motion — the vibration and rotation of atoms and molecules. The
hotter something is, the more the atoms and molecules within it vibrate, the more infrared radiation it
emits. The Sun, being really hot, emits a huge amount of infrared radiation. About half of the EM radiation
received from the Sun is in the form of infrared radiation.

Half of this is absorbed by the Earth and then radiated back into space. Water molecules (H,O) and carbon
dioxide (CO,) molecules are especially good at absorbing and re-emitting infrared radiation. Therefore,
most of the radiation emitted from the Earth is absorbed by COy, and H,O in the atmosphere and then
radiated back to Earth or into outer space. This radiation back to Earth is known as the greenhouse effect
but is generally a good thing. Without it, the surface temperature of the Earth would be about 40°C lower.
However, the more CO, and HyO is in the atmosphere, the more radiation is absorbed and re-emitted back
to Earth which seems to be resulting in higher global temperatures.

Visible light

About 44 of the EM radiation from the Sun is in the visible light range of 750 nm and 400 nm. Given the full
spectrum that spans about 20 orders of magnitude, this is a very narrow band indeed. As figure 8 shows, we
perceive light with the lowest frequency as red and light with the highest frequencies as violet. When the
full spectrum is viewed together, we perceive white.
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Figure 8: The visible light part of the EM spectrum

A common application of EM radiation in this part of the spectrum is Light Amplification by Stimulated
Emission of Radiation (LASER). Not all lasers produce EM radiation in the visible spectrum, but many do (see
figure 9).
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Figure 9 Types of lasers with their operating wavelengths

Lasers are unique in that they produce EM radiation that is coherent. That means that the light produced is
in a very narrow range of frequencies and intensities. Figure 10 shows the difference between several light
sources. We can see that the light from a helium-neon laser (D) has a very narrow band of frequencies in it.
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Figure 10: The very narrow spectrum of frequencies in a red light helium-neon laser (D) compared to other
light sources

Lasers can be found everywhere — from CD players and pointers to, satellite coommunication systems, eye
correction surgery, industrial cutting and distance detection.

To find out more about how laser light is created, watch the video called How a Laser Works.

How a Laser Works (Duration: 04.53)

Ultraviolet light

Ultraviolet (UV) means ‘above violet’ and extends from the highest frequency of visible light. The ultraviolet
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spectrum includes waves from about 400 nm to 10 nm in wavelength. Some of the Sun’s radiation is in the
UV spectrum and is split into three categories:

UV-A (320 — 400nm) — lowest energy
UV-B (290 — 320nm)
UV-C (220 — 290nm) — highest energy.

Almost all UV-B and UV-C is absorbed by the ozone layer. Repeated and extensive exposure to any UV
radiation can lead to skin cancer and other conditions such as cataracts. Exposure to UV radiation suffered
by blast furnace workers in England in the late 1800s led many to become blind and the invention of the
very first pair of sunglasses.

Staying in the shade, wearing protective clothing and wearing sunscreen are all effective ways of preventing
over-exposure to UV radiation. However, some exposure is beneficial. UV-B, for example, stimulates the
production of vitamin D, important for the prevention of some kinds of cancers and in general mood

regulation.

UV radiation is typically used to sterilise objects and surfaces. In many clinics in South Africa, UV lamps are
used to kill airborne pathogens especially those causing Tuberculosis (TB).

R\ W\ TRAN

Figure 11: A UV lamp to kill airborne bacteria

X-rays

While the low-frequency end of the X-ray range overlaps with the ultraviolet, X-rays extend to much higher
frequencies (and energies). They are created by very high voltage discharges into rarefied low pressure
gasses. They were called X-rays because the scientists who discovered them did not know what they were.

Like UV radiation, X-rays have enough energy to damage living organisms. However, because they have
higher energies, X-rays can penetrate deeper into the body than UV radiation. But used under controlled
and targeted conditions, this same energy and penetration power can be used to kill cancer cells and ‘see’
inside the body. X-rays pass more easily through the soft tissues of the body than cartilage and bone. This
difference is then processed to produce the X-ray image we are all familiar with (see figure 12).
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Figure 12: A typical X-ray image

X-rays have wavelengths less than 0.01 nm. Therefore, they can also be used to detect the shapes of
molecules based on how the radiation diffracts off the molecule. This kind of X-ray diffraction was most
famously used by Francis Crick and James Watson in determining the shape of the DNA double-helix (see

figure 13).
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Figure 13: A DNA model made by Crick and Watson

Gamma rays

Gamma rays are classified as any EM radiation emitted by a nucleus. They have extremely high frequencies
and short wavelengths. Gamma rays are therefore even more penetrating and damaging to living
organisms but can also be used in very controlled and targeted ways such as cancer therapies or for internal
imaging. These kinds of applications fall under nuclear medicine.

Gamma rays occur naturally through a process of radioactive decay of certain materials in rocks and the soil
and through many processes in space. Whether produced on Earth or in space, gamma rays are constantly
bombarding our bodies.

Take notel!

Three rules that apply to electromagnetic waves in general are as follows:

High-frequency EM waves are more energetic and are able to penetrate more than low-frequency
waves.

High-frequency EM waves can carry more information per unit time than low-frequency waves.
The shorter the wavelength of any EM wave probing a material, the smaller the detail it is possible
to resolve.

Note that there are exceptions to these rules of thumb.

The photoelectric effect

We learnt about the dual nature of light in the previous unit. Sometimes it behaves like a wave and
sometimes it behaves like a stream of particles. For a long time, scientists thought that EM radiation was
purely a continuous transverse wave (continuous flow of energy). It seemed to do all the things that other
transverse waves do. This certainly helped to explain phenomena such as diffraction and interference.

However, in 1887 Heinrich Hertz (a German physicist and, yes, THAT Hertz) noticed that ultraviolet light,
when shone on a metal plate, could cause sparks. The energy in the light gave the electrons in the metal
enough energy to escape and the result was visible sparks.

The initial expectation was that, given enough time, EM radiation of any frequency would eventually cause
sparks on any metal and that more sparks would result from a brighter light of the same frequency. It was
thought that if the frequency or the intensity was initially too low, the electrons would gradually absorb
more and more light energy until they were able to escape and cause sparks. However, experimental results
showed this not to be the case.

Over time, it was noticed that different metals required light of different frequencies for the same effect.
Then in 1902, Philipp Lenard (@ Hungarian physicist) discovered that the maximum velocity with which
electrons are ejected by ultraviolet light is entirely independent of the intensity of the light. How could this
be? Surely the brighter the light, the more energy the electrons would be able to absorb and the greater
their escape velocity would be.

A deep paradox existed at the heart of physics that no one could explain. That is until Albert Einstein took a
break from his work on relativity. He proposed that people were thinking about the problem all wrong. He
said that the EM radiation was not behaving like a continuous transverse wave but rather like a stream of
tiny packets of energy called quanta (now called photons). All the photons in light of a particular frequency
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had exactly the same amount of energy and it did not matter if there were only a few photons (dim light) or
lots of photons (bright light).

He said that a photon gave up all its discrete energy to an electron in the metal and this is what allowed
these electrons to escape and cause sparks (see figure 14).

Incoming radiation @
% %a Electrons knocked out

@ @ @ @ oo

(_) @ @ @ @ @ waiting to be set free
@ © 00660 O

Figure 14: The photoelectric effect

For many years, scientists were very sceptical of these ideas even though they explained the observed
results very well. They were sceptical because Einstein solved the central paradox by introducing another
one —that EM radiation can behave as a wave or as a particle, it just depends on how you look at it!

It turned out that Einstein was right and that his was the correct explanation of the photoelectric effect. It
explained why:

electrons are emitted immediately when EM radiation is shone on a metal,

the intensity of EM radiation makes no difference to the maximum kinetic energy of the emitted
electrons, and

the photoelectric effect is only observed with different metals at different minimum frequencies.

@ Take note!

The photoelectric effect is the process whereby an electron is emitted by a substance when
electromagnetic radiation shines on it.

Electrons are emitted immediately when EM radiation is shone on a metal.

The intensity of EM radiation makes no difference to the maximum kinetic energy of the emitted
electrons.

Different metals required different minimum frequencies for the photoelectric effect to be
observed.
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If you have an internet connection, you should watch an excellent demonstration of the photoelectric
effect called Photoelectric Effect Demonstration.

Photoelectric Effect Demonstration (Duration: 03.04)°

The photoelectric equation

The energy needed to eject an electron from a substance is called that substance's work function (W), and
this is basically the amount of work that needs to be done to get an electron to escape. If the energy of a
photon is less than the work function, then there is no emission and no sparks. It does not matter how many

photons land on the metal, as one electron can only absorb one photon. Table 2 lists the W, values for a few
common substances.

3. Special Permission Obtained - https:/www.dropbox.com/s/wgxhxg68zmawly8/

STEM%20Learning%20copyright_%20permission%20Photoelectric%20Effect%20Demonstration.pdf?dI=0
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Table 2: W_0 of some common substances

Element Work Function(eV)
Aluminium 4.08
Beryllium 5.0
Cadmium 4.07
Calcium 29
Carbon 4.81
Cesium 21
Cobalt 50
Copper 4.7

Gold 51

Iron 4.5

Lead 414
Magnesium 3.68
Mercury 4.5
Nickel 501
Niobium 4.3
Potassium 2.3,2.29
Platinum 6.35
Selenium 51

Silver 4.26-4.73
Sodium 2.28,2.36
Uranium 36

Zinc 4.3

Note that the units in the table are given as electron volts (eV) where 1 eV = 1.6 x 107! J.

Remember, each photon has a discrete and fixed amount of energy depending on the radiation’s
c

frequency. These two quantities are related by Planck’s constant in the equation E = hf or (E = h - Y

This is why there is a minimum frequency of EM radiation required for different substances with different
work functions. We call this minimum frequency the cut-off (or threshold) frequency (f;). Therefore, we can
say that Wy = hf,.

Take note!

The work function (Wy) is the minimum energy needed to knock an electron out of a metal. As it is
energy, it measured in joules (J).

The cut-off frequency (f;) is the minimum frequency of EM radiation needed to achieve the work
function for a particular substance.

Now, we also know that energy is conserved. Any energy in a photon in addition to that required to achieve
the work function goes into the electrons escape velocity or kinetic energy (Ek). This excess photon energy
is actually the maximum kinetic energy (Exmqz) of an electron emitted right on the surface of the substance.
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Electrons further down need additional energy to reach the surface before being ejected and so there is not
the full excess amount available as kinetic energy.

We can therefore represent the total energy of a photon (E) that emits an electron for a given substance as:
E =Wy + Exmaz OFf Exmaz = hf — Wy (remmember that E = hf)

This is the photoelectric equation.

Take note!

The photoelectric equation is:
E= WO + EKmaa:

Or

Exmez = hf - Wy

Note

If you have an internet connection watch the video called Photoelectric effect for an excellent summary
of all we have discussed.

Photoelectric effect (Duration: 10.23)

p Example 3.1

UV light (A = 245 nm) is shone on a sodium surface (W, = 4.41 x 1071 J). What is the maximum kinetic
energy an emitted electron can have?

Solution
We need to calculate the maximum kinetic energy i.e Exmaz-

Exmez = hf — Wy but we have been given the wavelength not the frequency. Therefore, we can change

C
the equation to Exmez = h - e Wo.
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Wy =69%x10"%J
A =245 nm = 245 x 10° m
h=6.63x1073 JHz !
¢ =300 000 000 m.s™*
Exmaz = h - % - Wy
300 000 000 m.s !
245 x 107° m

—69x107Y7J

v Exmas = 6.63 x 10734 J Hz L.
=122x1019J

Therefore, the maximum kinetic energy that any emitted electron can have will be 1.22,10719 J.

p Example 3.2

UV light (f = 4.6210% Hz) is incident to a sodium surface (W, =4.41 x 10~ J). Would any surface
electrons be emitted?

Solution

We need to determine if the energy in a photon is greater than the work function.

f=4.6 x 10" Hz
h=6.63 x 1073* J.Hz !

E=nhf
. E=6.63x10"% JHz ' x 4.6 x 10'® Hz
=3.05x10718 ]

Therefore, electrons will be emitted as the energy of each photon is greater than the work function of
sodium.

Exercise 3.1

Question 1 adapted from Everything Science Grade 12 Worked Example 3: Photoelectric effect

1. A metal surface is illuminated with ultraviolet light of wavelength 330 nm. Electrons are emitted
from the metal surface. The minimum amount of energy required to emit an electron from the

surface of this metal is 35210719 J.
Name the phenomenon illustrated above.

b. What is the term for ‘the minimum amount of energy required to emit an electron from the
surface'?

Calculate the frequency of the ultraviolet light.

d. Calculate the kinetic energy of a photoelectron emitted from the surface of the metal when
the ultraviolet light shines on it.

e. The intensity of the ultraviolet light illuminating the metal is now increased. What effect will
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this change have on the kinetic energy of the emitted photoelectrons? (Write down only
INCREASES, DECREASES or REMAINS THE SAME.)

f. The intensity of the ultraviolet light illuminating the metal is now increased. What effect will
this change have on the number of photoelectrons emitted per second? (Write down only
INCREASES, DECREASES or REMAINS THE SAME.)

2. Alight of an unknown wavelength is incident to silver foil. The light has only enough energy to
eject electrons from the silver foil but not enough to give them kinetic energy.

a. Ifthe same light is incident on copper foil, would electrons be ejected? (W, = 7.52107*° J)
b. Ifthe same light is incident on silicon, would electrons be ejected? (W, = 1.821071 J)
If the intensity of the light on the silver foil is increased, what happens?

d. Ifthe frequency of the light incident on the silver foil is increased, what happens?

The full solutions are at the end of the unit.

Summary

In this unit you have learnt the following:

Every part of the EM spectrum has practical applications.

Laser stands for Light Amplification by Stimulated Emission of Radiation.

Laser light is unique in that it is coherent — all the light is in phase and of a very similar wavelength and
frequency.

The photoelectric effect was key to helping scientists understand the dual nature of EM radiation -
that it can behave like a continuous transverse wave and like a stream of particles called photons.
The photoelectric effect occurs when the energy in photons of EM radiation is sufficient to knock
electrons out of a substance.

The work function (W}) is the minimum amount of energy required for a substance to emit an
electron.

The cut-off frequency or threshold frequency (f,) is the minimum frequency of EM radiation required

for the photoelectric effect to occur.
The photoelectric equation is E = Wy + Exmaz O Exmez = hf — Wp.

Unit 3;: Assessment

Suggested time to complete: 25 minutes
Question 1 adapted from NC(V) Physical Sciences Paper 1 November 2019 question 11

1. Ultraviolet light with a frequency of 3,101° Hgz strikes a metal surface and ejects photoelectrons that
have a maximum kinetic energy of 9,762,107 J.

Calculate the minimum amount of energy required to emit an electron from the metal.
b. Calculate the threshold frequency of the metal.

c. What effect will an increase in frequency have on the: (only write INCREASES, DECREASES or NO
EFFECT)

i. speed of the photoelectrons?
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ii. number of photoelectrons released?

d. Explain how the intensity of the incident light affects the number of photoelectrons ejected from
the metal surface.

Question 2 adapted from NC(V) Physical Sciences Paper 1 February 2019 question 11

2. Ultraviolet light with a wavelength of 280 nm is shone on a metal surface. Electrons are emitted from

the metal surface. The minimum amount of energy required to emit electrons from the surface of the
metal is 35210719 J.

a. What is the NAME given to the minimum amount of energy required to emit electrons from the

surface of the metal?
b. Calculate the frequency of the ultraviolet light.
c. Calculate the kinetic energy of the electrons emitted from the surface of the metal.

The intensity of the ultraviolet light illuminating the metal is decreased. What effect will this have
on the following: (write down only INCREASES/ DECREASES/REMAINS THE SAME)

i. the kinetic energy of the emitted electrons?

ii. the number of electrons emitted per second?

The full solutions are at the end of the unit.

Unit 3;: Solutions

Exercise 3.1

a. Thisis the photoelectric effect.

b. The work function.

C.
A=330nm =330x10"" m
¢ =300 000 000 m.s!
c=fxA
C
f= 3
~ 300 000 000 m.s™*
330 x 107 m
=9.09 x 10% Hz
d.

Wy =35x10""7J
f=9.09 x 10 Hz
h=6.63x107% J.Hz !
Exmae = hf — Wy
=6.63x 1073 JHz ! x9.09 x 10®° Hz —3.5x 107 J
=6.03x 10" J

e. REMAINS THE SAME
f. INCREASES
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a. No. The work function of copper is greater than silver. Therefore, the photons would need to have
more energy to eject electrons from copper.

b. Yes. The work function of silicon is less than silver. Therefore, the photons would have enough
energy to eject electrons from silicon.

c. More electrons per second are emitted but they have the same maximum kinetic energy.

d. The same number of electrons would be emitted per second but each of these would have greater
maximum kinetic energy.

Back to Exercise 3.1

Unit 3: Assessment

a.
f=3x10" Hz
h=6.63x 107 J.Hz !
E=hf
S E=6.63x10% JHz ' x 3 x 10" Hz
=1.989 %1078 J
Exmaz = 9.76 x 1071° J
E= WO + EKmaw
WO =F— EKmaz
=1.989 %1078 J—-9.76 x 1071° J
=10.13x 107 J
b.
E=10.13x10""°7J
h=6.63 x 107%* J.Hz !
E=hf
E
= n
1013 x 1077 J
6.63 x 1073 J.Hz !
=1.53 x 10" Hgz
C.
i. Increase
ii. No effect

d. The greater the intensity, the more photons hit the material per second. The more photons that hit
the material, the more electrons will be emitted by the material.

a. Work function

b.
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A =280 nm =280 x 10°° m
c=3x10® ms!
c=fxA
c
.f—x
3x 108 ms!

280 x 107° m
=1.07 x 10" Hz

h=663x10"37J
Wy =35x10"%J
f=1.07 x 10" Hz
Exmae = hf — W
=6.63x 1073 J x 1.07 x 10" Hz — 3.5 x 1071 J
=359%x1071°J

i. Remains the same

ii. Decreases

Back to Unit 3: Assessment
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SUBJECT OUTCOME VI

ELECTRICITY AND ELECTRONICS: STATE,
EXPLAIN AND APPLY PRINCIPLES USED
IN ELECTRODYNAMICS

@ Subject outcome

Subject outcome 4.1: State, explain and apply principles used in electrodynamics

Learning outcomes

Identify and differentiate between stationary and moving electrical machines (transformer,
generator, and motor)

Describe the efficiency of stationary and moving electrical machines

Define single-phase and three-phase and identify its applications.

Define and calculate energy transfer in an electrical circuit.

Define and calculate electrical power and identify its application on tools, etc.

Determine the relationship between current, pd, resistance and power.

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Identify and differentiate between stationary and moving electrical machines (transformer
generator and motor).

Describe the efficiency of stationary and moving electrical machines.

Define single-phase and three-phase.

Identify the applications of single- and three-phase electricity.

‘?’ Unit 2 outcomes

By the end of this unit you will be able to:

Define and calculate energy transfer in an electrical circuit.

Electricity and electronics: State, explain and apply
principles used in electrodynamics | 221



Define and calculate electrical power.
Identify the application of power on tools, etc.
Determine the relationship between current, pd, resistance and power.
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Unit 1. Generating electricity

LEIGH KLEYNHANS

Unit outcomes

By the end of this unit you will be able to:

Identify and differentiate between stationary and moving electrical machines (transformer,
generator and motor).

Describe the efficiency of stationary and moving electrical machines.

Define single-phase and three-phase.

Identify the applications of single- and three-phase electricity.

What you should know

Before you start this unit, make sure you can:

Describe and apply electromagnetic induction to produce current by using a changing magnetic field.
Refer to level 3 subject outcome 4.2 unit 2 if you need help with this.

Describe how electromagnetic induction is applied in dynamos and transformers. Refer to level 3
subject outcome 4.2 unit 2 if you need help with this.

Introduction

An electrical machine transforms energy. This can be either electrical energy converted into mechanical
energy which happens in a motor or the conversion of mechanical energy into electrical energy which
happens in a generator. A transformer is also an electrical machine that converts voltage and current
to different levels. You have already learnt how generators and transformers apply the principle of
electromagnetic induction in their operation. In this unit we will classify electrical machines according to
whether they involve moving parts or not, as well as introduce the principle of single- and three-phase
electricity.

Types of electrical machines

Electrical machines are classified into two main types:

stationary electrical machines
dynamic (moving) electrical machines.

Stationary electrical machines

A stationary electrical machine is a machine which does not have any moving parts. The components
remain stationary throughout its operation.
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A transformer is an example of a stationary electrical machine. It is a machine because there is a conversion
of energy between the windings (turns) of the transformer. Electrical energy is converted into magnetism
in one coil of the transformer and then the magnetism is converted back into electrical energy in the other
coil. The ratio of the number of turns in the primary coil to the number of turns in the secondary coil
determines how this process increases or decreases the AC voltage and current levels.

The primary and secondary coils are both wound around a stationary iron core. There are no moving parts
involved in the energy transformation. It is the varying AC current in the primary winding, which creates a
varying magnetic flux in the iron core of the transformer. This varying magnetic flux induces an emf in the
secondary winding of the transformer, resulting in an AC current at the output.

A
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Figure 1: A typical construction of a simple transformer with two coils wound on a
ferromagnetic core; there are no moving parts

Many cell phones, laptops, video games, power tools, and small appliances have a transformer built into
their plug-in unit that changes 120 V or 240 V into the voltage required by the device.

Dynamic (moving) electrical machines

Dynamic electrical machines consist of moving parts as well as stationary parts. There are two types of
dynamic electrical machines: generators and motors.

Generators are electrical machines which convert mechanical energy into electrical energy. You have learnt
about Faraday's law, which states that a conductor placed inside a varying magnetic field will experience an
induced emf. In other words, moving a conductor in a static magnetic field will induce emf in the conductor
and current electricity will be produced.
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Figure 2: A simple generator

When the coil in the generator in figure 2 is rotated, the magnetic flux changes from a maximum to
zero, inducing an emf, which drives a current through an external circuit. The moving part is the coil that
is rotated inside the magnetic field. The source of mechanical energy that turns the coil can be falling
water (hydropower), rising steam produced by the burning of fossil fuels, or the kinetic energy of wind. The
resultant induced current (electrical energy) flows through the conductor.

A motor is a dynamic electrical machine which converts electrical energy into mechanical energy - the
exact opposite of a generator. Electrical motors have a moving part called the rotor and a stationary part
called the stator.

Electrical motors generate a mechanical force as a result of the interaction between a magnetic field and
current in a conductor placed in the magnetic field. Motors consist of loops of wire (the rotor) in a magnetic

Unit 1: Generating electricity | 225



field (the stator). When current is passed through the loops, the magnetic field exerts a torque on the loops,
which rotates a shaft. Electrical energy is converted to mechanical energy in the process.

Figure 3: Torque (7-) on a current loop in a motor

This effect can be seen in toy cars where the rotating shaft is connected to the wheels of the car and a
battery supplies the current. Motors are also used in washing machines, tumble driers and fans to create the
rotating movement in these appliances.

, J
RS
A

1. What happens in an electric motor?
A.
B.
C.
D.
2. What happens in a transformer?
A.
B.
C.
D.
3. What happens in a generator?

A.
B
C.
D

The full solutions are at the end of the unit.

Exercise 1.1

An electric motor transforms electrical energy into mechanical energy.
An electric motor transforms mechanical energy into electrical energy.
An electric motor transforms chemical energy into mechanical energy.

An electric motor transforms mechanical energy into chemical energy.

A transformer transforms electrical energy into mechanical energy.
A transformer transforms magnetism into electrical energy.
A transformer transforms chemical energy into mechanical energy.

A transformer transforms mechanical energy into chemical energy.

A generator transforms electrical energy into mechanical energy.
A generator transforms mechanical energy into electrical energy.
A generator transforms chemical energy into mechanical energy.

A generator transforms mechanical energy into chemical energy.
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Efficiency of electrical machines

Efficiency is a measurement of how well a machine carries out the transformation of energy from one kind

into another. It is the ratio of the output energy to the input energy, expressed as a percentage.

o output energy
%Ef ficiency = ———— x 100
input energy
It is simply not possible to make a machine 100% efficient. There will always be some wasted energy. This

means conversion into types of energy other than the type of energy required from the machine.

In dynamic electrical machines (motors and generators) the moving parts will experience friction resulting
in some conversion of energy into heat. Friction results from surfaces rubbing together. Friction can be
minimised by using bearings or lubricants such as grease, oil, or fine powder. This will reduce the amount of
wasted energy.

Efficiency in a dynamic electrical machine can also be reduced by what is referred to as windage. Windage
results from the rotating parts driving air around a motor, inside or out. Fans inside a motor increase the
windage but help to dissipate heat, so it has an advantage as well as a disadvantage.

In stationary electrical machines (transformers), there is no loss of energy as a result of friction because
there are no moving parts. An ideal transformer would therefore be 100% efficient. However, in practice,
energy is dissipated due to resistance in the wires of the windings and to magnetic effects in the core.
Transformers are, in general, highly efficient, and large power transformers in the national grid may attain
efficiencies as high as 99.75%. Small transformers such as those that power consumer electronics may
be about 85% efficient. The small percentage of dissipated energy is in the form of heat. You may have
experienced this when you touch a transformer after a device has been operating for some time, it will feel
warm.

Regardless of which type of electric machine is chosen for a particular job, efficiency is important for several
reasons. Firstly, and perhaps most obvious, a less efficient machine will cost more to operate. Secondly,
the energy ‘losses’ in the machine are converted to heat, which raises the operating temperature of the
machine. The life of insulation is strongly related to the operating temperature. Thus, the machine must be
designed to tolerate the heat created.

1. How is efficiency of an electrical machine calculated?

2. Complete the following table:

Type of electrical machine Primary type of output energy Type of wasted energy

motor

generator

transformer

The full solutions are at the end of the unit.

Single and three-phase electricity supply

Single phase electricity supply refers to when there is one conducting wire in the AC current circuit. This
is the kind of electricity supply from a generator as illustrated in figure 2 and the operation of which you
have studied in a previous unit. As the coil is rotated through the magnetic field, an emf, and consequently
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a current, is induced. Because the change in the magnetic flux is not constant, the induced emf and current
are not constant, but fluctuate at a regular frequency. This can be represented in a graph as illustrated in
figure 4.

L)

N T TN T T o
LA TR A

Figure 4: A graph to illustrate the changing induced emf (voltage) in a
generator

The disadvantage of single-phase electricity, as seen in the graph in figure 4, is that twice every cycle the
voltage will be zero. This problem can be solved by using a generator with three coils, each at 120° to each
other and all rotating through the magnetic field.

3 Phases

Commo
N
Figure 5: A generator producing three-phase
electricity

As a result of this set-up, the electric current is carried in three separate conducting wires; P1, P2 and P3,
referred to as three-phase. At no time will there be zero voltage, and the supply is relatively constant.

Voltage (V)
or
Current (l)

0 Time (s)

Figure 6: A graph of three-phase electricity
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The

graph shows the three separate wave forms for each conducting wire.

Residential homes are usually served by single-phase power supply, while commercial and industrial

facil

ities usually use three-phase supply. The key difference between single-phase and three-phase is that

three-phase better accommodates higher loads. Single-phase is sufficient for lighting and heating,
however, three-phase would be required to run large electric motors. Three phase supply is also more
efficient than single-phase. Single phase AC has the advantage that it only requires two wires.

1.
2. Define three-phase electricity supply.

3. Give an example of where single-phase and where three-phase electricity supply would be used.

The full solutions are at the end of the unit.

Exercise 1.3

Define single-phase electricity supply.

Su

mmary

A stationary electrical machine is a machine which does not have any moving parts. The components
remain stationary throughout its operation. An example is a transformer.

Dynamic electrical machines consist of moving parts as well as stationary parts. Examples are motors
and generators.

Efficiency is a measurement of how well a machine carries out the transformation of energy from one

kind into another. It is calculated using the formula:

. output energy
%Ef ficiency = ———— x 100
input energy

No electrical machines will be 100% efficient because of the conversion of some electrical energy into
heat energy during operation.

Moving electrical machines will be less efficient than stationary electrical machines because of friction
between moving parts.

Single-phase electricity supply uses a single conducting wire, the voltage and current fluctuate and
can be represented in a single wave form.

Three-phase electricity supply uses three conducting wires to supply current in order to keep the
current consistent. It is represented in a triple wave form.

Single-phase electricity is used when the demand of the load is low and three-phase electricity is used
in high demand situations.

Unit 1;: Assessment

Suggested time to complete: 15 minutes

—

A WN

What makes stationary electrical machines different fromm moving electrical machines?
Why are transformers classified as stationary electrical machines?
State three sources of mechanical energy used to rotate the moving parts of a generator.

Name the component of a motor that:
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a. isstationary
b. is moving.
5. Why are electrical machines not 100% efficient?
6. Why would it be important to know the efficiency of an electrical machine?
Tabulate the features of single-phase and three-phase electricity supply under the following headings:
operation, wave form, construction, efficiency, cost, and applications.

The full solutions are at the end of the unit.

Unit 1; Solutions

Exercise 1.1

NN
w w >

Back to Exercise 1.1

Exercise 1.2

The ratio of the output energy to the input energy converted to a percentage; use the formula:
output energy

1.
x 100

%Ef ficiency = —
input energy
2.
Type of electrical machine Primary type of output energy Type of wasted energy
motor kinetic/mechanical heat
generator electrical heat
transformer electrical heat

Back to Exercise 1.2

Exercise 1.3

Single-phase electricity supply uses a single conducting wire, the voltage and current fluctuate and

can be represented in a single wave form.
Three-phase electricity supply uses three conducting wires to supply current in order to keep the
current consistent. It is represented in a triple wave form.

3. Single-phase: homes, shops, offices for heating and lighting
Three-phase: factories, industrial plants using heaving machinery

Back to Exercise 1.3
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Unit 1: Assessment

1. There are no moving parts in a stationary electrical machine, whereas a moving electrical machine has
both moving and static parts.

2. Transformers have no moving parts.

3. falling water, rising steam, wind

a. stator
b. rotor

5. Not all the input energy is converted into output energy. Some energy is used to overcome friction in
the moving parts and is transformed into heat.

6. The efficiency gives an indication of how much energy is converted into useful energy and how much
will be wasted during operation of the machine.

7.
Feature Single-phase Three-phase
Operation Uses a single conductor Uses three conductors
Wave cycle Only one wave cycle Three wave cycles
Construction Simple Complex
Efficiency Lower Higher
Cost Lower Higher
Applications Low loads — houses, offices Very high loads — machinery

Back to Unit 1: Assessment

Media Attributions

imgO01_Figurel © OpenStax is licensed under a CC BY (Attribution) license

img02_Figure2 © OpenStax is licensed under a CC BY (Attribution) license
img03_Figure3 © OpenStax is licensed under a CC BY (Attribution) license
img04_Figure4 © OpenStax is licensed under a CC BY (Attribution) license
imgO05_Figure5 © OpenStax is licensed under a CC BY (Attribution) license
img06_Figurec © OpenStax is licensed under a CC BY (Attribution) license

Unit 1: Generating electricity | 231



https://www.dropbox.com/s/0nfz7dt6dtp987o/img01_Figure1.png?dl=0
https://openstax.org/books/physics/pages/20-2-motors-generators-and-transformers
https://creativecommons.org/licenses/by/4.0/
https://www.dropbox.com/s/kilbr3dm5voqvod/img02_Figure2.png?dl=0
https://openstax.org/books/physics/pages/20-2-motors-generators-and-transformers
https://creativecommons.org/licenses/by/4.0/
https://www.dropbox.com/s/d0w9wgyw509clti/img03_Figure3.png?dl=0
https://openstax.org/books/physics/pages/20-2-motors-generators-and-transformers
https://creativecommons.org/licenses/by/4.0/
https://www.dropbox.com/s/scvw983bto5j8ww/img04_Figure4.png?dl=0
https://openstax.org/books/physics/pages/20-2-motors-generators-and-transformers
https://creativecommons.org/licenses/by/4.0/
https://www.dropbox.com/s/902kfj2qu56yhob/img05_Figure5.png?dl=0
https://openstax.org/books/physics/pages/20-2-motors-generators-and-transformers
https://creativecommons.org/licenses/by/4.0/
https://www.dropbox.com/s/6m2wh4bzko7dzgw/img06_Figure5.png?dl=0
https://openstax.org/books/physics/pages/20-2-motors-generators-and-transformers
https://creativecommons.org/licenses/by/4.0/




Unit 2: Energy transfer in electrical
circuits

LEIGH KLEYNHANS

Unit outcomes

By the end of this unit you will be able to:

Define and calculate energy transfer in an electrical circuit.

Define and calculate electrical power.

Identify the application of power on tools, etc.

Determine the relationship between current, pd, resistance and power.

What you should know

Before you start this unit, make sure you can:

Identify components in electrical circuits. Refer to level 3 subject outcome 4.3 unit 2 if you need help
with this.

Identify the relationship between current, voltage and resistance in electrical circuits. Refer to level 3
subject outcome 4.3 unit 1 if you need help with this.

Introduction

In this unit you will be learning about energy transfer in electrical circuits as well as applying the principle of
power to electrical circuits.

Energy transfer in electrical circuits

A source of energy is required to drive current round a complete circuit. This is provided by batteries or an
electrical generator. The energy is used to do work on the electrons in the circuit. The emf of the battery or
the induced emf in a generator is the total energy supplied per coulomb of charge. It is also referred to as
potential difference as the electrical potential energy of the charge changes as it moves through the battery
or coils of the generator.

. . w
This can be written asa formula: V = —
q

Where:

V is the voltage (emf) in volts
W is the work (energy) in joules (J)
g isthe charge in coulombs (C)

For example:
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A 4.5 V cell supplies 4.5 J of electrical energy to every coulomb of charge that passes through the cell.
A9 V cell supplies 9 J of electrical potential energy to every coulomb of charge that passes through
the cell.

p Example 2.1

Calculate the energy transferred by 10 C of charge as it passes through a 12 V battery.

Solution

Step 1: Write down the given information and check the units

qg=10C
V=12V
W=7

Step 2: Write down the formula, substitute the values and solve

W =Vq
= 12x 10
= 120J

Exercise 2.1

Calculate the emf of a battery if it supplies 250 J of energy when 10 C of charge pass through it.
Calculate how much energy is transferred when (.5 C of charge passes through a cell of 6 V.

Thefull solutionsare at the end of the unit.

Power in electrical circuits

As charges pass through resistors in an electrical circuit the electrical energy they carry is transformed into
other types of energy in the resistors. Power is a measure of how rapidly this energy transformation or work
is done, and is defined as the rate at which the work is done, or work done per unit time. Work is measured
in joules (J) and time in seconds (s) so power will be J.s which we call a watt (W). The following formula can

be used to calculate power:

P
At
Where:

W is the work/energy in joules (J)
At is the time in seconds (s)
P is the power in watts (W)
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Application of power rating

Electrical appliances have a power rating which is an indication of how fast they can convert electrical
energy into other types of energy. A heater that has a power rating of 850 W means that 850 J of electrical
energy is converted into heat energy every second.

When purchasing an electrical appliance, it is important to choose the correct power rating for the purpose.
For example, if you need to heat a large room, it would be better to buy a heater with a power rating of
2 000 W rather than one with a power rating of 1 000 W as the rate at which electrical energy is transformed
into heat energy is double in the heater with the higher power rating. However, you need to bear in mind
that the electricity consumption and therefore the cost of running the higher rated heater will be double
that of the one with the lower power rating.

As another example, a battery-operated drill may have a power rating of 400 W whereas one using mains
supply may have a power rating of 1 000 W. If you are drilling holes in soft wood, the battery-operated drill
may supply sufficient mechanical energy per second, however, if you are drilling into concrete, the energy
provided per second would not be sufficient and you would be better advised to use the higher rated drill.

Using multiple appliances with high power ratings at the same time may overload circuits and cause the
electricity supply to trip.

p Example 2.2

Calculate the power of a hairdryer that can convert 192 kJ of energy in two minutes.

Solution
Step 1: Write down the given information and check the units

W=192kJ =192 x 10° J
At = 2 mins. = 120 s
P=7

Step 2: Write down the formula, substitute the values and solve

W
At
192 x 10°

120
1 600 W

P

1. How long will it take a kettle to produce 3 x 108 J of energy if it has a power rating of 1 500 W?
2. How much mechanical energy is produced by a fan with a power rating of 400 W in one hour?

3. Two light bulbs, one rated at 200 W and the other at 60 W are available to light a dark parking area.
Explain which light bulb should be chosen.

Thefull solutionsare at the end of the unit.
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The relationship between current, voltage (PD), resistance and power

The energy used by a component in a circuit with a particular resistance (R) depends on the potential
difference (V) across the component, the current (J) through it and the length of time (At) for which the
current flows. The relationship between these variables is given in the following formulae:

2
W =VIA W = I’RAt W%At

The relationship of these variables with the power of the component can be determined by combining
these formulae with the defining formula for power:

P:EorW = PAt
At

This gives three formulae that can be used to calculate the power of an electrical component:

V2
"R

P=VvI P=1IR P

All these formulae are very useful when determining the relationship between the variables in an electrical
appliance.

These relationships are:

From P = VI, the power is directly proportional to the voltage and the current.

From p — 12 R, the power is directly proportional to the square of the current and the resistance.
2
From p — V_ power is directly proportional to voltage and inversely proportional to resistance.
R

d©) Example 2.3

The resistance of a resistor is 27 Q and the currentis 3.3 A. How much energy is dissipated in the resistor
in 35 s?

Solution

Step 1: List the given information and check the units

I=33A
R=27Q
At=35s
W=7

Step 2: Choose the correct formula
W = I’RAt
Step 3: Substitute the values and calculate the answer

W = (3.3)%(27)(35)
= 10 291.05 J
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p Example 2.4

A kettle connected to a 220 V power supply and a resistance of 50 ) takes three minutes to boil water.
How much energy is used?

Solution

Step 1: List the given information and check the units

V=220V

R =100 Q

At = 3 minutes = 180 s
W =7

Step 2: Choose the correct formula

2
w = At
R

Step 3: Substitute the values and calculate the answer

2207
50
= 174240 J

p Example 2.5

Given that a circuit component has a voltage of 5 V and a resistance of 2 ), calculate the power of the
component.

w

(180)

Solution

Step 1: List the given information and check the units

V=5V
R=2Q
P =7

Step 2: Choose the correct formula

VZ
"R

P

Step 3: Substitute the values and calculate the answer

52
)
= 125 W

P
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p Example 2.6

A resistor has a resistance of 15 ) and the current through it is 400 mA. What is the power of the
resistor?

Solution
Step 1: List the given information and check the units

I=400 mA =04 A
R=150Q
P =7

Step 2: Choose the correct formula
P=T’R
Step 3: Substitute the values and calculate the answer

P = (0.4%)(15)
= 24 W

Summary

Batteries and generators supply energy to electrical circuits.

The emf of a battery or generator is defined as the total energy supplied per coulomb of charge. It can

be calculated using the formula: V = K
q

Power is the rate at which energy is transferred or transformed. It can be calculated using the formula:

t

Power is measured in the units watts (W) which are equivalent to J g~1.
The energy transformed by a component in an electrical circuit is determined by the voltage across it,
the current flowing through it and its resistance. The following formulae can be used to calculate this
energy transformation:

V2
W =VIAt W = I’RAt W= FN'
The following formulae show the relationship between the power, the voltage, the current and the
resistance of an electrical device:

V2
P=VI P=1I’R P:f

Unit 2; Assessment

Suggested time to complete: 30 minutes

1. Energy of4 x 103 Jis used to move 9 x 10° C of charge from one pointin a circuit to another point.
What is the potential difference between the two points?

2. A battery has a potential difference of 6 V. When it is connected into a circuit, 3 C of charge flows
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10.

.

12.

through a conductor. Calculate the energy transferred to the conductor.

A current of 0.5 A flows through a conductor for 5 s. During that time, 5 J of energy are transferred to
the conductor. Calculate the potential difference across the conductor.

A resistor of 5 () has a current of 0.2 A passing through it for five minutes. Calculate the energy
transferred to the resistor, by the current, during that time.

A microwave has a power rating of 800 W.

a. What does this mean?

b. If the microwave is connected to a 220 V power source, calculate its resistance.

A light bulb is rated 60 W: 220 V

a. What does this mean?

b. What current passes through the bulb when it is operating under correct conditions?
c. How much energy does the bulb transfer in 30 s?

What is the power of a 1 x 102 MV lightning bolt having a current of 2 x 104 A?

How much work is done in the starter motor of a large truck that draws 250 A of currentfroma24 vV
battery in 0.5 s?

A charge of 4 C passes through a pocket calculator’s solar cells in four hours. What is the power output,
given the calculator’s voltage outputis 3 V?

Find the power dissipated in each of these extension cords through which 5 A passes:
a. an extension cord having a 0.06 () resistance
b. acheaper cord with a resistance of 0.03 Q.

A circuit transfers 3000 J energy to a heater. If the current through the heater is 15 A and the potential
difference across it is 200 V calculate the time required for the energy to be transferred.

2
The power dissipated in a resistor is given by p — V_ which means power decreases if resistance
R

increases. Yet power is also given by p — 12 R, which means power increases if resistance increases.
Explain why there is no contradiction here.

Thefull solutionsare at the end of the unit.

Unit 2: Solutions

Exercise 2.1

w
q
250
10
25V

= 31J

Back to Exercise 2.1
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Exercise 2.2

A=
P
3 x 106

1500
= 2000 s

W=PxAt
= 400 x 3 600 (hours must be converted to seconds)
= 1 440 000J

3. The 200 W light bulb would be better as it converts 200 J of electrical energy into light energy per
second so the light would be brighter. The 60 W bulb would only convert 60 J of energy per second.

Back to Exercise 2.2

Unit 2: Assessment

Il
o
o
[\
<

0.5x5
2V

W = I’RAt
(0.2)2(5)(3000) (convert minutes to seconds)
= 60J

a. 800 J of energy is transformed per second

V2
R
V2
P
220?

800
60.5 ©

240 | NC(V) Physical Sciences 4



a. When connected to a 220 V power supply, 60 J of energy will be transformed per second.

b.
P=VI
= £
1%
_ 60
220
= 027 A
C.
W = PAt
= 60 x 30
= 1800J
7.
P=VI
= (1x10%)(2 x 10*) (convert MV to V
=2x10°W
8.
W = VIAt
= (24)(250)(0.5)
= 3000J
o,
w
V=—
q
W =Vq
= 3x4
=127
p-
At
B 12
(4 x 60 x 60)
= 833x10*W
10.
a.
P=I’R
= (5%)(0.06)
= 15W
b.
P=1I°R
= (52)(0.03)
= 0.75 W
1.
W = VIAt
At
VI
~ 3000
(200)(15)
=1s

12. Power increases if the resistance decreases only when voltage is kept constant. Power increases if
resistance increases, only when the current is kept constant.

Back to Unit 2: Assessment

Unit 2: Energy transfer in electrical circuits | 241






SUBJECT OUTCOME VIl

ELECTRICITY AND ELECTRONICS: STATE
AND APPLY PRINCIPLES AND
COMPONENTS USED IN ELECTRONICS

@ Subject outcome

Subject outcome 4.2: State and apply principles and components used in electronics

Learning outcomes

Define capacitance and inductance and the application thereof.

Describe semiconductors.

Identify intrinsic properties and doping — properties by design.

Describe principles of the p-n junction.

Identify basic principles of digital electronics - logical gates.

Identify symbols and use of active circuit elements and identify components from circuit diagram.

Range: Active circuit elements are LED, diode, transistor, and operational amplifier.

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Define capacitance.
Define inductance.
Describe the applications of capacitance and inductance.

‘g’ Unit 2 outcomes

By the end of this unit you will be able to:

Describe semiconductors.
Identify intrinsic properties and doping — properties by design.

Electricity and electronics: State and apply principles and
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Describe principles of the p-n junction.

‘g’ Unit 3 outcomes

By the end of this unit you will be able to:

Identify basic principles of digital electronics — logical gates.
Identify symbols and use of active circuit elements and identify components from circuit

diagrams, namely:

. LEDs

. diodes

. transistors

. operational amplifiers.
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Unit 1. Capacitance and inductance

LEIGH KLEYNHANS

‘g’ Unit 1 outcomes

By the end of this unit you will be able to:

Define capacitance.
Define inductance.
Describe the applications of capacitance and inductance.

What you should know

Before you start this unit, make sure you can:

Understand the concept of electric field strength around charges and capacitance, and the calculation
of capacitance. Refer to level 3 subject outcome 4.1 unit 3 if you need help with this.

Understand the concept of electromagnetic induction. Refer to level 3 subject outcome 4.2 unit 2 if
you need help with this.

Introduction

You have already learnt that a capacitor is a device used to store electrical charge and electrical energy. In
this unit you will learn about capacitance, the amount of electrical charge and energy capacitors can store.

You have also learnt that induction is the process by which an emf is induced by a changing magnetic flux.
In this unit, you will learn that the physical quantity that determines how effective a device is in doing this is
called inductance.

Capacitance

Capacitance exists wherever conductive material is separated by insulating material. Capacitors can store
energy as an electric field.
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Figure 1: Circuit with a capacitor

The property of a capacitor to store charge on its plates in the form of an electrostatic field is called the
capacitance of the capacitor. The capacitance of a capacitor is determined by the surface area of the
conductive plates and the distance of separation between them. Altering any two of these values alters the
value of its capacitance. Because capacitors store the energy of the electrons in the form of an electrical
charge on the plates, the larger the plates and/or smaller their separation the greater the charge that the
capacitor holds for any given voltage across its plates. In other words, larger plates, smaller distance, more
capacitance.

The capacitance of a capacitor can be calculated using the following formula: ¢ = g
\%4

Inductance

Inductance is a property of a current carrying conductor to build a magnetic field. Inductance indicates
the amount of voltage that will be generated by an inductor because of changes in the rate of charge
movement through the inductor.

All conductors, such as wires, have inductance. To create an inductor, we use techniques that strengthen
a magnetic field and thereby increase inductance. A basic inductor is simply a coiled wire. Figure 2 shows
how this structure concentrates magnetic field lines.

Figure 2: An induction coil

Inductance is the property of a device that tells us how effectively it induces an emfin another device. For a
given coil, the ratio of the emf to the rate of change of the current in the coil is a measure of the inductance.

A large inductance may or may not be desirable. We want a transformer to have a large inductance, because
its purpose is to induce an emf. But an appliance, such as an electric clothes dryer, can induce a dangerous
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emf on its metal case if the inductance between its coils and the case is large. One way to reduce inductance
is to counter-wind coils to cancel the magnetic field produced.

Metal case

Heater element

:
't \

Figure 3: The heating coils of an electric clothes dryer can be
counter-wound so that their magnetic fields cancel one
another

Applications of capacitance and inductance

Voltage sources provide the energy that allows an electrical circuit to carry out its intended function.
However, a circuit is not simply divided into sources that supply energy and components that consume
energy.

Capacitors and inductors are used to store energy and can function as temporary energy sources in circuits.
Inductance and capacitance are independent properties of two different electrical components. While
inductance is a property of a current carrying conductor to build a magnetic field, capacitance is a measure
of the ability of a device to hold electrical charges.

A component’s capacitance is a critical circuit-design parameter because it influences the rate at which
voltage (or current) changes during charging and discharging. Higher capacitance means that the voltage

across a capacitor will increase more slowly (when it is charging) and decrease more slowly (when it is
discharging).

If a circuit with a capacitor is disconnected from a power supply, the capacitor will temporarily maintain
voltage. If a circuit with an inductor is disconnected from a power supply, the inductor will temporarily
maintain current. Another way of saying this is that capacitors ‘resist’ changes in voltage and inductors
‘resist’ changes in current.

Both these properties are used in various applications. For example, they are widely used in power networks,
voltage-regulator circuits, and electronic circuit filters that regulate frequency signals.
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Summary

In this unit you have learnt the following:

Capacitance is the ability of a capacitor to store charge in the form of an electric field.

Capacitance of a capacitor is dependent on the surface area of the conductive plates and the distance
of separation between them.

Inductance is the property of a device that determines how effectively it induces an emf in another
device.

Inductance is dependent on the ratio of the emf to the rate of change of the current in the coil.
Capacitance is applied in electrical circuits to ‘resist’ changes in voltage.

Inductance is applied in electrical circuits to ‘resist’ changes in current.

Examples of the application of capacitance and inductance are in power networks, voltage-regulator
circuits, and electronic circuit filters that regulate frequency signals.

Unit 1; Assessment

Suggested time to complete: 15 minutes

—_

AN

Define capacitance.
Define inductance.
Tabulate the differences between capacitance and inductance.

How are the properties of capacitance and inductance applied in electrical circuits?

Thefull solutionsare at the end of the unit.

Unit 1; Solutions

Unit 1: Assessment

1.
2.
3.

4.

Capacitance is the property of a current-carrying conductor to hold and store charge.

Inductance is the property of a current-carrying conductor to generates a magnetic field.

Capacitance Inductance

Property of a current-carrying conductor to hold and Property of a current-carrying conductor to generate a
store charge magnetic field

Based on creating an electric field Based on a magnetic field

Associated with electrical components called
capacitors which are parallel plates separated by a
dielectric

Associated with electrical components called |
inductors which are coiled current-carrying wires

‘Resist’ changes in voltage ‘Resist’ changes in current

Capacitance and inductance are used in power networks, voltage-regulator circuits, and electronic
circuit filters that regulate frequency signals.

Back to Unit 1: Assessment
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Unit 2: Semi-conductors

LEIGH KLEYNHANS

‘$’ Unit 2 outcomes

By the end of this unit you will be able to:

Describe semiconductors.
Identify intrinsic properties and doping — properties by design.
Describe principles of the p-n junction.

What you should know

Before you start this unit, make sure you can:

Explain the structure of the atom. Refer to level 2 subject outcome 5.2 unit 1if you need help with this.
Work with the properties of elements and their arrangement in the periodic table. Refer to level 2
subject outcome 5.3 units 1,2 and 3 if you need help with this.

Define the principles of bonding. Refer to level 2 subject outcome 5.4 unit 3 if you need help with this.

Introduction

The classification of substances would be easy if they could be divided simply into conductors and
insulators. However, if this was the case, we wouldn't be able to make computers, CD players, cell phones,
iPods and many other things which are part of modern life. The operation of modern technological devices
is based on substances that are classified as semiconductors. Semiconductors are defined by their unique
electric conductive behaviour, somewhere between that of a conductor and an insulator.

Atomic structure of semiconductors

To understand how semiconductors work, you must understand how electrons are organised in an atom.
You should remember from previous physical science levels that the electrons in an atom are organised in
shells or energy levels. The outermost shell is called the valence shell.

Metals tend to be good conductors of electricity because they usually have ‘free electrons’ in their valence
shells that can move easily between atoms, and electricity involves the flow of electrons.

In insulators, the electrons in the valence shell are the ones that form bonds with neighbouring atoms.
These bonds are called covalent bonds, and the electrons cannot move freely.

Carbon, silicon, and germanium have a unique property in their electron structure — each has four electrons
in its outer shell. It is possible for all the valence electrons to be shared between adjacent atoms and
the atoms arrange themselves into structures called crystals. Semiconductors are made of these crystals,
usually silicon crystals.

In figure 1, each circle represents a silicon atom, and the lines between the atoms represent the shared
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electrons. Each of the four valence electrons in each silicon atom is shared with one adjacent silicon atom.
Thus, each silicon atom is bonded with four other silicon atoms.

o o o

Figure 1: The crystal structure of
silicon

Pure silicon crystals are not useful electronically. There are no ‘free electrons’, so it is an insulator. However,
under certain conditions the crystal can conduct electricity.

Extrinsic semiconductors

The process of deliberately introducing other elements into a crystal is called doping. The element
introduced by doping is called a dopant. By carefully controlling the doping process and the dopants that
are used, silicon crystals can transform into one of two distinct types of conductors:

n-type semiconductor
p-type semiconductors.

An n-type semiconductor is created when the dopant is an element that has five electrons in its valence
layer. Phosphorus is commonly used for this purpose. The phosphorus atoms join the crystal structure
of the silicon, each one bonding with four adjacent silicon atoms just like a silicon atom would. Because
the phosphorus atom has five electrons in its valence shell, but only four of them are bonded to adjacent
silicon atoms, the fifth valence electron is left unbonded. These extra valence electrons in the phosphorous
atoms start to behave like the ‘free’ valence electrons in a regular conductor such as copper and the doped
silicon can conduct electricity. Because this type of semiconductor has extra electrons (which are negatively
charged), it is called an n-type semiconductor.
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Figure 2: Silicon doped with phosphorus to make an n-type semiconductor

A p-type semiconductor is created when the dopant (such as boron) has only three electrons in the valence
shell. When a small amount is incorporated into the crystal, the atom can bond with four silicon atoms,
but since it has only three electrons to offer, a hole is created. The hole is a vacant ‘space’ which behaves
like a positive charge (attracting electrons to it), so semiconductors doped in this way are called p-type
semiconductors.

Like a positive charge, holes attract electrons. But when an electron moves into a hole, the electron leaves
a new hole at its previous location. Thus, in a p-type semiconductor, holes are constantly moving around
within the crystal as electrons constantly try to fill them up.

Figure 3: Silicon doped with boron to make a p-type
semiconductor

A minute amount of either n-type or p-type doping turns a silicon crystal from a good insulator into a viable
(but not great) conductor — hence the name ‘semiconductor’. When voltage is applied to either an n-type or
a p-type semiconductor, current flows, for the same reason that it flows in a regular conductor: the negative
side of the voltage pushes electrons, and the positive side pulls them. The result is that the random electron
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and hole movement that is always present in a doped semiconductor becomes organised in one direction,
creating measurable electric current.

Principles of p-n junctions

N-type and p-type silicon are not that amazing by themselves; but when you put them together, you get
some interesting behaviour at the junction. This arrangement is called a p-n junction and is the basis of
electronic components called diodes.

A diode is the simplest possible semiconductor device. A diode allows current to flow in one direction but
not the other. You may have seen turnstiles at a stadium or a station that let people go through in only one
direction. A diode is a one-way turnstile for electrons. When you put n-type and p-type silicon together as
shown in figure 4, you get an interesting phenomenon that gives a diode its unique properties.

DIODE

Electron

Mo current flows
scross this junction

Battery

Figure 4: A p-n junction with the
p-type connected to the negative
terminal of the battery and the n-type
connected to the positive terminal

Even though n-type silicon by itself is a conductor, and p-type silicon by itself is also a conductor, the
combination shown in figure 4 does not conduct any electricity. The negative electrons in the n-type silicon
get attracted to the positive terminal of the battery. The positive holes in the p-type silicon get attracted
to the negative terminal of the battery. No current flows across the junction because the holes and the
electrons are each moving in the wrong direction. This arrangement is referred to as reverse biased. If you
flip the battery around, the diode will conduct electricity. The free electrons in the n-type silicon are repelled
by the negative terminal of the battery.
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DIODE

P-TYPE N-TYPE
Hole Electron

currant flows

Figure 5: A p-n junction with the n-type connected to the negative terminal of the
battery and the p-type connected to the positive terminal.

The holes in the p-type silicon are repelled by the positive terminal. At the junction between the p-type and
n-type silicon, holes and free electrons meet. The electrons fill the holes. Those holes and free electrons
cease to exist, and new holes and electrons spring up to take their place. The effect is that current flows
through the junction. This arrangement is referred to as forward biased. This property of diodes, which
allows current to flow only if they are placed in a circuit in a forward biased position, make them the
electronic version of a valve. The application of this property in electronic devices will be covered in the next
unit.

Intrinsic semiconductors

Intrinsic semiconductors do not contain any impurities. They will be insulators as there are no free electrons
to conduct electricity. However, if the substance is heated, electrons that are involved in covalent bonds can
become ‘excited’ and free themselves from the bond. This creates free electrons (negative charge carriers)
and creates holes in the position they left (positive charged areas). In this way a pure semiconductor can
start to conduct electricity when connected to a voltage source.
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Free electron
Hole

Figure 6: Silicon behaving as an intrinsic semiconductor when heated

The semiconductor will only conduct electricity when heated and will become an insulator when it cools
down.

Summary

In this unit you have learnt the following:

Semiconductors are elements that have four valence electrons forming covalent bonds between the
atoms forming a crystal.

Extrinsic semiconductors are formed by introducing small amounts of another element in a process
called doping. This allows it to conduct electricity.

If a dopant with five valence electrons is used, the semiconductor is called an n-type semiconductor.
If a dopant with three valence electrons is used, the semiconductor is called a p-type semiconductor.
Diodes are constructed by joining a p-type semiconductor to an n-type semiconductor called a p-n
junction.

Diodes allow current to flow in a circuit only when they are connected in the forward biased direction.
Intrinsic semiconductors can only conduct electricity when they have been heated and electrons in
covalent bonds become free, leaving behind positive holes.
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Unit 2; Assessment

Suggested time to complete: 20 minutes

1. Explain why elements that form semiconductors have a crystalline structure.
2. Name two substances that are classified as semiconductors.
3. Give one word for the following:
a. the process of adding impurities to create a semiconductor.
b. substances that can be used for the process in question 3 a).
4. Explain the difference between an n-type and a p-type semiconductor.
5. State whether the following would be an n-type or p-type semiconductor:
germanium doped with boron

a
b. silicon doped with phosphorus

o

germanium doped with aluminium

o

silicon doped with arsenic

a. Name the electronic component that consists of a p-n junction.
b. State how this component needs to be connected in a circuit to allow current to flow.

7. Explain how intrinsic semiconductors allow current to flow.

The full solutionsare at the end of the unit.

Unit 2; Solutions

Unit 2: Assessment

1. They have four valence electrons so will form four covalent bonds with surrounding atoms in a
symmetrical lattice pattern.

2. silicon, germanium.

a. doping
b. dopant

4. An n-type semiconductor has been doped with an element with five valence electrons creating ‘free
electrons’ not involved in covalent bonds with surrounding atoms. These electrons will be the charge
carriers when connected to a voltage source.

A p-type semiconductor has been doped with an element with three valence electrons, creating
positive holes where there is an unpaired electron. These positive holes act as charge carriers as they
attract electrons towards them when connected to a voltage source.

5.
a. p-type (boron has three valence electrons)
b. n-type (phosphorus has five valence electrons)
c. p-type (aluminium has three valence electrons)
d. n-type (arsenic has five valence electrons)
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a. diode

b. The side of the diode with the p-type semiconductor must be connected to the positive terminal of
the power source and the side with the n-type semiconductor must be connected to the negative
terminal of the power source. This is forward biased.

7. Intrinsic semiconductors do not have free electrons but heating them will cause electrons in covalent
bonds to become free. They can then become charge carriers at this higher temperature and conduct
electricity.

Back to Unit 2: Assessment
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Unit 3: Digital electronics

LEIGH KLEYNHANS

‘g’ Unit 3 outcomes

By the end of this unit you will be able to:

Identify basic principles of digital electronics - logical gates.
Identify symbols and use of active circuit elements and identify components from circuit
diagrams, namely:

- LEDs

. diodes

. transistors

. operational amplifiers.

What you should know

Before you start this unit, make sure you can:

Describe the principles of a p-n junction in diodes. Refer to level 4 subject outcome 4.2 unit 2 if you
need help with this.

Introduction

Circuits often do not only consist of a power source, conducting wires, resistors, capacitors, and inductors. In
this unit you will be introduced to further circuit components, specifically those used in electronic or digital
circuits.

What are logic gates?

Logic gates are the building blocks of digital systems. They are basically used to perform logical operations
by acting as a switch between options. A logic gate is an electronic device that creates logical decisions
depending on the various combinations of digital signals accessible on its inputs (sensors). A digital logic
gate can have more than one input signal but has only one digital output signal.

A logic gate accepts the input and operates on a required condition. If a certain condition is true, it turns
‘ON'’ (also referred to as HIGH) and goes ‘OFF’ (also referred to as LOW) when the condition is false.

The functioning of a logic gate is expressed using what is referred to as a truth table. It displays all possible
combinations of the inputs and a column against each row shows the corresponding output value. Figure 1
shows an example of logic gate circuit which has three inputs A, B, C, and single output Y.
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Figure 1: Example of logic gates using symbols
Types of logic gates
There are seven types of logic gates. They are:
NOT gate (inverter)
AND gate (multiplication)
OR gate (addition)
NAND gate
NOR gate
XOR gate
XNOR gate.
NOT gates (inverter)
The output of a NOT gate is ‘high’ if the input is ‘low’ and vice versa.
— A b

L4 1

Figure 2: Symbol and truth table of a NOT gate

AND gates (multiplication)

The output of an AND gate is ‘high’ if both the inputs are high, and the output is ‘low’ if both or either of the
inputs is ‘low’.

B Y
o 0
1 0
0 0
1 1 1

I»
|
I
-
-
L]
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o
- e

Figure 3: Symbol and truth table of an AND gate
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OR gates (addition)

The output of an OR gate is ‘high’ if both the inputs are ‘high’ or one of the inputs is ‘high’. The output is ‘low’
if both the inputs are ‘low’.

g o—Y Y=A+B 0| o

= = = | -

Figure 4: Symbol and truth table of an OR gate

NAND gates

The output of a NAND gate is ‘high’ if both the inputs are ‘low’ and if either of the inputs is ‘low’. The output
is ‘low’ if both the inputs are ‘high'.

i o Al B |
g— A=Y Y=AB 0 1
0 | 1
1 0 1
I | 0

Figure 5: Symbol and truth table of a NAND gate

NOR gates

The output of a NOR gate is ‘high’ if both the inputs are ‘low’. The output is ‘low’ if both the inputs are ‘high’
or either of the inputs is ‘high'.

A B Y
A — 0 0 1
B —_ Y Y= A+B
— 0 | 0
| 0 0
| |

Figure 6: Symbol and truth table of a NOR gate

XOR gates

The output of a XOR gate is ‘high’ if either of the inputs is ‘high’. The output is ‘low’ if both the inputs are
‘high’ or if both the inputs are ‘low’.
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Figure 7: Symbol and truth table of a XOR gate

XNOR gates

The output of a XNOR gate is ‘high’ if both the inputs are ‘high’ or if both the inputs are ‘low’. The output is
‘low’ if either of the input is ‘low’.

-

i —Y Y=A®B

=

o

1
1 0
1

=o| 2=

Figure 8: Symbol and truth table of a XNOR gate

The working principle of logic gates

To understand the working principle of logic gates, let us consider the example of a street lighting system.
Figure 9 shows the circuit diagram of a street lighting system which consists of logic gates (a NOT gate
and an OR gate), a switch and a light sensor. The operational condition for the streetlights to function is as
follows:

Switch: On =1, 0ff =0
Light sensor: Dark = 0, Bright =1
Streetlight: On =1, Off =0

Based on this, we can prepare a truth table as shown in figure 9:

262 | NC(V) Physical Sciences 4



Ons1 Oneil
o= it =0

Dark =0
Bright = 1

TRUTH TABLE

1

2|88

Dark
Bright
Dark

2|29

Bright | on

Figure 9: A circuit diagram of street lighting system and truth
table

Applications of logic gates

There are a number of applications of logic gates.

They are used in circuits involving computation and processing.
They are also used in push button switches, e.g. a door bell.
They are used in the functioning of streetlights.

AND gates are used to enable/inhibit data transfer.

NAND gates are used in burglar alarms and buzzers.

% Exercise 3.1

1. What are logic gates?

2. How many different logic gates are there? List them.

3. Give three examples of where logic gates are used.

Thefull solutionsareat the end of the unit.

Active circuit elements

The components you have been learning about so far — resistors, capacitors, and inductors — are called
passive components. They do not change their behaviour and therefore always have the same response to
changes in voltage or current. Active components are quite different. They respond to changes in input, and
this allows them to be used as circuit components called diodes, transistors, and amplifiers, which are used
in calculators and computers.

Diodes

A diode is an electronic device that allows current to flow in one direction only.
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Anode Cathode
(+) (=)

Figure 10: A diode circuit symbol

A diode consists of two doped semiconductors joined together so that the resistance is low when connected
one way and very high the other way.

Look at the circuit diagrams in figure 11. In the circuit diagram on the left, the diode is forward biased, and
current is permitted. The negative terminal of the battery is connected to the negative terminal of the diode.
In the circuit diagram on the right, the diode is reverse biased and current flow is not allowed. The negative
terminal of the battery is connected to the positive terminal of the diode.

Figure 11: Circuit diagrams for forward
and reverse biased diode connections

Diodes are used for:

power conversion — to convert AC power to DC power.

demodulation of signals — to remove the negative component of an AC signal.
over-voltage protections — protection devices for sensitive electronic components.
current steering — to make sure current only flows in the proper direction.

The light-emitting diode (LED)

A light-emitting diode (LED) is a diode device that emits light when charge flows in the correct direction
throughit.

Anode Cathode

Figure 12: The symbol for a light-emitting diode
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The colour depends on the semiconducting material used to construct the LED, and can be in the near-
ultraviolet, visible, or infrared part of the electromagnetic spectrum.

The wavelength of the light emitted, and therefore its colour, depends on the materials forming the p-
n junction.