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) Introduction

This book covers the entire syllabus of Cambridge International AS & A Level Physics (9702) for examination
from 2022. This book is in three parts:

* Chapters 1-15 and P1: the AS Level content, covered in the first year of the course, including a chapter
(P1) dedicated to the development of your practical skills

* Chapters 16-31 and P2: the A Level content, including a chapter (P2) dedicated to developing your ability
to plan, analyse and evaluate practical investigations

*  Appendices of useful formulae, a Glossary and an Index.

The main tasks of a textbook like this are to explain the various concepts of physics that you need to
understand, and to provide you with questions that will help you to test your understanding and develop the key
skills you need to succeed on this course. You will find a visual guide to the structure of each chapter and the
features of this book on the next two pages.

In your study of physics, you will find that certain key concepts are repeated, and that these concepts form
‘themes’ that link the different areas of physics together. It will help you to progress and gain confidence in your
understanding of physics if you take note of these themes. For this Coursebook, these key concepts include:

* models of physical systems

«  testing predictions against evidence

*  mathematics as a language and problem-solving tool
*  matter, energy and waves

+ forces and fields.

In this Coursebook, the mathematics has been kept to the minimum required by the Cambridge International AS
& A Level Physics syllabus (9702). If you are also studying mathematics, you may find that more advanced
techniques such as calculus will help you with many aspects of physics.

Studying physics is a stimulating and worthwhile experience. It is an international subject; no single country has
a monopoly on the development of the ideas. It can be a rewarding exercise to discover how men and women
from many countries have contributed to our knowledge and well-being, through their research into and
application of the concepts of physics. We hope not only that this book will help you to succeed in your future
studies and career, but also that it will stimulate your curiosity and fire your imagination. Today’s students
become the next generation of physicists and engineers, and we hope that you will learn from the past to take
physics to ever-greater heights.



) How to use this series

This suite of resources supports students and teachers following the Cambridge
International AS & A Level Physics syllabus (9702). All of the books in the series work
together to help students develop the necessary knowledge and scientific skills required
for this subject.
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) How to use this book

Throughout this book, you will notice lots of different features that will help your learning. These are explained
below.

LEARNING INTENTIONS

These set the scene for each chapter, help with navigation through the Coursebook and indicate the important
concepts in each topic.

BEFORE YOU START

This contains questions and activities on subject knowledge you will need before starting this chapter.

SCIENCE IN CONTEXT

This feature presents real-world examples and applications of the content in a chapter, encouraging you to look
further into topics. There are discussion questions at the end that look at some of the benefits and problems of
these applications.

PRACTICAL ACTIVITIES

This book does not contain detailed instructions for doing particular experiments, but you will find background
information about the practical work you need to do in these boxes. There are also two chapters, P1 and P2,
which provide detailed information about the practical skills you need to develop during the course.

Questions

Appearing throughout the text, questions give you a chance to check that you have understood the topic you
have just read about. You can find the answers to these questions in the digital Coursebook.

KEY EQUATIONS

Key equations are highlighted in the text when an equation is first introduced.
Definitions for the equation and further information are given in the margin.

KEY WORDS

Key vocabulary is highlighted in the text when it is first introduced. If you hover
your cursor over the word, the definition will appear.

COMMAND WORDS

Command words that appear in the syllabus and might be used in exams are
highlighted in the exam-style questions when they are first introduced. If you
hover your cursor over the word, the Cambridge International definition will
appear.

WORKED EXAMPLES



Wherever you need to know how to use a formula to carry out a calculation, there are worked examples boxes
to show you how to do this.

Important scientific concepts, facts and tips are given in these boxes.

These activities ask you to look back on the topics covered in the chapter and test how well you understand
these topics and encourage you to reflect on your learning.

SUMMARY

There is a summary of key points at the end of each chapter.

EXAM-STYLE QUESTIONS

Questions at the end of each chapter provide more demanding exam-style questions, some of which may
require use of knowledge from previous chapters. Answers to these questions can be found in the digital
Coursebook.

SELF-EVALUATION CHECKLIST

The summary checklists are followed by ‘| can’ statements that match the Learning intentions at the beginning
of the chapter. You might find it helpful to rate how confident you are for each of these statements when you
are revising. You should revisit any topics that you rated ‘Needs more work’ or ‘Almost there’.

See topic... Needs more Almost there Ready to

work move on




Resource index

The resource index is a convenient place for you to download all answer files for this resource.
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} Chapter 1

Kinematics: describing motion

LEARNING INTENTIONS

In this chapter you will learn how to:

» define and use displacement, speed and velocity

+ draw and interpret displacement—time graphs

» describe laboratory methods for determining speed

« understand the differences between scalar and vector quantities and give examples of each
* use vector addition to add and subtract vectors that are in the same plane.

BEFORE YOU START

Do you know how to rearrange an equation that in;/olves fractions? Choose an equation that you know
from your previous physics course, such as P = V? | and rearrange it to make R or V the subject of the
formula.

+  Can you write down a direction using compass bearings, for example, as 014°, N14°E or 14° east of
north?

DESCRIBING MOVEMENT

Our eyes are good at detecting movement. We notice even quite small movements out of the corners of our
eyes. It's important for us to be able to judge movement — think about crossing the road, cycling or driving, or
catching a ball.

Figure 1.1 shows a way in which movement can be recorded on a photograph. This is a stroboscopic
photograph of a boy juggling three balls. As he juggles, a bright lamp flashes several times a second so that
the camera records the positions of the balls at equal intervals of time.

How can the photograph be used to calculate the speed of the upper ball horizontally and vertically as it
moves through the air? What other apparatus is needed? You can discuss this with someone else.




Figure 1.1: This boy is juggling three balls. A stroboscopic lamp flashes at regular intervals; the camera is
moved to one side at a steady rate to show separate images of the boy.




1.1 Speed

We can calculate the average speed of something moving if we know the distance it moves and the time it
takes:

average speed = dstance
In symbols, this is written as:
— d
V=g

where v is the average speed and d is the distance travelled in time t.

If an object is moving at a constant speed, this equation will give us its speed during the time taken. If its speed
is changing, then the equation gives us its average speed. Average speed is calculated over a period of time.

If you look at the speedometer in a car, it doesn'’t tell you the car’s average speed; rather, it tells you its speed at
the instant when you look at it. This is the car’s instantaneous speed.

— distance
average speed = ST

d
t

Vv

Question

1 Look at Figure 1.2. The runner has just run 10 000 m in a time of 27 minutes 5.17 s. Calculate his average
speed during the race.

Figure 1.2: England’s Mo Farah winning his second gold medal at the Rio Olympics in 2016.




Units

In the Systéme Internationale d’Unités (the Sl system), distance is measured in metres (m) and time in seconds
(s). Therefore, speed is in metres per second. This is written as m s™' (or as m/s). Here, s™' is the same as 1/s,
or ‘per second’.

There are many other units used for speed. The choice of unit depends on the situation. You would probably
give the speed of a snail in different units from the speed of a racing car. Table 1.1 includes some alternative
units of speed.

Note that in many calculations it is necessary to work in Sl units (m s™).

ms™! metres per second
cms™! centimetres per second
km s kilometres per second
km h~" or km/h kilometres per hour
mph miles per hour

Table 1.1: Units of speed.

Questions

2 Here are some units of speed:
ms T mms'kms'kmh
Which of these units would be appropriate when stating the speed of each of the following?
a atortoise
b acaron along journey
c light
d a sprinter.
3 Asnail crawls 12 cm in one minute. What is its average speed in mm s™1?

Determining speed

You can find the speed of something moving by measuring the time it takes to travel between two fixed points.
For example, some motorways have emergency telephones every 2000 m. Using a stopwatch you can time a
car over this distance. Note that this can only tell you the car’s average speed between the two points. You
cannot tell whether it was increasing its speed, slowing down or moving at a constant speed.

PRACTICAL ACTIVITY 1.1

Laboratory measurements of speed

Here we describe four different ways to measure the speed of a trolley in the laboratory as it travels along a
straight line. Each can be adapted to measure the speed of other moving objects, such as a glider on an air
track or a falling mass.

Measuring speed using two light gates

The leading edge of the card in Figure 1.3 breaks the light beam as it passes the first light gate. This starts
the timer. The timer stops when the front of the card breaks the second beam. The trolley’s speed is




calculated from the time interval and the distance between the light gates.

light
gates

timer

start
stop

Figure 1.3: Using two light gates to find the average speed of a trolley.

Measuring speed using one light gate

The timer in Figure 1.4 starts when the leading edge of the card breaks the light beam. It stops when the
trailing edge passes through. In this case, the time shown is the time taken for the trolley to travel a distance
equal to the length of the card. The computer software can calculate the speed directly by dividing the
distance by the time taken.

stop
start

e

light
timer

Figure 1.4: Using a single light gate to find the average speed of a trolley.

Measuring speed using a ticker-timer

The ticker-timer (Figure 1.5) marks dots on the tape at regular intervals, usually s (i.e. 0.02 s). (This is
because it works with alternating current, and in most countries the frequency of the alternating mains is 50

Hz.) The pattern of dots acts as a record of the trolley’s movement.




power supply

trolley

start

Figure 1.5: Using a ticker-timer to investigate the motion of a trolley.

Start by inspecting the tape. This will give you a description of the trolley’s movement. Identify the start of the
tape. Then, look at the spacing of the dots:

*  even spacing — constant speed
* increasing spacing — increasing speed.

Now you can make some measurements. Measure the distance of every fifth dot from the start of the tape.
This will give you the trolley’s distance at intervals of 0.10 s. Put the measurements in a table and draw a
distance—time graph.

Measuring speed using a motion sensor

The motion sensor (Figure 1.6) transmits regular pulses of ultrasound at the trolley. It detects the reflected
waves and determines the time they took for the trip to the trolley and back. From this, the computer can
deduce the distance to the trolley from the motion sensor. It can generate a distance—time graph. You can
determine the speed of the trolley from this graph.

computer

trolley

motion
Sensor

Figure 1.6: Using a motion sensor to investigate the motion of a trolley.

Choosing the best method




Each of these methods for finding the speed of a trolley has its merits. In choosing a method, you might think
about the following points:

Does the method give an average value of speed or can it be used to give the speed of the trolley at
different points along its journey?

How precisely does the method measure time—to the nearest millisecond?
How simple and convenient is the method to set up in the laboratory?

Questions
4  Atrolley with a 5.0 cm long card passed through a single light gate. The time recorded by a digital timer was
0.40 s. What was the average speed of the trolley in m s™1?
5 Figure 1.7 shows two ticker-tapes. Describe the motion of the trolleys that produced them.
Sti rt
d | . ] L] . . . . L] ] ‘%_
bl . . . . . . ?.
Figure 1.7: Two ticker-tapes. For Question 5.
6 Four methods for determining the speed of a moving trolley have been described. Each could be adapted to

investigate the motion of a falling mass. Choose two methods that you think would be suitable, and write a
paragraph for each to say how you would adapt it for this purpose.



1.2 Distance and displacement, scalar and vector

In physics, we are often concerned with the distance moved by an object in a particular direction. This is called
its displacement.

Figure 1.8 illustrates the difference between distance and displacement. It shows the route followed by walkers
as they went from town A to town C.

Figure 1.8: If you go on a long walk, the distance you travel will be greater than your displacement. In this
example, the walkers travel a distance of 15 km, but their displacement is only 10 km, because this is the
distance from the start to the finish of their walk.

Their winding route took them through town B, so that they covered a total distance of 15 km. However, their
displacement was much less than this. Their finishing position was just 10 km from where they started. To give a
complete statement of their displacement, we need to give both distance and direction:

displacement = 10 km at 030° or 30° E of N

Displacement is an example of a vector quantity. A vector quantity has both magnitude (size) and direction.
Distance, on the other hand, is a scalar quantity. Scalar quantities have magnitude only.



1.3 Speed and velocity

It is often important to know both the speed of an object and the direction in which it is moving.

Speed and direction are combined in another quantity, called velocity. The velocity of an object can be thought
of as its speed in a particular direction. So, like displacement, velocity is a vector quantity. Speed is the
corresponding scalar quantity, because it does not have a direction.

So, to give the velocity of something, we have to state the direction in which it is moving. For example, ‘an
aircraft flies with a velocity of 300 m s™' due north’.

Since velocity is a vector quantity, it is defined in terms of displacement:

change in displacement

VeIOCIty - time taken
We can write the equation for velocity in symbols:
— S
v=2|

change in displacement |

velocity =

time taken

Alternatively, we can say that velocity is the rate of change of an object’s displacement:

where the symbol A (the Greek letter delta) means ‘change in’. It does not represent a quantity (in the way that s
and t do). Another way to write As would be s, — s4, but this is more time-consuming and less clear.

From now on, you need to be clear about the distinction between velocity and speed, and between
displacement and distance. Table 1.2 shows the standard symbols and units for these quantities.

Quantity Symbol for quantity | Symbol for unit
distance d m

displacement S, X m

time t S

speed, velocity v ms™’

Table 1.2: Standard symbols and units. (Take care not to confuse italic s for displacement with s for seconds.
Notice also that v is used for both speed and velocity.)

Question

7 Do these statements describe speed, velocity, distance or displacement? (Look back at the definitions of
these quantities.)
a The ship sailed south-west for 200 miles.
b | averaged 7 mph during the marathon.



€ The snail crawled at 2 mm s~ along the straight edge of a bench.
d The sales representative’s round trip was 420 km.

Speed and velocity calculations

The equation for velocity, V = ﬁ—ts can be rearranged as follows, depending on which quantity we want to

determine:

v x At

As
\"

change in displacement As

change in time At

Note that each of these equations is balanced in terms of units. For example, consider the equation for

displacement. The units on the right-hand side are m s™1 x s, which simplifies to m, the correct unit for
displacement.

We can also rearrange the equation to find distance s and time t:

As =vxt

— As
t==

WORKED EXAMPLES

1 Acaris travelling at 15 m s~'. How far will it travel in 1 hour?

Step 1 Itis helpful to start by writing down what you know and what you want to know:

v =15ms™’
t =1h=3600s
s =7

Step 2 Choose the appropriate version of the equation and substitute in the values. Remember to
include the units:

s =vxt
=15x3600
=5.4x10'm
=54 km

The car will travel 54 km in 1 hour.

2 The Earth orbits the Sun at a distance of 150 000 000 km. How long does it take light from the Sun to
reach the Earth? (Speed of light in space = 3.0 x 108 ms™))

Step 1 Start by writing what you know. Take care with units; it is best to work in m and s. You need to
be able to express numbers in scientific notation (using powers of 10) and to work with these on
your calculator.

v =3.0x10°m s

s =150 000 000 kn
=150 000 000 m
=1.5x10" m

Step 2 Substitute the values in the equation for time:




t =85

\"

— 1.5x10"
3.0x10°

500 s
Light takes 500 s (about 8.3 minutes) to travel from the Sun to the Earth.

Hint: When using a calculator, to calculate the time t, you press the buttons in the following
sequence:

[1.5][10"][11][+][3][10"] [8]

Making the most of units

In Worked example 1 and Worked example 2, units have been omitted in intermediate steps in the calculations.
However, at times it can be helpful to include units as this can be a way of checking that you have used the
correct equation; for example, that you have not divided one quantity by another when you should have
multiplied them. The units of an equation must be balanced, just as the numerical values on each side of the
equation must be equal.

If you take care with units, you should be able to carry out calculations in non-Sl units, such as kilometres per
hour, without having to convert to metres and seconds.

For example, how far does a spacecraft travelling at 40 000 km h~" travel in one day? Since there are 24 hours
in one day, we have:

distance travelled =40 000 km ' x24 h
=960 000 km

Questions

8 A submarine uses sonar to measure the depth of water below it. Reflected sound waves are detected 0.40
s after they are transmitted. How deep is the water? (Speed of sound in water = 1500 m s™1.)

9 The Earth takes one year to orbit the Sun at a distance of 1.5 x 10" m. Calculate its speed. Explain why
this is its average speed and not its velocity.



1.4 Displacement—time graphs

We can represent the changing position of a moving object by drawing a displacement—time graph. The gradient
(slope) of the graph is equal to its velocity (Figure 1.9). The steeper the slope, the greater the velocity. A graph
like this can also tell us if an object is moving forwards or backwards. If the gradient is negative, the object’s
velocity is negative — it is moving backwards.

Deducing velocity from a displacement—time graph

A toy car moves along a straight track. Its displacement at different times is shown in Table 1.3. This data can be
used to draw a displacement—time graph from which we can deduce the car’s velocity.

s/m
Timet/s 0.0 1.0 2.0 3.0 4.0 5.0

Table 1.3: Displacement s and time t data for a toy car.

It is useful to look at the data first, to see the pattern of the car’s movement. In this case, the displacement
increases steadily at first, but after 3.0 s it becomes constant. In other words, initially the car is moving at a
steady velocity, but then it stops.



The straight line shows that the sS4
object’s velocity is constant.

o
~ Y

The slope shows which object is
moving faster. The steeper
the slope, the greater the velocity.

The slope of this graph is 0. S4
The displacement s is not changing.
Hence the velocity v=0.
The object is stationary.
0 >
0 t
The slope of this graph suddenly 54
becomes negative. The object is .
moving back the way it came.
Its velocity v is negative after time T. |
0 T
0 T t
This displacement-time graph is 54
curved. The slopeis changing.
This means that the object’s
velocity is changing - this
is considered in Chapter 2.
0 -
0 t

Figure 1.9: The slope of a displacement-time (s—t) graph tells us how fast an object is moving.




Now we can plot the displacement—time graph (Figure 1.10).

We want to work out the velocity of the car over the first 3.0 seconds. We can do this by working out the gradient
of the graph, because:

velocity = gradient of displacement-time graph

We draw a right-angled triangle as shown. To find the car’s velocity, we divide the change in displacement by the
change in time. These are given by the two sides of the triangle labelled As and At.

s/m

81 gradient = velocity

As

At
U 1 ] 1 I I
0 1 2 3 4 5 t/s

Figure 1.10: Displacement—time graph for a toy car; data as shown in Table 1.3.

change in displacement

velocity = time taken
iy
At
_ (7.0-1.0)
~ (3.0-0)
= 60
3.0
=2.0 ms™

If you are used to finding the gradient of a graph, you may be able to reduce the number of steps in this
calculation.

Questions

10 The displacement—time sketch graph in Figure 1.11 represents the journey of a bus. What does the graph
tell you about the journey?



1

12

13

0

0

Figure 1.11: For Question 10.

Sketch a displacement—time graph to show your motion for the following event. You are walking at a
constant speed across a field after jumping off a gate. Suddenly you see a horse and stop. Your friend says
there’s no danger, so you walk on at a reduced constant speed. The horse neighs, and you run back to the
gate. Explain how each section of the walk relates to a section of your graph.

Table 1.4 shows the displacement of a racing car at different times as it travels along a straight track during
a speed trial.

a Determine the car’s velocity.

b Draw a displacement—time graph and use it to find the car’s velocity.

Displacement / m 0 85 170 255 340
Time /s 0 1.0 2.0 3.0 4.0

Table 1.4: Displacement s and time t data for Question 12.

An old car travels due south. The distance it travels at hourly intervals is shown in Table 1.5.

a Draw a distance—time graph to represent the car’s journey.

b From the graph, deduce the car’s speed in km h™! during the first three hours of the journey.
C  Whatis the car’s average speed in km h™' during the whole journey?

Time/ h 0 1 2 3 4
Distance / km 0 23 46 69 84

Table 1.5: Data for Question 13.




1.5 Combining displacements

The walkers shown in Figure 1.12 are crossing difficult ground. They navigate from one prominent point to the
next, travelling in a series of straight lines. From the map, they can work out the distance that they travel and
their displacement from their starting point:

distance travelled = 25 km

river

FINISH

Figure 1.12: In rough terrain, walkers head straight for a prominent landmark.

(Lay thread along route on map; measure thread against map scale.)
displacement = 15 km in the direction 045°, N45° E or north-east
(Join starting and finishing points with straight line; measure line against scale.)

A map is a scale drawing. You can find your displacement by measuring the map. But how can you calculate
your displacement? You need to use ideas from geometry and trigonometry. Worked examples 3 and 4 show
how.

WORKED EXAMPLES

3 A spider runs along two sides of a table (Figure 1.13). Calculate its final displacement.




0.8m

north

0

)

T-rl---
L

|

\
|

east

Figure 1.13: The spider runs a distance of 2.0 m. For Worked example 3.

Step 1 Because the two sections of the spider’s run (OA and AB) are at right angles, we can add the

two displacements using Pythagoras’s theorem:

OB?2 = QA%+ AB?
=0.82+1.2=2.08
OB =V 2.08=1.44 m

Step 2 Displacement is a vector. We have found the magnitude of this vector, but now we have to find

=14 m

its direction. The angle 6 is given by:

Y
tane adj 1.2

= 0.667
6 =tan™' (0.667)
= 33.7° = 34°

So the spider’s displacement is 1.4 m at 056° or N56°E or at an angle of 34° north of east.

4  An aircraft flies 30 km due east and then 50 km north-east (Figure 1.14). Calculate the final displacement

of the aircraft.

NH

e

Figure 1.14: For Worked example 4.

mY

Here, the two displacements are not at 90° to one another, so we can’t use Pythagoras’s theorem. We
can solve this problem by making a scale drawing, and measuring the final displacement. (However, you

could solve the same problem using trigonometry.)

Step 1 Choose a suitable scale. Your diagram should be reasonably large; in this case, a scale of 1 cm

to represent 5 km is reasonable.



Step 2 Draw a line to represent the first vector. North is at the top of the page. The line is 6 cm long,
towards the east (right).

Step 3 Draw a line to represent the second vector, starting at the end of the first vector. The line is 10
cm long, and at an angle of 45° (Figure 1.15).

30 km

Figure 1.15: Scale drawing for Worked example 4. Using graph paper can help you to show the vectors
in the correct directions.

Step 4 To find the final displacement, join the start to the finish. You have created a vector triangle.
Measure this displacement vector, and use the scale to convert back to kilometres:

length of vector = 14.8 cm
final displacement = 14.8 x 5 =74 km

Step 5 Measure the angle of the final displacement vector:
angle = 28° N of E

Therefore the aircraft’s final displacement is 74 km at 28° north of east, 062° or N62°E.

Questions

14 You walk 3.0 km due north, and then 4.0 km due east.
a Calculate the total distance in km you have travelled.

b Make a scale drawing of your walk, and use it to find your final displacement. Remember to give both
the magnitude and the direction.

¢ Check your answer to part b by calculating your displacement.
15 A student walks 8.0 km south-east and then 12 km due west.
a Draw a vector diagram showing the route. Use your diagram to find the total displacement.

Remember to give the scale on your diagram and to give the direction as well as the magnitude of your
answer.

b Calculate the resultant displacement. Show your working clearly.
This process of adding two displacements together (or two or more of any type of vector) is known as vector

addition. When two or more vectors are added together, their combined effect is known as the resultant of the
vectors.






1.6 Combining velocities

Velocity is a vector quantity and so two velocities can be combined by vector addition in the same way that we
have seen for two or more displacements.

Imagine that you are attempting to swim across a river. You want to swim directly across to the opposite bank,
but the current moves you sideways at the same time as you are swimming forwards. The outcome is that you
will end up on the opposite bank, but downstream of your intended landing point. In effect, you have two
velocities:

* the velocity due to your swimming, which is directed straight across the river
«  the velocity due to the current, which is directed downstream, at right angles to your swimming velocity.

These combine to give a resultant (or net) velocity, which will be diagonally downstream. In order to swim
directly across the river, you would have to aim upstream. Then your resultant velocity could be directly across
the river.

WORKED EXAMPLE

5  An aircraft is flying due north with a velocity of 200 m s™". A side wind of velocity 50 m s~ is blowing due
east. What is the aircraft’s resultant velocity (give the magnitude and direction)?

Here, the two velocities are at 90°. A sketch diagram and Pythagoras’s theorem are enough to solve the
problem.

Step 1 Draw a sketch of the situation — this is shown in Figure 1.16a.

Step 2 Now sketch a vector triangle. Remember that the second vector starts where the first one ends.
This is shown in Figure 1.16b.

a b 50ms!

200mst 200ms

50ms!

Figure 1.16: Finding the resultant of two velocities. For Worked example 5.

Step 3 Join the start and end points to complete the triangle.
Step 4 Calculate the magnitude of the resultant vector v (the hypotenuse of the right-angled triangle).

v2 = 2007 + 507 = 40 000+ 2500 = 42 500

Step 5 Calculate the angle 6:




— 50
tan© = 250

=0.25
0 =tan! (0.25) = 14°

So the aircraft’s resultant velocity is 206 m s™' at 14° east of north, 076° or N76°E.

Questions

16 A swimmer can swim at 2.0 m s~ in still water. She aims to swim directly across a river that is flowing at
0.80 m s~'. Calculate her resultant velocity. (You must give both the magnitude and the direction.)

17 A stone is thrown from a cliff and strikes the surface of the sea with a vertical velocity of 18 ms™' and a
horizontal velocity v. The resultant of these two velocities is 25 m s™'.

a Draw a vector diagram showing the two velocities and the resultant.
b Use your diagram to find the value of v.
¢ Use your diagram to find the angle between the stone and the vertical as it strikes the water.



1.7 Subtracting vectors

Sometimes, vectors need to be subtracted rather than added. For example, if you are in a car moving at 2.0 m
s~ " and another car on the same road is moving in the same direction at 5.0 m s™, then you approach the car at
5.0-2.0 =3.0 ms™". You are subtracting two velocity vectors.

Subtraction of vectors can be done using the formula:
A-B=A+(-B)

where A and B are vectors.

To subtract a vector, add on the vector to be subtracted in the opposite
direction.

So, to subtract, just add the negative vector.

But first you have to understand what the negative of vector B means. The negative of vector B is another
vector of the same size as B but in the opposite direction.

This is straightforward if the velocities are in the same direction. For example, to subtract a velocity of 4 m s™
north from a velocity of 10 m s~ north, you start by drawing a vector 10 m s™' north and then add a vector of 4
m s~" south. The answer is 6 m s™! north.

It is less straightforward if the velocities are in the opposite direction. For example, to subtract a velocity of 4 m
s~1 south from a velocity of 10 m s™" north, you start by drawing a vector 10 m s~" north and then add a vector
of 4 m s™! north. The answer is 14 m s~ north.

The example in Figure 1.17 shows how to find A - B and A + B when the vectors are along different directions.

Question

18 A velocity of 5.0 m s~ is due north. Subtract from this velocity another velocity that is:
a 5.0ms "due south
b 5.0ms™ due north

-B

Figure 1.17: Subtracting and adding two vectors A and B in different directions.




¢ 5.0m s~ ! due west
d 5.0ms™" due east

(You can do a scale drawing or make a calculation but remember to give the direction of your answers as
well as their size.)



1.8 Other examples of scalar and vector quantities

Direction matters when vectors are combined. You can use this to decide whether a quantity is a vector or a
scalar. For example, if you walk for 3 minutes north and then 3 minutes in another direction, the total time taken
is 6 minutes whatever direction you choose. A vector of 3 units added to another vector of 3 units can have any
value between 0 and 6 but two scalars of 3 units added together always make six units. So, time is a scalar.

Mass and density are also both scalar quantities.

Force and acceleration, as you will see in later chapters, are both vector quantities. This is because, if an object
is pushed with the same force in two opposite directions, the forces cancel out.

Work and pressure, which you will also study in later chapters, both involve force. However, work and pressure
are both scalar quantities. For example, if you pull a heavy case along the floor north and then the same
distance south, the total work done is clearly not zero. You just add scalar quantities even if they are in the
opposite direction.

+  Write down anything that you found interesting or challenging in this chapter.

+  Look at your notes later when you revise this topic.




SUMMARY

Displacement is the distance travelled in a particular direction.

Velocity is defined by the word equation:

change in displacement

velocity =

time taken

The gradient of a displacement-time graph is equal to velocity:

V=

Distance, speed, mass and time are scalar quantities. A scalar quantity has only magnitude.

Displacement and velocity are vector quantities. A vector quantity has both magnitude and direction.

Vector quantities may be combined by vector addition to find their resultant. The second vector can be
subtracted from the first by adding the negative of the second vector, which acts in the opposite direction.




EXAM-STYLE QUESTIONS

1  Which of the following pairs contains one vector and one scalar quantity? [1]
A displacement : mass
B displacement : velocity
C distance : speed
D speed:time

2 A vector P of magnitude 3.0 N acts towards the right and a vector Q of magnitude
4.0 N acts upwards. [1]

What is the magnitude and direction of the vector (P — Q)?
A 1.0 N at an angle of 53° downwards to the direction of P
B 1.0 N at an angle of 53° upwards to the direction of P
C 5.0 N at an angle of 53° downwards to the direction of P
D 5.0 N at an angle of 53° upwards to the direction of P
3 Acar travels one complete lap around a circular track at a constant speed of 120

kmh™'.
a If one lap takes 2.0 minutes, show that the length of the track is 4.0 km. [2]
b Explain why values for the average speed and average velocity are different. [1]
¢ Determine the magnitude of the displacement of the car in a time of 1.0 min. [2]
(The circumference of a circle = 2nR, where R is the radius of the circle.) [Total: 5]
4 A boat leaves point A and travels in a straight line to point B. The journey takes 60
S.
B -
600 m
A
800m
Figure 1.18
Calculate:
a the distance travelled by the boat [2]
b the total displacement of the boat [2]
c the average velocity of the boat. [2]

Remember that each vector quantity must be given a direction as well as a
magnitude. [Total: 6]

5 Aboat travels at 2.0 m s~! east towards a port, 2.2 km away. When the boat
reaches the port, the passengers travel in a car due north for 15 minutes at 60 km
h=1.



Calculate:

the total distance travelled [2]

b the total displacement [3]
c the total time taken [2]
d the average speed in m s~1 [2]
e the magnitude of the average velocity. [2]
[Total: 11]

6  Ariver flows from west to east with a constant velocity of 1.0 m s™'. A boat leaves
the south bank heading due north at 2.4 m s™'. Find the resultant velocity of the

boat. [3]

7 a displacement. [1]
b Use the definition of displacement to explain how it is possible for an athlete to

run round a track yet have no displacement. [2]

[Total: 6]

8 Agirl is riding a bicycle at a constant velocity of 3.0 m s~ along a straight road. At
time t = 0, she passes her brother sitting on a stationary bicycle. At time ¢ = 0, the
boy sets off to catch up with his sister. His velocity increases from time t = 0 until t =
5.0 s, when he has covered a distance of 10 m. He then continues at a constant
velocity of 4.0 ms™".

a Draw the displacement—time graph for the girl fromt=0tof =12 s. [1]
b On the same graph axes, draw the displacement—time graph for the boy. [2]

¢ Using your graph, determine the value of t when the boy catches up with his
sister. [1]
[Total: 4]

9 A student drops a small black sphere alongside a vertical scale marked in
centimetres. A number of flash photographs of the sphere are taken at 0.10 s

intervals:
o o o o
Eo o o o o o o o o & = «§ ™M
O+ ™M ;4 F b © =~ @ & = = ~=
mmm I I nnm
- e [ ] [ ] L ] [ ] [ ]

This diagram is shown sideways — the first black dot is at 0 cm and the next
at 4 cm.

Figure 1.19

The first photograph is taken with the sphere at the top attime t =0 s.

a Explain how Figure 1.19 shows that the sphere reaches a constant speed. [2]
b Determine the constant speed reached by the sphere. [2]
¢ Determine the distance that the sphere has fallen when t = 0.80 s. [2]
d In areal photograph, each image of the sphere appears slightly blurred

because each flash is not instantaneous and takes a time of 0.0010 s.

Determine the absolute uncertainty that this gives in the position of each position of
the black sphere when it is travelling at the final constant speed.

whether this should be observable on the diagram. [2]
[Total: 8]






SELF-EVALUATION CHECKLIST

After studying the chapter, complete a table like this:

See topic... Needs more Almost there Ready to

work move on

define and use displacement, speedand | 1.1,1.2,1.3

velocity
draw and interpret displacement-time 1.4
graphs
describe laboratory methods for 1.1

determining speed

understand the differences between 1.2
scalar and vector quantities and give
examples of each

use vector addition to add and subtract 1.6,1.7
vectors that are in the same plane.







Accelerated motion

LEARNING INTENTIONS

In this chapter you will learn how to:

+ define acceleration

+ draw and interpret graphs of speed, velocity and acceleration

» calculate displacement from the area under a velocity—time graph

+ calculate velocity and acceleration using gradients of a displacement—time graph and a velocity—time
graph

» derive and use the equations of uniformly accelerated motion

+ describe an experiment to measure the acceleration of free fall, g

* use perpendicular components to represent a vector

+  explain projectile motion in terms of uniform velocity and uniform acceleration.

BEFORE YOU START

*  Write down definitions of speed and velocity.

«  Wirite a list of all the vectors that you know. Why are some quantities classed as vectors?

QUICK OFF THE MARK

The cheetah (Figure 2.1) has a maximum speed of more than 30 m s~! (108 km/h). A cheetah can reach 20
m s~ from a standing start in just three or four strides, taking only two seconds.

A car cannot increase its speed as rapidly but on a long straight road it can easily travel faster than a
cheetah.

How do you think such measurements can be made? What apparatus is needed?




Figure 2.1: The cheetah is the world’s fastest land animal. Its acceleration is impressive, too.




2.1 The meaning of acceleration

In everyday language, the term accelerating means ‘speeding up’. Anything whose speed is increasing is
accelerating. Anything whose speed is decreasing is decelerating.

To be more precise in our definition of acceleration, we should think of it as changing velocity. Any object whose
speed is changing or which is changing its direction has acceleration. Because acceleration is linked to velocity
in this way, it follows that it is a vector quantity.

Some examples of objects accelerating are shown in Figure 2.2.



Figure 2.2: Examples of objects accelerating.

A car speeding up as

it leaves the town. The
driver presses on the
accelerator pedal to
increase the car’s velocity.

A car setting off from

the traffic lights. There is
an instant when the car
is both stationary and
accelerating. Otherwise it
would not start moving.

A car travelling round a
bend at a steady speed.
The car’s speed is
constant, but its velocity
is changing as it changes
direction,

A ball being hit by a
tennis racket. Both the
ball’s speed and direction
are changing. The ball’s
velocity changes.

A stone dropped over

a cliff. Gravity makes the
stone go faster and faster.
The stone accelerates

as it falls.







2.2 Calculating acceleration

The acceleration of something indicates the rate at which its velocity is changing. Language can get awkward
here. Looking at the sprinter in Figure 2.3, we might say, ‘The sprinter accelerates faster than the car.’ However,
‘faster’ really means ‘greater speed’. It is better to say, ‘The sprinter has a greater acceleration than the car.’

Acceleration is defined as follows:

acceleration = rate of change of velocit

change in velocity
time taken

average acceleration

So to calculate acceleration a, we need to know two quantities — the change in velocity Av and the time taken At:

— Av
a=

Sometimes this equation is written differently. We write u for the initial velocity and v for the final velocity
(because u comes before v in the alphabet). The moving object accelerates from u to v in a time { (this is the
same as the time represented by At in the equation). Then the acceleration is given by the equation:

= v-u
a= 5t

START time=1s

time=2s time=3s

Figure 2.3: The sprinter has a greater acceleration than the car, but her top speed is less.

You must learn the definition of acceleration. It can be put in words or symbols. If you use symbols you must
state what those symbols mean.






2.3 Units of acceleration

The unit of acceleration is m s™2 (metres per second squared). The sprinter might have an acceleration of 5 m

s72; her velocity increases by 5 m s™! every second. You could express acceleration in other units. For example,
an advertisement might claim that a car accelerates from 0 to 60 miles per hour (mph) in 10 s. Its acceleration

would then be 6 mph s~ (6 miles per hour per second). However, mixing together hours and seconds is not a
good idea, and so acceleration is almost always given in the standard Sl unit of m s72.

WORKED EXAMPLES

1 Leaving a bus stop, a bus reaches a velocity of 8.0 m s~ after 10 s. Calculate the acceleration of the
bus.

Step 1 Note that the bus’s initial velocity is 0 m s™".
Therefore:
change in velocity Av (8.0-0)m s’
time taken At 10 s

Step 2 Substitute these values in the equation for acceleration:
Av.
At
= 80
10

= 0.80m s

2 A sprinter starting from rest has an acceleration of 5.0 m s™2 during the first 2.0 s of a race. Calculate her
velocity after 2.0 s.

acceleration

Step 1 Rearranging the equation @ = % |gives:
v=u+ at

Step 2 Substituting the values and calculating gives:
v=0+(5.0%x20)=10ms™"

3 Atrain slows down from 60 m s™' to 20 m s™" in 50 s. Calculate the magnitude of the deceleration of the
train.

Step 1 Write what you know:
T v=20ms™? t=50s

Step 2 Take care! Here the train’s final velocity is less than its initial velocity. To ensure that we arrive at
the correct answer, we will use the alternative form of the equation to calculate a.

u=60ms~

— V—=u

a = t
—  20-60 — -40
50 50
= -0.80ms?

The minus sign (negative acceleration) indicates that the train is slowing down. It is
decelerating. The magnitude of the deceleration is 0.80 m s™2.




Questions

1

A car accelerates from a standing start and reaches a velocity of 18 m s™ after 6.0 s. Calculate its
acceleration.

A car driver brakes gently. Her car slows down from 23 m s™" to 11 m s™'in 20 s. Calculate the magnitude
(size) of her deceleration. (Note that, because she is slowing down, her acceleration is negative.)

A stone is dropped from the top of a cliff. Its acceleration is 9.81 m s™2. How fast is it moving:

a after1.0s?

b after 3.0 s?



2.4 Deducing acceleration

The gradient of a velocity—time graph tells us whether the object’s velocity has been changing at a high rate or a
low rate, or not at all (Figure 2.4). We can deduce the value of the acceleration from the gradient of the graph:

acceleration = gradient of velocity—time graph

acceleration = gradient of velocity—time graph

The graph (Figure 2.5) shows how the velocity of a cyclist changed during the start of a sprint race. We can find
his acceleration during the first section of the graph (where the line is straight) using the triangle as shown.

The change in velocity Av is given by the vertical side of the triangle. The time taken At is given by the horizontal
side.

change in velocity
time taken
—  25-0

5
= 40ms?

A more complex example where the velocity—time graph is curved is shown in Figure 2.18.

acceleration



A straight line with a v
positive slope shows
constant acceleration.

0 r=
0 t
The greater the slope, the VA higha
greater the acceleration. low g
0 -
0 t
The velocity is constant. VA
Therefore acceleration a =0.
0 5 g
A negative slope shows VA
deceleration (a is negative).
0 =
0 t
The slope is changing; v A
the acceleration is changing.
0 i
0 t

Figure 2.4: The gradient of a velocity—time graph is equal to acceleration.




v/mst
30 -

20 -

10 -

0 .

0 5 10 t/s

Figure 2.5: Deducing acceleration from a velocity—time graph.




2.5 Deducing displacement

We can also find the displacement of a moving object from its velocity—time graph. This is given by the area
under the graph:

displacement = area under velocity—time graph

displacement = area under velocity—time graph

It is easy to see why this is the case for an object moving at a constant velocity. The displacement is simply
velocity x time, which is the area of the shaded rectangle (Figure 2.6a).

For changing velocity, again the area under the graph gives displacement (Figure 2.6b).

a y/mst area=20x15=300m
20 -

10 -

0 5 10 15 t/s

b v/ms!
10 -

area under graph
=displacement

0

0 5 t/s

Figure 2.6: The area under the velocity—time graph is equal to the displacement of the object.




So, for this simple case in which the area is a triangle, we have:

displacement % x base x height

= 1x50x10

2

= 25m

It is easy to confuse displacement—time graphs and velocity—time graphs. Check by looking at the quantity
marked on the vertical axis.

For more complex graphs, you may have to use other techniques such as counting squares to deduce the area,
but this is still equal to the displacement.

(Take care when counting squares: it is easiest when the sides of the squares stand for one unit. Check the
axes, as the sides may represent 2 units, 5 units or some other number.)

Questions

4  Alorry driver is travelling at the speed limit on a motorway. Ahead, he sees hazard lights and gradually
slows down. He sees that an accident has occurred, and brakes suddenly to a halt. Sketch a velocity—time
graph to represent the motion of this lorry.

5 Table 2.1 shows how the velocity of a motorcyclist changed during a speed trial along a straight road.
a Draw a velocity—time graph for this motion.

b From the table, deduce the motorcyclist's acceleration during the first 10 s.

¢ Check your answer by finding the gradient of the graph during the first 10 s.

d Determine the motorcyclist’s acceleration during the last 15 s.

e Use the graph to find the total distance travelled during the speed trial.

Velocity / m s™1 0 15 30 30 20 10 0
Time /s 0 5 10 15 20 25 30

Table 2.1: Data for a motorcyclist.




2.6 Measuring velocity and acceleration

In a car crash, the occupants of the car may undergo a very rapid deceleration. This can cause them serious
injury, but can be avoided if an air-bag is inflated within a fraction of a second. Figure 2.7 shows the tiny
accelerometer at the heart of the system, which detects large accelerations and decelerations.

The acceleration sensor consists of two rows of interlocking teeth. In the event of a crash, these move relative to
one another, and this generates a voltage that triggers the release of the air-bag.

Figure 2.7: A micro-mechanical acceleration sensor is used to detect sudden accelerations and decelerations
as a vehicle travels along the road. This electron microscope image shows the device magnified about 1000
times.

At the top of the photograph (Figure 2.7), you can see a second sensor that detects sideways accelerations.
This is important in the case of a side impact.

These sensors can also be used to detect when a car swerves or skids, perhaps on an icy road. In this case,
they activate the car’s stability-control systems.



2.7 Determining velocity and acceleration in the
laboratory

In Chapter 1, we looked at ways of finding the velocity of a trolley moving in a straight line. These involved
measuring distance and time, and deducing velocity. Practical Activity 2.1 shows how these techniques can be
extended to find the acceleration of a trolley.

PRACTICAL ACTIVITY 2.1: LABORATORY MEASUREMENTS OF

ACCELERATION

Measurements using light gates

The computer records the time for the first ‘interrupt’ section of the card to pass through the light beam of the
light gate (Figure 2.8). Given the length of the interrupt, it can work out the trolley’s initial velocity u. This is
repeated for the second interrupt to give final velocity v. The computer also records the time interval {5 — ¢4

between these two velocity measurements. Now it can calculate the acceleration a as shown:

(/4 = length of first section of the interrupt card)

and

t4—t3
(/> = length of second section of the interrupt card)
Therefore:

change in velocity
time taken

= v-u

t3-t4

(Note that this calculation gives only an approximate value for a. This is because u and v are average speeds
over a period of time; for an accurate answer we would need to know the speeds at times ¢4 and {5.)

Sometimes two light gates are used with a card of length /. The computer can still record the times as shown
and calculate the acceleration in the same way, with /1 =/, = 1.

light gate /

interrupt
card

Figure 2.8: Determining acceleration using a single light gate.




Measurements using a ticker-timer

The practical arrangement is the same as for measuring velocity. Now we have to think about how to interpret
the tape produced by an accelerating trolley (Figure 2.9).

start o Lil

7 If you count, there are only four intervals in each

section of tape, and each "interval® represents
*0.025*. But we need to have *0.10* (5 intervals)

Please add one more point in each section,
to cut somewhere like this (but vertically):

start

EEE . . . . .

Figure 2.9: Ticker-tape for an accelerating trolley.

The tape is divided into sections, as before, every five dots. Remember that the time interval between
adjacent dots is 0.02 s. Each section represents 0.10 s.

By placing the sections of tape side by side, you can picture the velocity—time graph.

The length of each section gives the trolley’s displacement in 0.10 s, from which the average velocity during
this time can be found. This can be repeated for each section of the tape, and a velocity—time graph drawn.
The gradient of this graph is equal to the acceleration. Table 2.2 and Figure 2.10 show some typical results.

The acceleration is calculated to be:

Av.

At

— 093
0.20

4.7 ms?

R

Section of tape

Time at start/ s

Time interval / s

Length of section /

Velocity / m s™

cm
1 0.0 0.10 23 0.23
2 0.10 0.10 7.0 0.70
3 0.20 0.10 11.6 1.16

Table 2.2: Data for Figure 2.10.




-1
vims® 15
1.0 1 Av=0.93 m s}
0.5
At=0.20s
0 | |
0 0.1 0.2 t/s

Figure 2.10: Deducing acceleration from measurements of a ticker-tape.

Measurements using a motion sensor

The computer software that handles the data provided by the motion sensor can calculate the acceleration of
a trolley. However, because it deduces velocity from measurements of position, and then calculates
acceleration from values of velocity, its precision is relatively poor.

Questions
6 Sketch a section of ticker-tape for a trolley that travels at a steady velocity and then decelerates.

7 Figure 2.11 shows the dimensions of an interrupt card, together with the times recorded as it passed
through a light gate. Use these measurements to calculate the acceleration of the card. (Follow the steps

outlined in Practical Activity 2.1.)

Os 0.20s 0.30s 0.35s

L | L ] k L J

=5.[2! r:m= =5.{'1 r:m:

Figure 2.11: For Question 7.

8 Two adjacent five-dot sections of a ticker-tape measure 10 cm and 16 cm, respectively. The interval
between dots is 0.02 s. Deduce the acceleration of the trolley that produced the tape.






2.8 The equations of motion

As a space rocket rises from the ground, its velocity steadily increases. It is accelerating (Figure 2.12).

Eventually, it will reach a speed of several kilometres per second. Any astronauts aboard find themselves
pushed back into their seats while the rocket is accelerating.

Figure 2.12: A rocket accelerates as it lifts off from the ground.

The engineers who planned the mission must be able to calculate how fast the rocket will be travelling and
where it will be at any point in its journey. They have sophisticated computers to do this, using more elaborate
versions of the four equations of motion.

There is a set of equations that allows us to calculate the quantities involved when an object is moving with a
constant acceleration.

The quantities we are concerned with are:

s displacement

u initial velocity

1% final velocity

a acceleration

t time taken

The four equations of motion are shown above.

Take care using the equations of motion. They can only be used for:
* motion in a straight line



* an object with constant acceleration.

KEY EQUATIONS

The four equations of motion:
equation 1: V= U+ at |
(utv)

7 xt|

equation 3: S = ut+ ;—«‘.':lt2 |

equation 2: S =

equation 4: V2 = u2+ 2as |

To get a feel for how to use these equations, we will consider some worked examples. In each example, we will
follow the same procedure:

Step 1 We write down the quantities that we know, and the quantity we want to find.
Step 2 Then we choose the equation that links these quantities, and substitute in the values.
Step 3 Finally, we calculate the unknown quantity.

We will look at where these equations come from in the next topic, ‘Deriving the equations of motion’.

WORKED EXAMPLES

4 The rocket shown in Figure 2.12 lifts off from rest with an acceleration of 20 m s™2. Calculate its velocity

after 50 s.

Step1 What we know:
u=0ms’
a=20ms?
t=50s

and what we want to know: v = ?
Step 2 The equation linking u, a, t and v is equation 1:
v=u+at
Substituting gives:
v =0+ (20 x 50)
Step 3 Calculation then gives:
v=1000ms™"

So the rocket will be travelling at 1000 m s~ after 50 s. This makes sense, since its velocity
increases by 20 m s™! every second, for 50 s.

You could use the same equation to work out how long the rocket would take to reach a velocity

of 2000 m s~1, or the acceleration it must have to reach a speed of 1000 m s™1in 40 s and so
on.

5 The car shown in Figure 2.13 is travelling along a straight road at 8.0 m s™". It accelerates at 1.0 m s72
for a distance of 18 m. How fast is it then travelling?




Figure 2.13: For Worked example 5. This car accelerates for a short distance as it travels along the
road.

In this case, we will have to use a different equation, because we know the distance during which the car
accelerates, not the time.

Step1 What we know:

u=80ms"
a=1.0ms?
s=18m

and what we want to know: v = ?
Step 2 The equation we need is equation 4:
vZ=u?+ 2as
Substituting gives:
v2=8.0°+ (2x 1.0 x 18)
Step 3 Calculation then gives:
v2 =64+ 36 =100 m?s72
v=10ms™!
So the car will be travelling at 10 m s™" when it stops accelerating.

(You may find it easier to carry out these calculations without including the units of quantities
when you substitute in the equation. However, including the units can help to ensure that you
end up with the correct units for the final answer.)

6 A train (Figure 2.14) travelling at 20 m s~ accelerates at 0.50 m s™2 for 30 s. Calculate the distance
travelled by the train in this time.




Figure 2.14: For Worked example 6. This train accelerates for 30 s.

Step1 What we know:

u=20ms
t=30s
a=050ms?

and what we want to know: s = ?
Step 2 The equation we need is equation 3:
s = ut+ 1at? |
Substituting gives:
— 1 2
s = (20x30)+ £ x0.5%(30)* |
Step 3 Calculation then gives:
s =600+ 225=825m
So the train will travel 825 m while it is accelerating.

The cyclist in Figure 2.15 is travelling at 15 m s™'. She brakes so that she doesn’t collide with the wall.
Calculate the magnitude of her deceleration.

Figure 2.15: For Worked example 7. The cyclist brakes to stop herself colliding with the wall.

This example shows that it is sometimes necessary to rearrange an equation, to make the unknown
quantity its subject. It is easiest to do this before substituting in the values.

Step1 What we know:

u=15ms
v=0ms'
s=18 m

and what we want to know: a = ?

Step 2 The equation we need is equation 4:



vZ=u2+ 2as

Rearranging gives:
2_,,2
—_ vVT—u
a 2s
0%-15°
2x18
—  -225
36

Step 3 Calculation then gives:

a=-6.25ms2=-6.3ms2

a

So the cyclist will have to brake hard to achieve a deceleration of magnitude 6.3 m s™2. The

minus sign shows that her acceleration is negative; in other words, a deceleration.

Questions

9

10

1"

A car is initially stationary. It has a constant acceleration of 2.0 m s™2.

a Calculate the velocity of the car after 10 s.

b Calculate the distance travelled by the car at the end of 10 s.

€  Calculate the time taken by the car to reach a velocity of 24 m s™".

A train accelerates steadily from 4.0 ms™'to 20 ms™"in 100 s.

a Calculate the acceleration of the train.

b From its initial and final velocities, calculate the average velocity of the train.
¢ Calculate the distance travelled by the train in this time of 100 s.

A car is moving at 8.0 m s~'. The driver makes it accelerate at 1.0 m s™2 for a distance of 18 m. What is the

final velocity of the car?



2.9 Deriving the equations of motion
We have seen how to make use of the equations of motion. But where do these equations come from? They
arise from the definitions of velocity and acceleration.

We can find the first two equations from the velocity—time graph shown in Figure 2.16. The graph represents the
motion of an object. Its initial velocity is u. After time t, its final velocity is v.

v-u=at

Velocity

=

0

[ e e e e e e

0 Time

Figure 2.16: This graph shows the variation of velocity of an object with time. The object has constant
acceleration.

Equation 1

The graph of Figure 2.16 is a straight line, therefore the object’s acceleration a is constant. The gradient (slope)
of the line is equal to acceleration.

The acceleration is defined as:

_ () ‘

a t

which is the gradient of the line. Rearranging this gives the first equation of motion:

v=u+at (equation 1)

Equation 2

Displacement is given by the area under the velocity—time graph. Figure 2.17 shows that the object’s average
velocity is half-way between u and v. So the object’s average velocity, calculated by averaging its initial and final
velocities, is given by:

(u+v)
2

The object’s displacement is the shaded area in Figure 2.17. This is a rectangle, and so we have:

displacement = average velocity x time taken



and hence:

= U xt (equation 2)

Velocity
=

0
0 Time t

Figure 2.17: The average velocity is half-way between v and v.

Equation 3

From equations 1 and 2, we can derive equation 3:
(equation 1)

v=u+at
(ut+v) .

= — xt (equation 2)
Substituting v from equation 1 gives:

S = M xt

2
= 2ut 4 at®
2 2
So
s = ut+ ;—a’[2 (equation 3)

Looking at Figure 2.16, you can see that the two terms on the right of the equation correspond to the areas of
the rectangle and the triangle that make up the area under the graph. Of course, this is the same area as the

rectangle in Figure 2.17.

Equation 4
Equation 4 is also derived from equations 1 and 2:
v=u+at (equation 1)

(equation 2)



S:

)t |
2 xt

Substituting for time t from equation 1 gives:

_ (utv) y (v-u) ‘

2 a
Rearranging this gives:
2as = (u+v)(v-u) ‘
= v2-u2
or simply:
v2=u?+ 2as (equation 4)

Investigating road traffic accidents

The police frequently have to investigate road traffic accidents. They make use of many aspects of physics,
including the equations of motion. The next two questions will help you to apply what you have learned to
situations where police investigators have used evidence from skid marks on the road.

Questions

12 Trials on the surface of a new road show that, when a car skids to a halt, its acceleration is =7.0 m s™2.
E stimate the skid-to-stop distance of a car travelling at a speed limit of 30 m s~ (approximately 110 km h™’
or 70 mph).

13 At the scene of an accident on a country road, police find skid marks stretching for 50 m. Tests on the road

surface show that a skidding car decelerates at 6.5 m s™2. Was the car that skidded exceeding the speed
limit of 25 m s™1 (90 km h™") on this road?



2.10 Uniform and nonuniform acceleration

It is important to note that the equations of motion only apply to an object that is moving with a constant
acceleration. If the acceleration a was changing, you wouldn’t know what value to put in the equations. Constant
acceleration is often referred to as uniform acceleration.

The velocity—time graph in Figure 2.18 shows non-uniform acceleration. It is not a straight line; its gradient is
changing (in this case, decreasing).

v/ims?

- /
25 -

20 4 As=10m

151 At=20s

10

5_

D T I T I
0 10 20 30 40 t/s

Figure 2.18: This curved velocity—time graph cannot be analysed using the equations of motion.

The acceleration at any instant in time is given by the gradient of the velocity—time graph. The triangle in Figure
2.18 shows how to find the acceleration att = 20 seconds:

*  Atthe time of interest, mark a point on the graph.
* Draw a tangent to the curve at that point.
*  Make a large right-angled triangle, and use it to find the gradient.

You can find the change in displacement of the body as it accelerates by determining the area under the
velocity—time graph.

To find the displacement of the object in Figure 2.18 between t = 0 and t = 20 s, the most straightforward, but
lengthy, method is just to count the number of small squares.

In this case, up to t = 20 s, there are about 250 small squares. This is tedious to count but you can save yourself
a lot of time by drawing a line from the origin to the point at 20 s. The area of the triangle is easy to find (200
small squares) and then you only have to count the number of small squares between the line you have drawn
and the curve on the graph (about 50 squares)

In this case, each square is 1 m s~ on the y-axis by 1 s on the x-axis, so the area of each squareis 1 x 1=1m
and the displacement is 250 m. In other cases, note carefully the value of each side of the square you have
chosen.



Questions

14 The graph in Figure 2.19 represents the motion of an object moving with varying acceleration. Lay your
ruler on the diagram so that it is tangential to the graph at point P.

a What are the values of time and velocity at this point?
b Estimate the object’s acceleration at this point.

v/ms
300 1

200 -

100 -

0 . | | |
0 5 10 15 20 t/s

Figure 2.19: For Question 14.

15 The velocity—time graph (Figure 2.20) represents the motion of a car along a straight road for a period of 30

Describe the motion of the car.

From the graph, determine the car’s initial and final velocities over the time of 30 s.
Determine the acceleration of the car.

By calculating the area under the graph, determine the displacement of the car.

® 00 T o O

Check your answer to part d by calculating the car’s displacement using S = ut% at?



v/ms
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Figure 2.20: For Question 15.




2.11 Acceleration caused by gravity

If you drop a ball or stone, it falls to the ground. Figure 2.21, based on a multiflash photograph, shows the ball at
equal intervals of time. You can see that the ball’s velocity increases as it falls because the spaces between the
images of the ball increase steadily. The ball is accelerating.

A multiflash photograph is useful to demonstrate that the ball accelerates as it falls. Usually, objects fall too
quickly for our eyes to be able to observe them speeding up. It is easy to imagine that the ball moves quickly as
soon as you let it go, and falls at a steady speed to the ground. Figure 2.21 shows that this is not the case.

If we measure the acceleration of a freely falling object on the surface of the Earth, we find a value of about 9.81
m s™2. This is known as the acceleration of free fall, and is given the symbol g:

O

Figure 2.21: This diagram of a falling ball, based on a multiflash photo, clearly shows that the ball's velocity
increases as it falls.

acceleration of free fall g = 9.81 m s™2

The value of g depends on where you are on the Earth’s surface, but we usually take g = 9.81 m s™2.

If we drop an object, its initial velocity u = 0. How far will it fall in time t? Substituting in S = ut%atz gives
displacement s:



w
|

1x9.81xt2
= 49xt2

Hence, by timing a falling object, we can determine g.

Questions

16 If you drop a stone from the edge of a cliff, its initial velocity u = 0, and it falls with acceleration g = 9.81 m
s™2. You can calculate the distance s it falls in a given time t using an equation of motion.
a Copy and complete Table 2.3, which shows how s depends on ¢.
b Draw a graph of s against .
¢ Use your graph to find the distance fallen by the stone in 2.5 s.
d

Use your graph to find how long it will take the stone to fall to the bottom of a cliff 40 m high. Check
your answer using the equations of motion.

Time /s 0 1.0 ] 20| 3.0 | 4.0

Displacement / m 0 |49

Table 2.3: Time t and displacement s data fo

17 An egg falls off a table. The floor is 0.8 m from the table-top.
a Calculate the time taken to reach the ground.
b Calculate the velocity of impact with the ground.



2.12 Determining g

One way to measure the acceleration of free fall g would be to try bungee-jumping (Figure 2.22). You would
need to carry a stopwatch, and measure the time between jumping from the platform and the moment when the
elastic rope begins to slow your fall. If you knew the length of the unstretched rope, you could calculate g.

There are easier methods for finding g that can be used in the laboratory. These are described in Practical
Activity 2.2.

Figure 2.22: A bungee-jumper falls with initial acceleration g.

PRACTICAL ACTIVITY 2.2: LABORATORY MEASUREMENTS OF g

Measuring g using an electronic timer

In this method, a steel ball-bearing is held by an electromagnet (Figure 2.23). When the current to the magnet
is switched off, the ball begins to fall and an electronic timer starts. The ball falls through a trapdoor, and this
breaks a circuit to stop the timer. This tells us the time taken for the ball to fall from rest through the distance h
between the bottom of the ball and the trapdoor.

Here is how we can use one of the equations of motion to find g:
displacements =h

time taken =t

initial velocity u =0

accelerationa=g

Substituting in S = ut+ ;—a’[2 gives:




h=>gt?

and for any values of h and t we can calculate a value for g.

electromagnet

ball-bearing

trapdoor

Figure 2.23: The timer records the time for the ball to fall through the distance h.

A more satisfactory procedure is to take measurements of t for several different values of h. The height of the
ball bearing above the trapdoor is varied systematically, and the time of fall measured several times to
calculate an average for each height. Table 2.4 and Figure 2.24 show some typical results. We can deduce g

from the gradient of the graph of h against t2.
The equation for a straight line through the origin is:

y=mx

In our experiment we have:

h/m tls £/

0.27 0.25 ]0.063
0.39 0.30 ]0.090
0.56 0.36 10.130
0.70 0.41 ]10.168
0.90 0.46 |0.212




Table 2.4: Data for Figure 2.24. These are mean values.

The gradient of the straight line of a graph of h against ? is equal to %
h/m

1.0 -

0.8 -

0.6 -

0.4 4 Ah=0.84m
0.2 1

D T I I 1
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Figure 2.24: The acceleration of free fall can be determined from the gradient.

Therefore:

gradient =

- 084
0.20

= 42

g=42x2=84ms™2

N«

Sources of uncertainty

The electromagnet may retain some magnetism when it is switched off, and this may tend to slow the ball’'s
fall. Consequentlf/, the time t recorded by the timer may be longer than if the ball were to fall completely freely.

Fromh = 59’[2 it follows that, if f is too great, the experimental value of g will be too small. This is an
example of a systematic error — all the results are systematically distorted so that they are too great (or too
small) as a consequence of the experimental design.

Measuring the height h is awkward. You can probably only find the value of h to within £1 mm at best. So
there is a random error in the value of h, and this will result in a slight scatter of the points on the graph, and a
degree of uncertainty in the final value of g.

If you just have one value for h and the corresponding value for  you can use the uncertainty in h and ¢ to find
the uncertainty in g.

The percentage uncertainty in g = percentage uncertainty in h + 2 x percentage uncertainty in t.
For more about errors and combining uncertainties, see Chapter P1.

Measuring g using a ticker-timer

Figure 2.25 shows a weight falling. As it falls, it pulls a tape through a ticker-timer. The spacing of the dots on
the tape increases steadily, showing that the weight is accelerating. You can analyse the tape to find the
acceleration, as discussed in Practical Activity 2.1.




. ticker-timer

7
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ticker-tape

weight

N

Figure 2.25: A falling weight pulls a tape through a ticker-timer.

This is not a very satisfactory method of measuring g. The main problem arises from friction between the tape
and the ticker-timer. This slows the fall of the weight and so its acceleration is less than g. (This is another
example of a systematic error.)

The effect of friction is less of a problem for a large weight, which falls more freely. If measurements are made
for increasing weights, the value of acceleration gets closer and closer to the true value of g.

Measuring g using a light gate

Figure 2.26 shows how a weight can be attached to a card ‘interrupt’. The card is designed to break the light
beam twice as the weight falls. The computer can then calculate the velocity of the weight twice as it falls, and
hence find its acceleration:

ey H —_ X
initial velocity u = -

: : o
final velocity v = e

Therefore:

acceleration a =

vV—u
t3—t4
The weight can be dropped from different heights above the light gate. This allows you to find out whether its

acceleration is the same at different points in its fall. This is an advantage over Method 1, which can only
measure the acceleration from a stationary start.
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Figure 2.26: The weight accelerates as it falls. The upper section of the card falls more quickly through the
light gate.

WORKED EXAMPLE

8 To get a rough value for g, a student dropped a stone from the top of a cliff. A second student timed the
stone’s fall using a stopwatch. Here are their results:

estimated height of cliff = 30 m
timeoffall=26s
Use the results to estimate a value for g.

Step 1 Calculate the average speed of the stone:

average speed of stone during fall = % =11.5m s‘]

Step 2 Find the values of v and u:
final speedv=2x115ms1=23.0ms™
initial speedu =0m s’

Step 3 Substitute these values into the equation for acceleration:

— v-u
a t

— 230
2.6

8.8 ms?

Note that you can reach the same result more directly using S = ut+ %a’[2 l but you may find
it easier to follow what is going on using the method given here. We should briefly consider why

the answer is less than the expected value of g = 9.81 m s72. It might be that the cliff was higher
than the student’s estimate. The timer may not have been accurate in switching the stopwatch
on and off. There will have been air resistance that slowed the stone’s fall.

Questions

18 A steel ball falls from rest through a height of 2.10 m. An electronic timer records a time of 0.67 s for the fall.
a Calculate the average acceleration of the ball as it falls.
b Suggest reasons why the answer is not exactly 9.81 m s72.



¢ Suppose the height is measured accurately but the time is measured to an uncertainty of £0.02 s.
Calculate the percentage uncertainty in the time and the percentage uncertainty in the average
acceleration. You can do this by repeating the calculation for g using a time of 0.65 s. You can find out
more about uncertainty in Chapter P1.

19 In an experiment to determine the acceleration due to gravity, a ball was timed electronically as it fell from
rest through a height h. The times t shown in Table 2.5 were obtained.

a  Plot a graph of h against t2.
b From the graph, determine the acceleration of free fall g.
¢ Comment on your answer.

Height h /' m 0.70 |1.03 |1.25 |1.60 |1.99
Time t/s 0.99 |11.13 |1.28 |1.42 |1.60

Table 2.5: Height h and time t data for Question 19.

20 In Chapter 1, we looked at how to use a motion sensor to measure the speed and position of a moving
object. Suggest how a motion sensor could be used to determine g.



2.13 Motion in two dimensions: projectiles

A curved trajectory

A multiflash photograph can reveal details of the path, or trajectory, of a projectile. Figure 2.27 shows the
trajectories of a projectile — a bouncing ball. Once the ball has left the child’s hand and is moving through the air,
the only force acting on it is its weight.

The ball has been thrown at an angle to the horizontal. It speeds up as it falls — you can see that the images of
the ball become further and further apart. At the same time, it moves steadily to the right. You can see this from
the even spacing of the images across the picture.

The ball’'s path has a mathematical shape known as a parabola. After it bounces, the ball is moving more slowly.
It slows down, or decelerates, as it rises — the images get closer and closer together.

We interpret this picture as follows. The vertical motion of the ball is affected by the force of gravity, that is, its
weight. When it rises it has a vertical deceleration of magnitude g, which slows it down, and when it falls it has
an acceleration of g, which speeds it up. The ball’s horizontal motion is unaffected by gravity. In the absence of
air resistance, the ball has a constant velocity in the horizontal direction. We can treat the ball’s vertical and
horizontal motions separately, because they are independent of one another.

Figure 2.27: A bouncing ball is an example of a projectile. This multiflash photograph shows details of its
motion that would escape the eye of an observer.

Components of a vector

In order to understand how to treat the velocity in the vertical and horizontal directions separately we start by
considering a constant velocity.

If an aeroplane has a constant velocity v at an angle 6 as shown in Figure 2.28, then we say that this velocity
has two effects or components, vy in a northerly direction and vg in an easterly direction. These two
components of velocity add up to make the actual velocity v.



This process of taking a velocity and determining its effect along another direction is known as resolving the
velocity along a different direction. In effect, splitting the velocity into two components at right angles is the
reverse of adding together two vectors — it is splitting one vector into two vectors along convenient directions.

For a velocity v at an angle 6 to the x-direction the components are:

x-direction: v cos 0

y-direction: v sin 6

Vy=veost A v

-
Ve=vsind

Figure 2.28: Components of a velocity. The component due north is vy = v cos® and the component due east
is Vg =V sing.

To find the component of any vector (for example, displacement, velocity, acceleration) in a particular direction,
we can use the following strategy:

Step 1 Find the angle 6 between the vector and the direction of interest.
Step 2 Multiply the vector by the cosine of the angle 6.

So the component of an object’s velocity v at angle 6 to v is equal to v cos 6 (Figure 2.28).

Question

21 Find the x- and y-components of each of the vectors shown in Figure 2.29. (You will need to use a
protractor to measure angles from the diagram.)



X
a b
50ms?
C d 80 N

6.0ms™2

Figure 2.29: The vectors for Question 21.




2.14 Understanding projectiles

We will first consider the simple case of a projectile thrown straight up in the air, so that it moves vertically. Then
we will look at projectiles that move horizontally and vertically at the same time.

Up and down

A stone is thrown upwards with an initial velocity of 20 m s™*. Figure 2.30 shows the situation.

It is important to use a consistent sign convention here. We will take upwards as positive, and downwards as
negative. So the stone’s initial velocity is positive, but its acceleration g is negative. We can solve various
problems about the stone’s motion by using the equations of motion.

How high?

How high will the stone rise above ground level of the cliff?
As the stone rises upwards, it moves more and more slowly — it decelerates because of the force of gravity.

positive
direction

|
{
-
|
{
I|
III
)
|
(
ii

v

Figure 2.30: Standing at the edge of the cliff, you throw a stone vertically upwards. The height of the cliff is 25
m.

At its highest point, the stone’s velocity is zero. So the quantities we know are:

initial velocity = u = 20ms™’
final velocity = v = QOms™’
acceleration = a = -981ms™2



displacement = s = 7

The relevant equation of motion is v2 = u? + 2as. Substituting values gives:

® = 202+2x(-9.81)xs
0 = 400-19.62s

- 400
S 19.62

= 204m=20m

The stone rises 20 m upwards before it starts to fall again.

How long?

How long will it take from leaving your hand for the stone to fall back to the clifftop?
When the stone returns to the point from which it was thrown, its displacement s is zero. So:

s=0
u=20ms’"’
a=-9.81ms?
t="

Substituting in S = ut+ ;—a’[2 gives:

o
1l

20t x £(-9.81) x t?
20t - 4.905t2
(20 - 4.905t) x t

There are two possible solutions to this:
* t=0s;in other words, the stone had zero displacement at the instant it was thrown

« t=41s;in other words, the stone returned to zero displacement after 4.1 s, which is the answer we are
interested in.

Falling further

The height of the cliff is 25 m. How long will it take the stone to reach the foot of the cliff?

This is similar to the last example, but now the stone’s final displacement is 25 m below its starting point. By our
sign convention, this is a negative displacement and s = =25 m.

Questions

22 In the example in ‘Falling further’, calculate the time it will take for the stone to reach the foot of the cliff.

23 A ballis fired upwards with an initial velocity of 30 m s™'. Table 2.6 shows how the ball’s velocity changes.
(Take g = 9.81 ms™2))
a Copy and complete the table.
b Draw a graph to represent the data.
¢ Use your graph to deduce how long the ball took to reach its highest point.




Velocity / m s™* 30 |20.19
Time /s 0 1.0 2.0 |3.0 4.0 |50

Table 2.6: For Question 23.

Vertical and horizontal at the same time

Here is an example to illustrate what happens when an object travels vertically and horizontally at the same
time.

In a toy, a ball-bearing is fired horizontally from a point 0.4 m above the ground. Its initial velocity is 2.5 m s™". Its
positions at equal intervals of time have been calculated and are shown in Table 2.7. These results are also
shown in Figure 2.31. Study the table and the graph. You should notice the following:

*  The horizontal distance increases steadily. This is because the ball’s horizontal motion is unaffected by the

force of gravity. It travels at a steady velocity horizontally so we can use v = ti l

*  The vertical distances do not show the same pattern. The ball is accelerating downwards so we must use
the equations of motion. (These figures have been calculated using g = 9.81 m s72.)

Time /s Horizontal distance / m | Vertical distance /
m
0.00 0.00 0.000
0.04 0.10 0.008
0.08 0.20 0.031
0.12 0.30 0.071
0.16 0.40 0.126
0.20 0.50 0.196
0.24 0.60 0.283
0.28 0.70 0.385

Table 2.7: Data for the example of a moving ball, as shown in Figure 2.31.

Horizontal distance / m
01 02 03 04 05 06 0.7
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Figure 2.31: This sketch shows the path of the ball projected horizontally. The arrows represent the horizontal
and vertical components of its velocity.

You can calculate the distance s fallen using the equation of motion S = ut+ %at2 (The initial vertical
velocity u = 0.)

The horizontal distance is calculated using:

horizontal distance = 2.5 x t

The vertical distance is calculated using:

vertical distance = ;— x9.81 x {2

In the absence of air resistance, an object has constant velocity horizontally
and constant acceleration vertically.

WORKED EXAMPLES

9 A stone is thrown horizontally with a velocity of 12 m s~ from the top of a vertical cliff.
Calculate how long the stone takes to reach the ground 40 m below and how far the stone lands from the
base of the cliff.

Step 1 Consider the ball’s vertical motion. It has zero initial speed vertically and travels 40 m with
acceleration 9.81 m s™2 in the same direction.

s = ut+ Zat?
40=0+ ;— x9.81 x 12
So,t=2.86s.

Step 2 Consider the ball’s horizontal motion. The ball travels with a constant horizontal velocity, 12 m
s™1, as long as there is no air resistance.

distance travelled =u xt =12 x2.86 =34.3 m

Hint: You may find it easier to summarise the information like this:
verticallys=40u=0a=981t=?2v ="

horizontallyu =12v=12a=0t=?s="7

10 A ball is thrown with an initial velocity of 20 m s~ at an angle of 30° to the horizontal (Figure 2.32).
Calculate the horizontal distance travelled by the ball (its range).

u=20ms

--------
- [ .

Figure 2.32: For Worked example 10.




Step 1 Split the ball’s initial velocity into horizontal and vertical components:
initial velocity =u =20 m s™"
horizontal component of initial velocity v=u cos 6 = 20 x cos 30° =17.3 ms™’
vertical component of initial velocity = u sin 6 = 20 x sin 30° =10 m s~"

Step 2 Consider the ball’s vertical motion. How long will it take to return to the ground? In other words,
when will its displacement return to zero?

u=10ms™' a=-981ms?2 s=0 t=?
Using S = ut+ %at2 we have:

0 = 10t — 4.905¢2
This givest=0sort=2.04s.
So, the ball is in the air for 2.04 s.

Step 3 Consider the ball’s horizontal motion. How far will it travel horizontally in the 2.04 s before it
lands? This is simple to calculate, since it moves with a constant horizontal velocity of 17.3 m
-1
s

17.3x2.04
= 353m

Hence the horizontal distance travelled by the ball (its range) is about 35 m.

horizontal displacement s

Questions

24 A stone is thrown horizontally from the top of a vertical cliff and lands 4.0 s later at a distance 12.0 m from
the base of the cliff. Ignore air resistance.
a Calculate the horizontal speed of the stone.
b Calculate the height of the cliff.

25 A stone is thrown with a velocity of 8.0 m s™" into the air at an angle of 40° to the horizontal.
a Calculate the vertical component of the velocity.

b State the value of the vertical component of the velocity when the stone reaches its highest point.
Ignore air resistance.

¢ Use your answers to part a and part b to calculate the time the stone takes to reach its highest point.
d Calculate the horizontal component of the velocity.

e Use your answers to part ¢ and part d to find the horizontal distance travelled by the stone as it climbs
to its highest point.

26 The range of a projectile is the horizontal distance it travels before it reaches the ground. The greatest
range is achieved if the projectile is thrown at 45° to the horizontal.

A ball is thrown with an initial velocity of 40 m s™'. Calculate its greatest possible range when air resistance
is considered to be negligible.

+  Could you easily teach somebody a proof of the equations of motion? How would you do this?

* What do you find unexpected about projectile motion?




SUMMARY

Acceleration is equal to the rate of change of velocity. It is a vector, has units m s™2 and can be found from
the gradient of a velocity—time graph. The area under this graph is the change in displacement.

Acceleration, velocity, displacement and time for a uniform acceleration are related by the equations of
motion, which you should know how to derive and use.

The acceleration of free fall is taken as 9.81 m s™2 and you should know an experiment to measure this
quantity.

Vector quantities can be resolved into components. Components at right angles to one another can be
treated independently. For a velocity v at an angle 6 to the x-direction the components are:

x-direction: v cos 0
y-direction: v sin 0

In the absence of air resistance, projectiles involve a constant acceleration downwards and a constant
velocity horizontally. These can be treated independently of one another.




EXAM-STYLE QUESTIONS
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A motorway designer can assume that cars approaching a motorway enter a slip

road with a velocity of 10 m s™! and reach a velocity of 30 m s~ before joining the
motorway. Calculate the minimum length for the slip road, assuming that vehicles

have an acceleration of 4.0 m s™2.

A train is travelling at 50 m s~! when the driver applies the brakes and gives the
train a constant deceleration of magnitude 0.50 m s™2 for 100 s. Describe what
happens to the train. Calculate the distance travelled by the train in 100 s.

A boy stands on a cliff edge and throws a stone vertically upwards at time t = 0.
The stone leaves his hand at 20 m s™'. Take the acceleration of the ball as 9.81 m
-2
s
a Show that the equation for the displacement of the ball is:
s = 20t - 4.9t2
b Calculate the height of the stone 2.0 s after release and 6.0 s after release.

¢ Calculate the time taken for the stone return to the level of the boy’s hand. You
may assume the boy’s hand does not move vertically after the ball is released.

This graph shows the variation of velocity with time of two cars, A and B, which are
travelling in the same direction over a period of time of 40 s.

(4]

(71

[2]
(31

[4]
[Total: 9]
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Figure 2.35

Car A, travelling at a constant velocity of 40 m s™', overtakes carB at timet = 0. In

order to catch up with car A, car B immediately accelerates uniformly for 20 s to
reach a constant velocity of 50 m s~". Calculate:

a

b
c
d

the distance that A travels during the first 20 s

the acceleration and distance of travel of B during the first 20 s

the additional time taken for B to catch up with A

the distance each car will have then travelled since t = 0.

An athlete competing in the long jump leaves the ground with a velocity of 5.6 m
s™! at an angle of 30° to the horizontal.

a

This diagram shows an arrangement used to measure the acceleration of a metal

Determine the vertical component of the velocity and use this value to find the

time between leaving the ground and landing.

Determine the horizontal component of the velocity and use this value to find

the horizontal distance travelled.

plate as it falls vertically.

lightbeam 1 ----eeememeefiomicimmmmneeniennnee

light beam 2 --eevvmmeeee e

metal plate

timer

K
A

[2]
[S]
[2]
[2]
[Total: 11]

[41

[4]
[Total: 8]



Figure 2.36

The metal plate is released from rest and falls a distance of 0.200 m before
breaking light beam 1. It then falls a further 0.250 m before breaking light beam 2.

a

Calculate the time taken for the plate to fall 0.200 m from rest. (You may
assume that the metal plate falls with an acceleration equal to the acceleration
of free fall.)

The timer measures the speed of the metal plate as it falls through each light
beam. The speed as it falls through light beam 1 is 1.92 m s™' and the speed
as it falls through light beam 2 is 2.91 ms™".

i  Calculate the acceleration of the plate between the two light beams.

ii  State and explain one reason why the acceleration of the plate is not
equal to the acceleration of free fall.

10 This is a velocity—time graph for a vertically bouncing ball.

Velocity

A

=

Time

Figure 2.37

The ball is released at A and strikes the ground at B. The ball leaves the ground at
D and reaches its maximum height at E. The effects of air resistance can be
neglected.

a

State:

i  why the velocity at D is negative

ii  why the gradient of the line AB is the same as the gradient of line DE
iii what is represented by the area between the line AB and the time axis
iv  why the area of triangle ABC is greater than the area of triangle CDE.

The ball is dropped from rest from an initial height of 1.2 m. After hitting the
ground the ball rebounds to a height of 0.80 m. The ball is in contact with the
ground between B and D for a time of 0.16 s.

Using the acceleration of free fall, calculate:
i  the speed of the ball immediately before hitting the ground
ii  the speed of the ball immediately after hitting the ground

iii  the acceleration of the ball while it is in contact with the ground. State the
direction of this acceleration.

[2]

[2]

[2]
[Total: 6]

11
11
11
11

[2]
[2]

(31



[Total: 11]

11 A student measures the speed v of a trolley as it moves down a slope. The
variation of v with time t is shown in this graph.

v/ms?t
1.2
L]
0.8 /,/
04—
4
0 0.2 0.4 0.6 0.8 1.0 t/s
Figure 2.38
a Use the graph to find the acceleration of the trolley when t = 0.70 s. [2]
b State how the acceleration of the trolley varies betweent=0andt = 1.0 s.
Explain your answer by reference to the graph. [3]

¢ Determine the distance travelled by the trolley between t = 0.60 and t = 0.80 s. [3]

d The student obtained the readings for v using a motion sensor. The readings
may have random errors and systematic errors. Explain how these two types
of error affect the velocity—time graph. [2]

[Total: 10]

12 A car driver is travelling at speed v on a straight road. He comes over the top of a
hill to find a fallen tree on the road ahead. He immediately brakes hard but travels a
distance of 60 m at speed v before the brakes are applied. The skid marks left on
the road by the wheels of the car are of length 140 m, as shown.

top ?f hill skid marks
T eom 140m :
Figure 2.39

The police investigate whether the driver was speeding and establish that the car
decelerates at 2.0 m s™2 during the skid.

a Determine the initial speed v of the car before the brakes are applied. [2]

b Determine the time taken between the driver coming over the top of the hill [2]
and applying the brakes. Suggest whether this shows whether the driver was



alert to the danger.

¢ The speed limit on the road is 100 km/h. Determine whether the driver was
breaking the speed limit. [2]

[Total: 6]

13 A hot-air balloon rises vertically. At time t = 0, a ball is released from the balloon.
This graph shows the variation of the ball's velocity v with t. The ball hits the ground
att=4.1s.

20

v/ms

10

-10

=20

Figure 2.40

a Explain how the graph shows that the acceleration of the ball is constant. [1]
b Use the graph to:

i  determine the time at which the ball reaches its highest point [1
ii  show that the ball rises for a further 12 m between release and its highest
point [2]
iii determine the distance between the highest point reached by the ball and
the ground. [2]
c The equation relatingv and t is v = 15 — 9.81¢. State the significance in the
equation of:
i  the number 15 [1]
ii  the negative sign. [1]
[Total: 8]

14 An aeroplane is travelling horizontally at a speed of 80 m s™' and drops a crate of
emergency supplies.






SELF-EVALUATION CHECKLIST

After studying the chapter, complete a table like this:

See topic... Needs more Almost there Ready to

work move on
define acceleration 2.1
calculate displacement from the area 2.5

under a velocity—time graph

calculate velocity using the gradient of a 2.6
displacement—time graph

calculate acceleration using the gradient 24
of a velocity—time graph

derive and use the equations of uniformly 210
accelerated motion

describe an experiment to measure the 211,212
acceleration of free fall, g

use perpendicular components to 213
represent a vector

explain projectile motion using uniform 214
velocity in one direction and uniform
acceleration in a perpendicular direction
and do calculations on this motion.







} Chapter 3
Dynamics: explaining motion

LEARNING INTENTIONS

In this chapter you will learn how to:

*  recognise that mass is a property of an object that resists change in motion
» identify the forces acting on a body in different situations

» describe how the motion of a body is affected by the forces acting on it

» recall F = ma and solve problems using it, understanding that acceleration and resultant force are always
in the same direction

+ state and apply Newton’s first and third laws of motion
+ recall that the weight of a body is equal to the product of its mass and the acceleration of free fall

» relate derived units to base units in the Sl system and use base units to check the homogeneity of an
equation

+ recall and use a range of prefixes.

BEFORE YOU START

+  Make a list of all the different types of force that you know about. Do you have the same list as someone
else? Discuss any differences and describe the types of force to each other.

*  What prefixes do you know that may be placed before a unit? For example, the ‘c’ in cm is the prefix
‘centi’ and means times 1072. Write down those that you know and what they mean then see if you are
correct.

DYNAMIC AEROPLANES

Figure 3.1 shows a modern aeroplane. To decrease cost and the effect on the environment, such an aircraft
must reduce air resistance and weight, yet be able to use air resistance and other forces to stop when
landing. If you have ever flown in an aeroplane you will know how the back of the seat pushes you forwards
when the aeroplane accelerates down the runway. The pilot must control many forces on the aeroplane in
take-off, flying and landing.

In Chapters 1 and 2 we saw how motion can be described in terms of displacement, velocity, acceleration and
so on. Now we are going to look at how we can explain how an object moves in terms of the forces that
change its motion.

Apart from air resistance, see how many other forces you can discover that act on an aeroplane. Compare
your list with someone else. What causes all these forces?




Figure 3.1: A modern aircraft flying over the ocean.




3.1 Force, mass and acceleration

Figure 3.2a shows how we represent the force that the motors on a train provide to cause it to accelerate. The
resultant force is represented by a green arrow. The direction of the arrow shows the direction of the resultant
force. The magnitude (size) of the resultant force of 20 000 N is also shown.

a -— direction of acceleration a

F=20000N mass = 10 000 kg /\

b ——» direction of acceleration a

a=-3m s‘zl‘(\

direction of force F =
| e [ JIZFIG[IIZIIZ

=00

Figure 3.2: A force is needed to make the train a accelerate, and b decelerate.

To calculate the acceleration a of the train produced by the resultant force F, we must also know the train’s mass
m (Table 3.1). These quantities are related by:

a=LorF=ma|

resultant force = mass x acceleratio
F = ma
Quantity Symbol Unit
resultant force F N (newtons)
mass m kg (kilograms)
acceleration a m s~2 (metres per second
squared)

Table 3.1: The quantities related by F = ma.




In this example, we have F =20 000 N and m = 10 000 kg, and so:

In Figure 3.2b, the train is decelerating as it comes into a station. Its acceleration is —3.0 m s™2. What force must
be provided by the braking system of the train?

F=ma=10000 x -3=-30000N

The minus sign shows that the force must act towards the right in the diagram, in the opposite direction to the
motion of the train.

Newton’s second law of motion

The equation we used, F = ma, is a simplified version of Newton’s second law of motion: For a body of
constant mass, its acceleration is directly proportional to the resultant force applied to it.

An alternative form of Newton’s second law is given in Chapter 6, when you have studied momentum.

Since Newton’s second law holds for objects that have a constant mass, this equation can be applied to a train
whose mass remains constant during its journey.

The equation a = % relates acceleration, resultant force and mass. In particular, it shows that the bigger the

force, the greater the acceleration it produces. You will probably feel that this is an unsurprising result. For a
given object, the acceleration is directly proportional to the resultant force:

ax F|

The equation also shows that the acceleration produced by a force depends on the mass of the object. The
mass of an object is a measure of its inertia, or its ability to resist any change in its motion. The greater the
mass, the smaller the acceleration that results. If you push your hardest against a small car (which has a small
mass), you will have a greater effect than if you push against a more massive car (Figure 3.3). So, for a constant
force, the acceleration is inversely proportional to the mass:

1
ax —
The train driver knows that when the train is full during the rush hour, it has a smaller acceleration. This is
because its mass is greater when it is full of people. Similarly, it is more difficult to stop the train once it is
moving. The brakes must be applied earlier to avoid the train overshooting the platform at the station.

%)

mass m=700kg mass m = 2600 kg

Figure 3.3: It is easier to make a small mass accelerate than a large mass.

WORKED EXAMPLES




A cyclist of mass 60 kg rides a bicycle of mass 20 kg. When starting off, the cyclist provides a force of
200 N. Calculate the initial acceleration.

Step 1 This is a straightforward example. First, we must calculate the combined mass m of the bicycle
and its rider:
m =20+ 60 =80 kg
We are given the force F:
force causing acceleration F = 200 N

Step 2 Substituting these values gives:
a = FE

m

= 20
80

25ms?

So the cyclist’s acceleration is 2.5 m s72.

A car of mass 500 kg is travelling at 20 m s™'. The driver sees a red traffic light ahead, and slows to a
halt in 10 s. Calculate the braking force provided by the car.

Step 1 In this example, we must first calculate the acceleration required. The car’s final velocity is 0 m
s™1, so its change in velocity Av =0 -20=-20m s™’
change in velocity
time taken
= A
At
= =20
10
= -2ms?
Step 2 To calculate the force, we use:
F=ma=500x%-2=-1000 N

So the brakes must provide a force of 1000 N. (The minus sign shows a force decreasing the
velocity of the car.)

acceleration a

Questions

1 Calculate the force needed to give a car of mass 800 kg an acceleration of 2.0 m s™2.

2 Arocket has a mass of 5000 kg. At a particular instant, the resultant force acting on the rocket is 200 000 N.
Calculate its acceleration.

3 (In this question, you will need to make use of the equations of motion that you studied in Chapter 2.) A

motorcyclist of mass 60 kg rides a bike of mass 40 kg. As she sets off from the lights, the forward force on
the bike is 200 N. Assuming the resultant force on the bike remains constant, calculate the bike’s velocity
after 5.0 s.



3.2 ldentifying forces

It is important to be able to identify the forces which act on an object. When we know what forces are acting, we
can predict how the object will move. Table 3.2 shows some important forces, how they arise and how we
represent them in diagrams.



3.3 Weight, friction and gravity

Now we need to consider some specific forces — such as weight and friction.

When Isaac Newton was confined to his rural home to avoid the plague which was spreading uncontrollably in

other parts of England, he is said to have noticed an apple fall to the ground. From this, he developed his theory
of gravity that relates the motion of falling objects here on Earth to the motion of the Moon around the Earth, and
the planets around the Sun.

forward

backward push
on road

pushing and pulling it. Your force is shown by an arrow pushing
(or pulling) the object.

The engine of a car provides a force to push backwards on the
road. Frictional forces from the road on the tyre push the car
forwards.

Diagram Force Important
situations
push pull Pushes and pulls. You can make an object accelerate by e pushing and

pulling

e lifting

e force of car
engine

e attraction and
repulsion by
magnets and
by electric
charges

i

v weight

Weight. This is the force of gravity acting on the object. It is
usually shown by an arrow pointing vertically downwards from
the object’s centre of gravity.

e anyobjectina
gravitational
field

e lessonthe
Moon

LU » pull
friction | |11 pu

~friction

Friction. This is the force that arises when two surfaces rub over
one another. If an object is sliding along the ground, friction acts
in the opposite direction to its motion. If an object is stationary,
but tending to slide — perhaps because it is on a slope — the force
of friction acts up the slope to stop it from sliding down. Friction
always acts along a surface, never at an angle to it.

e pulling an
object along
the ground

e vehicles
cornering or
skidding

e sliding down a
slope

Drag. This force is similar to friction. When an object moves
through air, there is friction between it and the air. Also, the object
has to push aside the air as it moves along. Together, these
effects make up drag.

Similarly, when an object moves through a liquid, it
experiences a drag force.

Drag acts to oppose the motion of an object; it acts in the
opposite direction to the object’s velocity. It can be reduced by
giving the object a streamlined shape.

e vehicles
moving

e  aircraft flying
e parachuting

e objects falling
through air or
water

e ships sailing




Diagram Force Important
situations
upthrust Upthrust. Any object placed in a fluid such as water or air e boats and
e — | experiences an upwards force. This is what makes it possible for icebergs
L — something to float in water. floating
Upthrust arises from the pressure that a fluid exerts on an e people
) object. The deeper you go, the greater the pressure. So there is swimming
weight more pressure on the lower surface of an object than on the divers
upper surface, and this tends to push it upwards. If upthrust is surfacing
greater than the object’s weight, it will float up to the surface. a hot air
o balloon rising
contact  contact - Contact force. When you stand on the floor or sit on a chair, e standing on
force forces / there is usually a force that pushes up against your weight, and the ground
! | / which supports you so that you do not fall down. The contact e  one object
// force is sometimes known as the normal contact force of the floor sitting on top
// or chair. (In this context, normal means ‘perpendicular’.) of another
4
: The contact force always acts at right angles to the surface e leaning
that produces it. The floor pushes straight upwards; if you lean against a wall
against a wall, it pushes back against you horizontally. e one object
bouncing off
another
Tentioh Tension. This is the force in a rope or string when it is stretched. | e  pulling with a
1ten3i0n If you pull on the ends of a string, it tends to stretch. The tension rope
\ in the string pulls back against you. It tries to shorten the string. e squashing or
Tension can also act in springs. If you stretch a spring, the stretching a
tension pulls back to try to shorten the spring. If you squash spring
(compress) the spring, the tension acts to expand the spring.

Table 3.2: Some important forces.

The force that caused the apple to accelerate was the pull of the Earth’s gravity. Another name for this force is
the weight of the apple. The force is shown as an arrow, pulling vertically downwards on the apple (Figure 3.4).
It is usual to show the arrow coming from the centre of the apple — its centre of gravity. The centre of gravity of
an object is defined as the point where its entire weight appears to act.

Figure 3.4: The weight of an object is a force caused by the Earth’s gravity. It acts vertically down on the
object.




Large and small

A large rock has a greater weight than a small rock, but if you push both rocks over a cliff at the same time, they
will fall at the same rate. In other words, they have the same acceleration, regardless of their mass. This is a
surprising result. Common sense may suggest that a heavier object will fall faster than a lighter one. It is said
that Galileo dropped a large cannon ball and a small cannon ball from the top of the Leaning Tower of Pisa in
Italy, and showed that they landed at the same time. The story illustrates that results are not always what you
think they will be — if everyone thought that the two cannon balls would accelerate at the same rate, there would
not have been any experiment or story.

In fact, we are used to lighter objects falling more slowly than heavy ones. A feather drifts down to the floor,
while a stone falls quickly. But this is because of air resistance. The force of air resistance has a large effect on
the falling feather, and almost no effect on the falling stone. When astronauts visited the Moon (where there is
virtually no atmosphere and so no air resistance), they were able to show that a feather and a stone fell side-by-
side to the ground.

As we saw in Chapter 2, an object falling freely close to the Earth’s surface has an acceleration of roughly 9.81
m s72, the acceleration of free fall g.

We can find the force causing this acceleration using F = ma. This force is the object’s weight. Hence, the
weight W of an object is given by:

weight = mass x acceleration of free fall

or

W =mg

weight = mass x acceleration of free fal
W = mg

Question

4 Estimate the mass and weight of each of the following at the surface of the Earth:
a kilogram of potatoes

an average student

a mouse

a 40-tonne truck.

o 0 T o

For estimates, use g = 10 m s72; 1 tonne = 1000 kg.)

—~

On the Moon

The Moon is smaller and has less mass than the Earth, and so its gravity is weaker. If you were to drop a stone
on the Moon, it would have a smaller acceleration. Your hand is about 1 m above ground level; a stone takes
about 0.45 s to fall through this distance on the Earth, but about 1.1 s on the surface of the Moon. The
acceleration of free fall on the Moon is about one-sixth of that on the Earth:

IMoon = 1.6 m 572

It follows that objects weigh less on the Moon than on the Earth. They are not completely weightless, because
the Moon’s gravity is not zero.



Mass and weight

We have now considered two related quantities, mass and weight. It is important to distinguish carefully
between these (Table 3.3).

Quantity Symbol Unit In terms of base Comment
units
mass m kg kg this does not vary from place
to place
weight mg N kg m s 2 this is a force — it depends on
the strength of gravity

Table 3.3: Distinguishing between mass and weight.

Figure 3.5 shows a vehicle used to travel on the moon, named a moon-buggy. If the moon-buggy breaks down,
it will be no easier to get it moving on the Moon than on the Earth. This is because its mass does not change,
because it is made from the same atoms and molecules wherever it is. From F = ma, it follows that if m does not
change, you will need the same force F to start it moving.

Figure 3.5: The mass of a moon-buggy is the same on the Moon as on the Earth, but its weight is smaller.

However, your moon-buggy will be easier to lift on the Moon, because its weight will be less. From W = mg,
since g is less on the Moon, it has a smaller weight than when on the Earth.



3.4 Mass and inertia

It took a long time for scientists to develop correct ideas about forces and motion. We will start by thinking about
some wrong ideas, and then consider why Galileo, Newton and others decided new ideas were needed.

Observations and ideas

Here are some observations to think about.

*  The large tree trunk shown in Figure 3.6 is being pulled from a forest. The elephant provides the
« force needed to pull it along. If the elephant stops pulling, the tree trunk will stop moving.

* Anhorse is pulling a cart. If the horse stops pulling, the cart stops.

*  You are riding a bicycle. If you stop pedaling, the bicycle will come to a halt.

*  You are driving along the road. You must keep your foot on the accelerator pedal, otherwise the car will not
keep moving.

*  You kick a football. The ball rolls along the ground and gradually stops.
In each of these cases, there is a force that makes something move — the pull of the elephant or the horse, your

push on the bicycle pedals, the force of the car engine, the push of your foot. Without the force, the moving
object comes to a halt. So what conclusion might we draw?

A moving object needs a force to keep it moving.

This might seem a sensible conclusion to draw, but it is wrong. We have not thought about all the forces
involved. The missing force is friction.

In each example, friction (or air resistance) makes the object slow down and stop when there is no force pushing
or pulling it forwards. For example, if you stop pedaling your cycle, air resistance will slow you down. There is
also friction at the axles of the wheels, and this too will slow you down. If you could lubricate your axles and
cycle in a vacuum, you could travel along at a steady speed forever, without pedaling!

Figure 3.6: An elephant provides the force needed to pull this tree from the forest.




In the 17th century, astronomers began to use telescopes to observe the night sky. They saw that objects such
as the planets could move freely through space. They simply kept on moving, without anything providing a force
to push them. Galileo came to the conclusion that this was the natural motion of objects.

*  An object at rest will stay at rest, unless a force causes it to start moving.
* A moving object will continue to move at a steady speed in a straight line, unless a force acts on it.

So objects move with a constant velocity, unless a force acts on them. (Being stationary is simply a particular
case of this, where the velocity is zero.) Nowadays, it is much easier to appreciate this law of motion, because
we have more experience of objects moving with little or no friction such as roller-skates with low-friction
bearings, ice skates and spacecraft in empty space. In Galileo’s day, people’s everyday experience was of
dragging things along the ground, or pulling things on carts with high-friction axles. Before Galileo, the orthodox
scientific idea was that a force must act all the time to keep an object moving — this had been handed down from
the time of the ancient Greek philosopher Aristotle. So it was a great achievement when scientists were able to
develop a picture of a world without friction.

The idea of inertia

The tendency of a moving object to carry on moving is sometimes known as inertia.

*  An object with a large mass is difficult to stop moving — think about catching a football, compared with a less
massive tennis ball moving at the same speed.

«  Similarly, a stationary object with a large mass is difficult to start moving — think about pushing a car to get it
started.

. It is difficult to make a massive object change direction — think about the way a fully laden supermarket
trolley tries to keep moving in a straight line.

All of these examples suggest another way to think of an object’'s mass; it is a measure of its inertia — how
difficult it is to change the object’s motion. Uniform motion is the natural state of motion of an object.

Here, uniform motion means ‘moving with constant velocity’ or ‘moving at a steady speed in a straight line’.

Newton’s first law of motion

The findings on inertia and uniform motion can be summarised as Newton’s first law of motion:

In fact, this is already contained in the simple equation we have been using to calculate acceleration, F = ma. If
no resultant force acts on an object (F = 0), it will not accelerate (a = 0). The object will either remain stationary
or it will continue to travel at a constant velocity. If we rewrite the equation as a = % | we can see that the
greater the mass m, the smaller the acceleration a produced by a force F.

Questions

5 Use the idea of inertia to explain why some large cars have power-assisted brakes.

6 A car crashes head-on into a brick wall. Use the idea of inertia to explain why the driver is more likely to
come out through the windscreen if he or she is not wearing a seat belt.

Top speed

The vehicle shown in Figure 3.7 is capable of speeds as high as 760 mph, greater than the speed of sound. Its
streamlined shape is designed to cut down air resistance and its jet engines provide a strong forwards force to
accelerate it up to top speed.

All vehicles have a top speed. But why can’t they go any faster? Why can’t a car driver keep pressing on the
accelerator pedal, and simply go faster and faster?

To answer this, we have to think about the two forces already mentioned: air resistance and the forwards thrust
(force) of the engine. The vehicle will accelerate so long as the thrust is greater than the air resistance. When



the two forces are equal, the resultant force on the vehicle is zero and the vehicle moves at a steady velocity.

Balanced and unbalanced forces

If an object has two or more forces acting on it, we have to consider whether or not they are ‘balanced’ (Figure
3.8). Forces on an object are balanced when the resultant force on the object is zero. The object will either
remain at rest or have a constant velocity.

We can calculate the resultant force by adding up two (or more) forces that act in the same straight line. We
must take account of the direction of each force. In the examples in Figure 3.8, forces to the right are positive
and forces to the left are negative.

When a car travels slowly, it encounters little air resistance. However, the faster it goes, the more air it has to
push out of the way each second and so the greater the air resistance. Eventually, the backwards force of air
resistance equals the forwards force provided between the tyres and the road, and the forces on the car are
balanced. It can go no faster—it has reached its top speed.

Free fall

Skydivers (Figure 3.9) are rather like cars—at first, they accelerate freely. At the start of the fall, the only force
acting on the diver is his or her weight. The acceleration of the diver at the start must therefore be g. Then
increasing air resistance opposes their fall and their acceleration decreases. Eventually, they reach a maximum
velocity, known as the terminal velocity.

At the terminal velocity, the air resistance is equal to the weight. The terminal velocity is approximately 120 miles
per hour (about 50 m s™), but it depends on the skydiver’s weight and orientation. Head-first is fastest.

Figure 3.7: The Thrust SSC rocket car broke the world land-speed record in 1997. It achieved a top speed of
763 mph (just over 340 m s~) over a distance of 1 mile (1.6 km).




Two equal forces acting

300 N in opposite directions
cancel each other out.
We say they are balanced.
The car will continue to
move at a steady velocity
in a straight line.

resultant force=0 N

These two forces are
unequal, so they do not
cancel out. They are
unbalanced. The car will
accelerate.
resultant force
=400 N - 300
=100 N to the right

Again the forces are
unbalanced. This time,
the car will slow down or
decelerate.
resultant force
=400 N -300 N
=100 N to the left

Figure 3.8: Balanced and unbalanced forces.




Figure 3.9: A skydiver falling freely.

The idea of a parachute is to greatly increase the air resistance. Then terminal velocity is reduced, and the
parachutist can land safely. Figure 3.10 shows how a parachutist’s velocity might change during descent.

Terminal velocity depends on the weight and surface area of the object. For insects, air resistance is much
greater relative to their weight than for a human being and so their terminal velocity is quite low. Insects can be
swept up several kilometres into the atmosphere by rising air streams. Later, they fall back to Earth uninjured. It
is said that mice can survive a fall from a high building for the same reason.

Velocity

0 -
0 Time

Figure 3.10: The velocity of a parachutist varies during a descent. The force arrows show weight (downwards)
and air resistance (upwards).




3.5 Moving through fluids

Air resistance is just one example of the resistive force (or viscous force) that objects experience when they
move through a fluid, a liquid or a gas. If you have ever run down the beach and into the sea, or tried to wade
quickly through the water of a swimming pool, you will have experienced the force of drag. The deeper the
water gets, the more it resists your movement and the harder you have to work to make progress through it. In
deep water, it is easier to swim than to wade.

You can observe the effect of drag on a falling object if you drop a key or a coin into the deep end of a swimming
pool. For the first few centimetres, it speeds up, but for the remainder of its fall, it has a steady speed. (If it fell
through the same distance in air, it would accelerate all the way.) The drag of water means that the falling object
reaches its terminal velocity very soon after it is released. Compare this with a skydiver, who has to fall
hundreds of metres before reaching terminal velocity.

Moving through air

We rarely experience drag in air. This is because air is much less dense than water; its density is roughly that of
water. At typical walking speed, we do not notice the effects of drag. However, if you want to move faster, the
effects can be important. Racing cyclists, like the one shown in Figure 3.11, wear tight-fitting clothing and
streamlined helmets.

Figure 3.11: A racing cyclist adopts a posture that helps to reduce drag. Clothing, helmet and even the cycle
itself are designed to allow them to go as fast as possible.

Other athletes may take advantage of the drag of air. The runner in Figure 3.12 is undergoing resistance
training. The parachute provides a backwards force against which his muscles must work. This should help to
develop his muscles.
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Figure 3.12: A runner making use of air resistance to build up his muscles.

WORKED EXAMPLES

3 Acar of mass 500 kg is travelling along a flat road. The forward force provided between the car tyres and
the road is 300 N and the air resistance is 200 N. Calculate the acceleration of the car.

Step 1 Start by drawing a diagram of the car, showing the forces mentioned in the question (Figure
3.13). Calculate the resultant force on the car; the force to the right is taken as positive:

resultant force = 300 — 200 = 100 N

Step 2 Now use F = ma to calculate the car’s acceleration:

a = E
m

- 100
500

= 0.20m s?

So the car’s acceleration is 0.20 m s72.

Figure 3.13: The forces on an accelerating car.



4 The maximum forward force a car can provide is 500 N. The air resistance F that the car experiences

depends on its speed according to F = 0.2v2, where v is the speed in m s™!. Determine the top speed of
the car.

Step1 From the equation F = 0.2v2, you can see that the air resistance increases as the car goes
faster. Top speed is reached when the forward force equals the air resistance. So, at top speed:

500 = 0.2v?
Step 2 Rearranging gives:
vZ = %
= 2500
v = 2500
= 50ms’

So the car’s top speed is 50 m s~ (this is about 180 km h™7).

Questions

7 If you drop a large stone and a small stone from the top of a tall building, which one will reach the ground
first? Explain your answer.

8 Inarace, downhill skiers want to travel as quickly as possible. They are always looking for ways to increase
their top speed. Explain how they might do this. Think about:
a their skis
b their clothing
¢ their muscles
d the slope.

9 Skydivers jump from a plane at intervals of a few seconds. If two divers wish to join up as they fall, the
second must catch up with the first.
a If one diver is more massive than the other, who should jump first? Use the idea of forces and terminal

velocity to explain your answer.

b If both divers are equally massive, suggest what the second might do to catch up with the first.

Contact forces and upthrust

We will now think about the forces that act when two objects are in contact with each other. When two objects
touch each other, each exerts a force on the other. These are called contact forces. For example, when you
stand on the floor (Figure 3.14), your feet push downwards on the floor and the floor pushes back upwards on
your feet. This is a vital force — the upward push of the floor prevents you from falling downwards under the pull
of your weight.

Where do these contact forces come from? When you stand on the floor, the floor becomes slightly compressed.
Its atoms are pushed slightly closer together, and the interatomic forces push back against the compressing
force. At the same time, the atoms in your feet are also pushed together so that they push back in the opposite
direction. (It is hard to see the compression of the floor when you stand on it, but if you stand on a soft material
such as foam rubber or a mattress you will be able to see the compression clearly.)



contact force
of floor on foot
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contact force
of foot on floor

Figure 3.14: Equal and opposite contact forces act when you stand on the floor.

You can see from Figure 3.14 that the two contact forces act in opposite directions. They are also equal in
magnitude. As we will see shortly, this is a consequence of Newton’s third law of motion.

When an object is immersed in a fluid (a liquid or a gas), it experiences an upward force called upthrust. Itis
the upthrust of water that keeps a boat floating (Figure 3.15), and the upthrust of air that lifts a hot air balloon
upwards.

The upthrust of water on a boat can be thought of as the contact force of the water on the boat. It is caused by
the pressure of the water pushing upwards on the boat. Pressure arises from the motion of the water molecules
colliding with the boat and the net effect of all these collisions is an upwards force.

An object in air, such as a ball, has a very small upthrust acting on it, because the density of the air around it is
low. Molecules hit the top surface of the ball pushing down, but only a few more molecules push upwards on the
bottom of the ball, so the resultant force upwards, or the upthrust, is low. If the ball is falling, air resistance is
greater than this small upthrust but both these forces are acting upwards on the ball.

ightofboat  _________

upthrust of water
on boat



Figure 3.15: Without sufficient upthrust from the water, the boat would sink.

Questions

10 Name these forces:
a the upward push of water on a submerged object
the force that wears away two surfaces as they move over one another
the force that pulled the apple off Isaac Newton’s tree
the force that stops you falling through the floor
the force in a string that is holding up an apple
the force that makes it difficult to run through shallow water.
11 Draw a diagram to show the forces that act on a car as it travels along a level road at its top speed.

12 Imagine throwing a shuttlecock straight up in the air. Air resistance is more important for shuttlecocks than
for a tennis ball. Air resistance always acts in the opposite direction to the velocity of an object.

Draw diagrams to show the two forces, weight and air resistance, acting on the shuttlecock:
a as it moves upwards
b as it falls back downwards.

= 0 Qo 0 T



3.6 Newton’s third law of motion

For completeness, we should now consider Newton’s third law of motion. (There is more about this in Chapter
6.)

When two objects interact, each exerts a force on the other. Newton’s third law says that these forces are equal
and opposite to each other:

When two bodies interact, the forces they exert on each other are equal in magnitude and opposite in direction.

(These two forces are sometimes described as action and reaction, but this is misleading as it sounds as though
one force arises as a consequence of the other.
In fact, the two forces appear at the same time and we can’t say that one caused the other.)

The two forces that make up a ‘Newton’s third law pair’ have the following characteristics:
*  They act on different objects.

*  They are equal in magnitude.

*  They are opposite in direction.

*  They are forces of the same type.

What does it mean to say that the forces are ‘of the same type’? We need to think about the type of interaction
which causes the forces to appear.

+  Two objects may attract each other because of the gravity of their masses — these are gravitational forces.
+  Two objects may attract or repel because of their electrical charges — electrical forces.

*  Two objects may touch — contact forces.

*  Two objects may be attached by a string and pull on each other — tension forces.

+  Two objects may attract or repel because of their magnetic fields — magnetic forces.
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Figure 3.16: For each of the forces that the Earth exerts on you, an equal and opposite force acts on the
Earth.

Figure 3.16 shows a person standing on the Earth’s surface. The two gravitational forces are a Newton’s third
law pair, as are the two contact forces. Don’t be misled into thinking that the person’s weight and the contact
force of the floor are a Newton’s third law pair. Although they are ‘equal and opposite’, they do not act on

different objects and they are not of the same type.

Question

13 Describe one ‘Newton’s third law pair’ of forces involved in the following situations. In each case, state the
object that each force acts on, the type of force and the direction of the force.

a You step on someone’s toe.

b A car hits a brick wall and comes to rest.
¢ A car slows down by applying the brakes.
d You throw a ball upwards into the air.



3.7 Understanding Sl units

Throughout physics, we calculate, measure and use many quantities. All quantities consist of a value and a unit.
In physics, we mostly use units from the Sl system. These units are all defined with extreme care, and for a
good reason. In science and engineering, every measurement must be made on the same basis, so that
measurements obtained in different laboratories can be compared. This is important for commercial reasons,
too. Suppose an engineering firm in Taiwan is asked to produce a small part for the engine of a car that is to be
assembled in India. The dimensions are given in millimetres and the part must be made with an accuracy of a
tiny fraction of a millimetre. All concerned must know that the part will fit correctly — it would not be acceptable to
use a different millimetre scale in Taiwan and India.

All physical quantities have a numerical magnitude (a numerical size) and a
unit

Base units, derived units

The metre, kilogram and second are three of the seven Sl base units. These are defined with great precision so
that every standards laboratory can reproduce them correctly.

Other units, such as units of speed (m s™') and acceleration (m s™2) are known as derived units because they
are combinations of base units. Some derived units, such as the newton and the joule, have special names that
are more convenient to use than giving them in terms of base units. The definition of the newton will show you
how this works.

Defining the newton

Isaac Newton (1642—-1727) played a significant part in developing the scientific idea of force. Building on
Galileo’s earlier thinking, he explained the relationship between force, mass and acceleration, which we now
write as F = ma. For this reason, the Sl unit of force is named after him.

We can use the equation F = ma to define the newton (N).

One newton is the force that will give a 1 kg mass an acceleration of 1 m s™2 in the direction of the force.

1IN=1kgx1ms2or1N=1kgms?

The seven base units

In mechanics (the study of forces and motion), the units we use are based on three base units: the metre,
kilogram and second. As we move into studying electricity, we will need to add another base unit, the ampere.
Heat requires another base unit, the kelvin (the unit of temperature).

Table 3.4 shows the seven base units of the SI system. Remember that all other units can be derived from these
seven. The equations that relate them are the equations that you will learn as you go along (just as F = ma
relates the newton to the kilogram, metre and second). The unit of luminous intensity is not part of the AS & A
Level courses.

Base unit Symbol Base unit

length X, I, s and so on m (metre)

mass m kg (kilogram)




time t s (second)
electric current / A (ampere)
thermodynamic temperature | T K (kelvin)
amount of substance n mol (mole)
luminous intensity / cd (candela)

Table 3.4: Sl base quantities and units. In this course, you will learn about all of these except the candela.

Length, mass, time, current and temperature are base units in mechanics.

Question

14 The pull of the Earth’s gravity on an apple (its weight) is about 1 newton. We could devise a new
international system of units by defining our unit of force as the weight of an apple. State as many reasons
as you can why this would not be a very useful definition.

Other Sl units

Using only seven base units means that only this number of quantities have to be defined with great precision. It
would be confusing if more units were also defined. For example, if the density of water were defined as exactly

1 g cm™3, then 1000 cm? of a sample of water would have a mass of exactly 1 kg. However, it is unlikely that the
mass of this volume of water would equal exactly the mass of the standard kilogram.

All other units can be derived from the base units. This is done using the definition of the quantity. For example,

speed is defined as difﬁ% and so the base units of speed in the Sl system are m s™1.

Since the defining equation for force is F = ma, the base units for force are kg m s™2.

E quations that relate different quantities must have the same base units on each side of the equation. If this
does not happen the equation must be wrong.

When each term in an equation has the same base units the equation is said to be homogeneous.

Base units on each side of a physics equation are the same.

WORKED EXAMPLE

5 Itis suggested that the time T for one oscillation of a swinging pendulum is given by the equation
T2 =412 (15) ‘where / is the length of the pendulum and g is the acceleration due to gravity. Show

that this equation is homogeneous.

For the equation to be homogeneous, the term on the left-hand side must have the same base units as
all the terms on the right-hand side.

Step 1 The base unit of time T is s. The base unit of the left-hand side of the equation is therefore s2.




m

(ms=2)

side is

=

(Notice that the constant 472 has no units.)

Step 2 The base unit of / is m. The base units of g are m s™2. Therefore, the base unit of the right-hand

Since the base units on the left-hand side of the equation are the same as those on the right, the
equation is homogeneous.

Questions

15 Determine the base units of:
a  pressure (= focee

area

)

b energy (= force x distance)
c densﬁy(:.ﬂ@ﬁL

16 Use base units to prove that the following equations are homogeneous.

volume

)|

a pressure = density x acceleration due to gravity x depth

b distance travelled = initial speed x time + Zacceleration x time” (s = ut+ Zat?)

Prefixes

Each unit in the Sl system can have multiples and sub-multiples to avoid using very high or low numbers. For

example, 1 millimetre (mm) is one thousandth of a metre and 1 micrometre (um) is one millionth of a metre.

The prefix comes before the unit. In the unit mm, the first m is the prefix milli and the second m is the unit
metre. You will need to recognise a number of prefixes for the AS & A Level courses, as shown in Table 3.5.

You must take care when using prefixes.

Multiples Sub-multiples
Multiple Prefix Symbol | Multiple | Prefix Symbol
103 kilo k 1071 deci d
106 mega M 1072 centi c
10° giga G 1073 milli m
1012 tera T 1076 micro u
1079 nano n
10712 pico P

Table 3.5: Multiples and sub-multiples.

Squaring or cubing prefixes

For example:



1em = 10%m
solcm® = (102m)° =10%m?
and1cm® = (102m)° =10%m?

Writing units

You must leave a small space between each unit when writing a speed such as 3 m s™, because if you write it
as 3 ms~" it would mean 3 millisecond™".

WORKED EXAMPLE

6  The density of water is 1.0 g cm™3. Calculate this value in kg m™3.
Step 1 Find the conversions for the units:
1g=1x10"3kg
1emd=1x%x10"%m3

Step 2 Use these in the value for the density of water:

3 _  1.0x1x107
= 1.0x10°kgm™
Questions

17 a  Find the area of one page of this book in cm? and then convert your value to m2.

b If the uncertainty in measuring one side of the page is 0.1 cm find the uncertainty in the area. This can
be done by either taking the largest value of each side when you multiply them together and then
finding the difference from you value in part a or using a combination of the percentage uncertainties
(see Chapter P1). Try both methods.

18 Write down, in powers of ten, the values of these quantities:

a 60pA
b 500 MW
c 20000 mm.

Did you find it difficult to understand that Newton’s third law of motion relates forces that act on different
bodies?




SUMMARY

An object will remain at rest or in a state of uniform motion unless it is acted on by an external force. This is
Newton’s first law of motion.

For a body of constant mass, the acceleration is directly proportional to the resultant force applied to it.
Resultant force F, mass m and acceleration a are related by the equation:

resultant force = mass x acceleration (F = ma)

This is a form of Newton’s second law of motion.

When two bodies interact, the forces they exert on each other are equal in magnitude and opposite in
direction. This is Newton’s third law of motion.

The acceleration produced by a force is in the same direction as the force. Where there are two or more
forces, we must determine the resultant force.

A newton (N) is the force required to give a mass of 1 kg an acceleration of 1 m s72 in the direction of the
force.

The greater the mass of an object, the more it resists changes in its motion. Mass is a measure of the
object’s inertia.

The weight of an object is a result of the pull of gravity on it:

weight = mass x acceleration of free fall (W = mg)

Terminal velocity is reached when the fluid resistance is equal to the weight of the object.

Physics equations are homogenous and have the same base units on each side. The main base units are
m, kg, s, A and K (the thermodynamic unit for temperature).




EXAM-STYLE QUESTIONS

1 Which list contains only S| base units? [1]
A ampere, kelvin, gram
B kilogram, metre, newton
C newton, second, ampere
D second, kelvin, kilogram
2 The speed v of a wave travelling a wire is given by the equation
n
v=(R)"

where T is the tension in the wire that has mass m and length /.

In order for the equation to be homogenous, what is the value of n? [1]
A 1_|
2
B 1
C 2
D 4

3  When a golfer hits a ball his club is in contact with the ball for about 0.000 50 s and
the ball leaves the club with a speed of 70 m s™!. The mass of the ball is 46 g.

a Determine the mean accelerating force. [4]
b What mass, resting on the ball, would exert the same force as in part a? [2]
[Total: 6]

4 The mass of a spacecraft is 70 kg. As the spacecraft takes off from the Moon, the
upwards force on the spacecraft caused by the engines is 500 N. The acceleration
of free fall on the Moon is 1.6 N kg™".

Determine:
a the weight of the spacecraft on the Moon [2]
b the resultant force on the spacecraft [2]
¢ the acceleration of the spacecraft. [2]
[Total: 6]
5 A metal ball is dropped into a tall cylinder of oil. The ball initially accelerates but
soon reaches a terminal velocity.
a By considering the forces on the metal ball bearing, explain why it first
accelerates but then reaches terminal velocity. [3]
b State how you would show that the metal ball reaches terminal velocity.
Suggest one cause of random errors in your readings. [4
[Total: 7]
6  Determine the speed in m s™" of an object that travels:
a 3.0umin5.0ms [2]
b 6.0kmin3.0Ms [2]
¢ 80pmin4.0ns. [2]
[Total: 6]

7 This diagram shows a man who is just supporting the weight of a box. Two of the



forces acting are shown in the diagram. According to Newton’s third law, each of
these forces is paired with another force.

0O force of
ground on
man

20 kg

weight of box

Figure 3.17

For a the weight of the box, and b the force of the ground on the man, state:
i  the body that the other force acts upon

ii the direction of the other force

iii the type of force involved.

A car starts to move along a straight, level road. For the first 10 s, the driver

maintains a constant acceleration of 1.5 m s™2. The mass of the car is 1.1 x 103 kg.

a Calculate the driving force provided by the wheels, when:

i  the force opposing motion is negligible
ii  the total force opposing the motion of the car is 600 N.
b Calculate the distance travelled by the car in the first 10 s.

These are the speed—time graphs for two falling balls:

[2]
[2]
[2]
[Total: 6]

11
[1]
[2]
[Total: 4]
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Figure 3.18
a Determine the terminal velocity of the plastic ball.
b Both balls are of the same size and shape but the metal ball has a greater
mass.
Explain, in terms of Newton’s laws of motion and the forces involved, why the
plastic ball reaches a constant velocity but the metal ball does not.
¢ Explain why both balls have the same initial acceleration.

10 A car of mass 1200 kg accelerates from rest to a speed of 8.0 m s™! in a time of 2.0

S.

a

1 a

Calculate the forward driving force acting on the car while it is accelerating.
Assume that, at low speeds, all frictional forces are negligible.

At high speeds the resistive frictional force F produced by air on a body
moving with velocity v is given by the equation F = bv2, where b is a constant.
i  Derive the base units of force in the S| system.

ii  Determine the base units of b in the Sl system.

iii  The car continues with the same forward driving force and accelerates
until it reaches a top speed of 50 m s™'. At this speed the resistive force is
given by the equation F = bv2. Determine the value of b for the car.

iv  Use your value for b in iii and the driving force calculated in part a to
calculate the acceleration of the car when the speed is 30 ms™".

' a graph showing how the value of F varies with v over the range 0

to 50 m s~'. Use your graph to describe what happens to the acceleration
of the car during this time.

Explain what is meant by the mass of a body and the weight of a body.

State and explain one situation in which the weight of a body changes while its
mass remains constant.

State the difference between the base units of mass and weight in the SI
system.

11

[3]
[2]
[Total: 6]

[2]

11

11

[2]

[2]

[2]

[Total: 10]
[3]

[2]

[2]
[Total: 7]






SELF-EVALUATION CHECKLIST

After studying the chapter, complete a table like this:

See topic... Needs more Almost there Ready to

work move on

recognise that mass is a property of an 3.1
object that resists change in motion

identify the forces acting on a body in 3.2,33
different situations

recall F = ma and solve problems using it 3.3
state and apply Newton’s first and third 3.4,3.6

laws of motion

recall that the weight of a body is equal to 3.3
the product of its mass and the
acceleration of free fall

relate derived units to base units in the S| 3.7
system and use base units to check the
homogeneity of an equation

recall and use a range of prefixes. 3.7
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) Chapter 4
Forces: vectors and moments

LEARNING INTENTIONS

In this chapter you will learn how to:

* use a vector triangle to represent coplanar forces in equilibrium and add two or more coplanar forces
* resolve a force into perpendicular components

» represent the weight of a body as acting at a single point known as its centre of gravity

+ define and apply the moment of a force and the torque of a couple

« state and apply the principle of moments

* use the idea that, when there is no resultant force and no resultant torque, a system is in equilibrium.

BEFORE YOU START

*  Write down what a vector is. List some examples.

« Isforce is a vector? Discuss with a partner.

SAILING AHEAD

Force is a vector quantity. Sailors know a lot about the vector nature of forces. For example, they can sail ‘into
the wind’. The sails of a yacht can be angled to provide a ‘component’ of force (in other words, an effect of the
force in the forward direction) and the boat can then sail at almost 45° to the wind. The boat tends to ‘heel
over’ and the crew sit on the side of the boat to provide a turning effect in the opposite direction (Figure 4.1).
If the wind has an effect forwards, what stops the boat from moving sideways due to the ‘component’ of the
wind sideways? (Hint: find out about the shape of the bottom of the boat.)




Figure 4.1: Sailing into the wind.




4.1 Combining forces

You will have learned that a vector quantity has both magnitude and direction. An object may have two or more
forces acting on it and, since these are vectors, we must use vector addition (Chapter 1) to find their combined
effect (their resultant).

There are several forces acting on the car (Figure 4.2) as it struggles up the steep hill. They are:
* its weight W (= mg)

+ the normal contact force N of the road

e airresistance D

+ the forward force F caused by friction between the car tyres and the road.

If we knew the magnitude and direction of each of these forces, we could work out their combined effect on the
car. Will it accelerate up the hill? Or will it slide backwards down the hill?

Figure 4.2: Four forces act on this car as it moves uphill.

The combined effect of several forces is known as the resultant force. To see how to work out the resultant of
two or more forces, we will start with a relatively simple example.

Two forces in a straight line

We saw some examples in Chapter 3 of two forces acting in a straight line. For example, a falling tennis ball
may be acted on by two forces: its weight mg, downwards, and air resistance D, upwards (Figure 4.3). The
resultant force is then:

resultant force=mg-D=1.0-0.2=0.8N

When adding two or more forces that act in a straight line, we have to take account of their directions. A force
may be positive or negative; we adopt a sign convention to help us decide which is which. In setting up the
sign convention you decide for yourself which direction is positive. In Figure 4.3, for example, we have taken the
direction downwards as positive so the weight is +1.0 N, a positive force, and the force upwards is -0.2 N, a
negative force. The resultant is +0.8 N, which tells us the resultant is downwards.

You might choose the upwards direction as positive, but if you apply a sign convention correctly, the sign of your
final answer will tell you the direction of the resultant force (and hence acceleration).



D=0.2N

positive
direction

mg=1.0N

Figure 4.3: Two forces on a falling tennis ball.

Two forces at right angles

Figure 4.4 shows a shuttlecock falling on a windy day. There are two forces acting on the shuttlecock: its weight
vertically downwards, and the horizontal push of the wind. (It helps if you draw the force arrows of different
lengths, to show which force is greater.) We must add these two forces together to find the resultant force acting
on the shuttlecock.

We add the forces by drawing two arrows, head-to-tail, as shown on the right of Figure 4.4.
*  First, draw a horizontal arrow to represent the 6.0 N push of the wind.

\ Direction
\ \:}f travel

8.0N

8.0N

Figure 4.4: Two forces act on this shuttlecock as it travels through the air; the vector triangle shows how to find
the resultant force.

. Next, starting from the end of this arrow, draw a second arrow, downwards, representing the weight of 8.0
N.

. Now, draw a line from the start of the first arrow to the end of the second arrow. This arrow represents the
resultant force R, in both magnitude and direction.

The arrows are added by drawing them end-to-end; the end of the first arrow is the start of the second arrow.
Now we can find the resultant force either by scale drawing or by calculation. In this case, we have a 3—4-5
right-angled triangle, so calculation is simple:



R? = 6.06+8.06 =36+64
= 100

R = V700
= 10N

op _ 8.0 — 4

ad] 60 3
8 = tan'4=53

tan6 =

So the resultant force is 10 N, at an angle of 53° below the horizontal. This is a reasonable answer; the weight is
pulling the shuttlecock downwards and the wind is pushing it to the right. The angle is greater than 45° because
the downward force is greater than the horizontal force.

When you draw a scale drawing you should:

+  state the scale used
+ draw a large diagram to reduce the uncertainty.

Three or more forces

The spider shown in Figure 4.5 is hanging by a thread. It is blown sideways by the wind. The diagram shows the
three forces acting on it:

*  weight acting downwards
*  the tension in the thread
»  the push of the wind.

The diagram also shows how these can be added together. In this case, we arrive at an interesting result.
Arrows are drawn to represent each of the three forces, end-to-end. The end of the third arrow coincides with
the start of the first arrow, so the three arrows form a closed triangle. This tells us that the resultant force R on
the spider is zero, that is, R = 0. The closed triangle in Figure 4.5 is known as a triangle of forces.

tension in push of wind
thread i

weight
push of wind _
tension

weight triangle of forces

Figure 4.5: Blowing in the wind—this spider is hanging in equilibrium.




So there is no resultant force. The forces on the spider balance each other out, and we say that the spider is in
equilibrium. If the wind blew a little harder, there would be an unbalanced force on the spider, and it would
move off to the right.

We can use this idea in two ways:
. If we work out the resultant force on an object and find that it is zero, this tells us that the object is in
equilibrium.

+ If we know that an object is in equilibrium, we know that the forces on it must add up to zero. We can use
this to work out the values of one or more unknown forces.

Questions
1 A parachutist weighs 1000 N. When she opens her parachute, it pulls upwards on her with a force of 2000
N.
a Draw a diagram to show the forces acting on the parachutist.
b Calculate the resultant force acting on her.
¢ What effect will this force have on her?
2 The ship shown in Figure 4.6 is travelling at a constant velocity.

a Is the ship in equilibrium (in other words, is the resultant force on the ship equal to zero)? How do you
know?

b  What is the upthrust U of the water?
¢ Whatis the drag D of the water?

upthrust U

force of
engines
dragD < ¥ _F=50kN

I S N NN, N N S S S— - .|a. TS S S SN A S N N N N——

weight W= 1000 kN

Figure 4.6: For Question 2. The force D is the frictional drag of the water on the boat. Like air resistance,
drag is always in the opposite direction to the object’s motion.

3 Astone is dropped into a fast-flowing stream. It does not fall vertically because of the sideways push of the
water (Figure 4.7).

a Calculate the resultant force on the stone.
b Is the stone in equilibrium?



Figure 4.7: For Question 3.




4.2 Components of vectors

Look back to Figure 4.5. The spider is in equilibrium, even though three forces are acting on it. We can think of
the tension in the thread as having two effects. It is:

*  pulling upwards, to counteract the downward effect of gravity
. pulling to the left, to counteract the effect of the wind.

We can say that this force has two effects or components: an upwards (vertical) component and a sideways
(horizontal) component. It is often useful to split up a vector quantity into components like this, just as we did
with velocity in Chapter 2. The components are in two directions at right angles to each other, often horizontal
and vertical. The process is called resolving the vector.

Then we can think about the effects of each component separately; we say that the perpendicular components
are independent of one another. Because the two components are at 90° to each other, a change in one will
have no effect on the other. Figure 4.8 shows how to resolve a force F into its horizontal and vertical
components. These are:

horizontal component of F, F, = F cos 6

vertical component of F, F, = F sin 6

y .

Fy:Fsinﬁ A

%)
|

F.=Fcos 6

-

Figure 4.8: Resolving a vector into two components at right angles.

Making use of components

When the trolley shown in Figure 4.9 is released, it accelerates down the ramp. This happens because of the
weight of the trolley. The weight acts vertically downwards, although this by itself does not determine the
resulting motion. However, the weight has a component that acts down the slope. By calculating the component
of the trolley’s weight down the slope, we can determine its acceleration.



Figure 4.9: This student is investigating the acceleration of a trolley down a sloping ramp.

Figure 4.10 shows the forces acting on the trolley. To simplify the situation, we will assume there is no friction.
The forces are:

+ the weight of the trolley, W, which acts vertically downwards
+ the contact force of the ramp, N, which acts at right angles to the ramp.

trolley

Figure 4.10: A force diagram for a trolley on a ramp.

You can see at once from Figure 4.10 that the forces cannot be balanced, since they do not act in the same
straight line.

To find the component of W down the slope, we need to know the angle between W and the slope. The slope
makes an angle 0 with the horizontal, and from the diagram we can see that the angle between the weight and
the ramp is (90° — 0). Using the rule for calculating the component of a vector given previously, we have:



component of W down the slope =W cos (90° —8) =W sin 0

(It is helpful to recall that cos (90° — 0) = sin 8; you can see this from Figure 4.10.)

Does the contact force N help to accelerate the trolley down the ramp? To answer this, we must calculate its
component down the slope. The angle between N and the slope is 90°. So:

component of N down the slope =N cos 90° =0

The cosine of 90° is zero, and so N has no component down the slope. This shows why it is useful to think in
terms of the components of forces; we don’'t know the value of N, but, since it has no effect down the slope, we
can ignore it.

(There’s no surprise about this result. The trolley runs down the slope because of the influence of its weight, not
because it is pushed by the contact force N.)

Changing the slope

If the students in Figure 4.9 increase the slope of their ramp, the trolley will move down the ramp with greater
acceleration. They have increased 6, and so the component of W down the slope will have increased.

Now we can work out the trolley’s acceleration. If the trolley’s mass is m, its weight is mg. So the force F making
it accelerate down the slope is:

F=mgsin6
Since from Newton’s second law for constant mass we have a = % | the trolley’s acceleration a is given by:

mgsin®
m

a= =gsme|

We could have arrived at this result simply by saying that the trolley’s acceleration would be the component of g
down the slope (Figure 4.11). The steeper the slope, the greater the value of sin 8, and hence the greater the
trolley’s acceleration.

-

ramp .-

component down -
slope=gsin 6

Figure 4.11: Resolving g down the ramp.




Questions

4 The person in Figure 4.12 is pulling a large box using a rope. Use the idea of components of a force to
explain why they are more likely to get the box to move if the rope is horizontal (as in a) than if it is sloping
upwards (as in b).

TrTr

Figure 4.12: Why is it easier to move the box with the rope horizontal? For Question 4.

5 Acrate is sliding down a slope. The weight of the crate is 500 N. The slope makes an angle of 30° with the
horizontal.
a Draw a diagram to show the situation. Include arrows to represent the weight of the crate and the
contact force of the slope acting on the crate.

b Calculate the component of the weight down the slope.
¢ Explain why the contact force of the slope has no component down the slope.
d What third force might act to oppose the motion? In which direction would it act?

Solving problems by resolving forces

A force can be resolved into two components at right angles to each other; these can then be treated
independently of one another. This idea can be used to solve problems, as illustrated in Worked example 1.

WORKED EXAMPLE

1 A boy of mass 40 kg is on a waterslide that slopes at 30° to the horizontal. The frictional force up the
slope is 120 N. Calculate the boy’s acceleration down the slope. Take the acceleration of free fall g to be

9.81 ms™2.




Figure 4.13: For Worked example 1.

Step 1 Draw a labelled diagram showing all the forces acting on the object of interest (Figure 4.13).
This is known as a free-body force diagram. The forces are:

the boy’s weight W =40 x 9.81 =392 N
the frictional force up the slope F = 120 N
the contact force N at 90° to the slope.

Step 2 We are trying to find the resultant force on the boy that makes him accelerate down the slope.
We resolve the forces down the slope, i.e., we find their components in that direction.

component of W down the slope = 392 x sin 30° = 196 N

component of F down the slope = =120 N (negative because F is directed up the slope)

component of N down the slope = 0 (because it is at 90° to the slope)

It is convenient that N has no component down the slope, since we do not know the value of N.
Step 3 Calculate the resultant force on the boy:

resultant force = 196 - 120 =76 N

Step 4 Calculate his acceleration:

acceleration resultant force

mass

- 16
40

= 19ms?

So the boy’s acceleration down the slope is 1.9 m s™2. We could have arrived at the same result
by resolving vertically and horizontally, but that would have led to two simultaneous equations
from which we would have had to eliminate the unknown force N. It often helps to resolve forces
at 90° to an unknown force.

Question

6 A child of mass 40 kg is on a water slide. The slide slopes down at 25° to the horizontal. The acceleration of
free fall is 9.81 m s™2. Calculate the child’s acceleration down the slope:

a when there is no friction and the only force acting on the child is his weight
b if africtional force of 80 N acts up the slope.






4.3 Centre of gravity

We have weight because of the force of gravity of the Earth on us. Each part of our body — arms, legs, head, for
example — experiences a force, caused by the force of gravity. However, it is much simpler to picture the overall
effect of gravity as acting at a single point. This is our centre of gravity — the point where all the weight of the
object may be considered to act.

For a person standing upright, the centre of gravity is roughly in the middle of the body, behind the navel. For a
sphere, it is at the centre. It is much easier to solve problems if we simply indicate an object’s weight by a single
force acting at the centre of gravity, rather than a large number of forces acting on each part of the object. Figure
4.14 illustrates this point. The athlete performs a complicated manoeuvre. However, we can see that his centre
of gravity follows a smooth, parabolic path through the air, just like the paths of projectiles we discussed in
Chapter 2.

Figure 4.14: The dashed line indicates the path of the athlete’s centre of gravity, which follows a smooth
trajectory through the air. With his body curved like this, the athlete’s centre of gravity is actually outside his
body, just below the small of his back. At no time is the whole of his body above the bar.

PRACTICAL ACTIVITY 4.1

Finding the centre of gravity

The centre of gravity of a thin sheet, or lamina, of cardboard or metal can be found by suspending it freely
from two or three points (Figure 4.15).




__ plumb line suspended
from pin

irregular object

O plumb line

Figure 4.15: The centre of gravity is located at the intersection of the lines.

Small holes are made round the edge of the irregularly shaped object. A pin is put through one of the holes
and held firmly in a clamp and stand so the object can swing freely. A length of string is attached to the pin.
The other end of the string has a heavy mass attached to it. This arrangement is called a plumb line.

The object will stop swinging when its centre of gravity is vertically below the point of suspension. A line is
drawn on the object along the vertical string of the plumb line. The centre of gravity must lie on this line. To
find the position of the centre of gravity, the process is repeated with the object suspended from different
holes. The centre of gravity will be at the point of intersection of the lines drawn on the object.




4.4 The turning effect of a force

Forces can make things accelerate. They can do something else as well: they can make an object turn round.
We say that they can have a turning effect. Figure 4.16 shows how to use a spanner to turn a nut (a fastener
with a threaded hole).

To maximise the turning effect of his force, the operator pulls close to the end of the spanner, as far as possible
from the pivot (the centre of the nut) and at 90° to the spanner.

\

Figure 4.16: A mechanic turns a nut.

Moment of a force

The quantity that tells us about the turning effect of a force is its moment. The moment of a force depends on
two quantities, the:

*  magnitude of the force (the bigger the force, the greater its moment)

*  perpendicular distance of the force from the pivot (the further the force acts from the pivot, the greater its
moment).

The moment of a force = force x perpendicular distance of the pivot from the line of action of the force.

Figure 4.17a shows these quantities. The force F is pushing down on the lever, at a perpendicular distance x4
from the pivot. The moment of the force F, about the pivot is then given by:

moment force x distance from pivot

= F1XX1

The unit of moment is the newton metre (N m). This is a unit that does not have a special name. You can also
determine the moment of a force in N cm.



F
a 2 b

Figure 4.17: The quantities involved in calculating the moment of a force.

Figure 4.17b shows a slightly more complicated situation. F, is pushing at an angle 6 to the lever, rather than at
90°. This makes it have less turning effect. There are two ways to calculate the moment of the force.

Method 1

Draw a perpendicular line from the pivot to the line of the force.
Find the distance x,. Calculate the moment of the force, F, % x5. From the right-angled triangle, we can see that:

Xo =dsin®

Hence:
moment of force = F, x d sin = F,d sin 0

Method 2

Calculate the component of F, that is at 90° to the lever.

This is F5 sin 6. Multiply this by d.
moment = F, sin 6 x d
We get the same result as Method 1:

moment of force = F, d sin 6

Note that any force (such as the component F, cos 0) that passes through the pivot has no turning effect,
because the distance from the pivot to the line of the force is zero.

Note also that we can calculate the moment of a force about any point, not just the pivot. However, in solving
problems, it is often most convenient to take moments about the pivot as there is often an unknown force acting
through the pivot (its contact force on the object).

Balanced or unbalanced?

We can use the idea of the moment of a force to solve two sorts of problem. We can:
»  check whether an object will remain balanced or start to rotate
+ calculate an unknown force or distance if we know that an object is balanced.

We can use the principle of moments to solve problems. The principle of moments states that, for any object
that is in equilibrium, the sum of the clockwise moments about any point provided by the forces acting on the
object equals the sum of the anticlockwise moments about that same point.



Note that, for an object to be in equilibrium, we also require that no resultant force acts on it. Worked examples
2, 3 and 4 illustrate how we can use these ideas to determine unknown forces.

WORKED EXAMPLES

2 Is the see-saw shown in Figure 4.18 in equilibrium (balanced), or will it start to rotate?

- 20m ) 1.0Mm—s,
| = |
! A
20N
pivot 40N

Figure 4.18: Will these forces make the see-saw rotate, or are their moments balanced?

The see-saw will remain balanced, because the 20 N force is twice as far from the pivot as the 40 N
force.

To prove this, we need to think about each force individually. Which direction is each force trying to turn
the see-saw, clockwise or anticlockwise? The 20 N force is tending to turn the see-saw anticlockwise,
while the 40 N force is tending to turn it clockwise.

Step 1 Determine the anticlockwise moment:
moment of anticlockwise force =20 x 2.0 =40 N m
Step 2 Determine the clockwise moment:
moment of clockwise force =40 x 1.0 =40 N'm
Step 3 We can see that:
clockwise moment = anticlockwise moment
So the see-saw is balanced and therefore does not rotate. The see-saw is in equilibrium.

3  The beam shown in Figure 4.19 is in equilibrium. Determine the force X.

20N
A

=
=
3
...._.\-.--.

<—(0.5 m—=+

i-—o.s m —A

pivot

10N

Figure 4.19: For Worked example 3.

The unknown force Xis tending to turn the beam anticlockwise. The other two forces (10 N and 20 N) are
tending to turn the beam clockwise. We will start by calculating their moments and adding them together.

Step 1 Determine the clockwise moments:




(10x1.0)+ (20% 0.5)
10+ 10
20N m

sum of moments of clockwise forces

Step 2 Determine the anticlockwise moment:
moment of anticlockwise force = X x 0.8
Step 3 Since we know that the beam must be balanced, we can write:

sum of clockwise moments = sum of anticlockwise moments

20 = Xx0.8
— 20

X = 38
= 25N

So a force of 25 N at a distance of 0.8 m from the pivot will keep the beam still and prevent it
from rotating (keep it balanced).

Figure 4.20 shows the internal structure of a human arm holding an object. The biceps is a muscle
attached to one of the bones of the forearm. This muscle provides an upwards force.

4.0cm

Figure 4.20: The human arm. For Worked example 4.

An object of weight 50 N is held in the hand with the forearm at right angles to the upper arm. Use the
principle of moments to determine the muscular force F provided by the biceps, given the following data:

weight of forearm = 15 N

distance of biceps from elbow = 4.0 cm

distance of centre of gravity of forearm from elbow = 16 cm

distance of object in the hand from elbow = 35 cm

Step 1 There is a lot of information in this question. It is best to draw a simplified diagram of the

forearm that shows all the forces and the relevant distances (Figure 4.21). All distances must be
from the pivot, which in this case is the elbow.



elbow

arm

Figure 4.21: Simplified diagram showing forces on the forearm. For Worked example 4. Note that
another force acts on the arm at the elbow; we do not know the size or direction of this force but we can
ignore it by taking moments about the elbow.

Step 2 Determine the clockwise moments:

sum of moments of clockwise forces

(15+0.16)+ (50 x 0.35)
24+17.5
19.9 N m

Step 3 Determine the anticlockwise moment:
moment of anticlockwise force = F x 0.04
Step 4 Since the arm is in balance, according to the principle of moments we have:

sum of clockwise moments = sum of anticlockwise moments

19.9 = 0.04F
F o= 20

= 497.5N=500N

The biceps provides a force of 500 N—a force large enough to lift 500 apples!

Questions
7 A wheelbarrow is loaded as shown in Figure 4.22.
a Calculate the force that the person needs to exert to hold the wheelbarrow’s legs off the ground.

b Calculate the force exerted by the ground on the legs of the wheelbarrow (taken both together) when
the gardener is not holding the handles.
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Figure 4.22: For Question 7.

A traditional pair of scales uses sliding masses of 10 g and 100 g to achieve a balance. A diagram of the
arrangement is shown in Figure 4.23. The bar itself is supported with its centre of gravity at the pivot.

a Calculate the value of the mass M, attached at X.
b State one advantage of this method of measuring mass.
¢ Determine the upwards force of the pivot on the bar.

}I{mcml pivot
:""—"‘*I 100 g
+/ ‘|| Bl |
I|||||||||||||||||E||I
! | 1C|'g
M 'H 30cm Flr :
- ' -
| 45cm :

Figure 4.23: For Question 8.

Figure 4.24 shows a beam with four forces acting on it.

a For each force, calculate the moment of the force about point P.
b State whether each moment is clockwise or anticlockwise.

¢ State whether or not the moments of the forces are balanced.
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Figure 4.24: For Question 9.




4.5 The torque of a couple

Figure 4.25 shows the forces needed to turn a car’s steering wheel. The two forces balance up and down (15 N
up and 15 N down), so the wheel will not move up, down or sideways. However, the wheel is not in equilibrium.
The pair of forces will cause it to rotate.

15N

15N

— L -

0.20m 0.20m

Figure 4.25: Two forces act on this steering wheel to make it turn.

A pair of forces like that in Figure 4.25 is known as a couple.

A couple has a turning effect, but does not cause an object to accelerate. To form a couple, the two forces must
be:

* equal in magnitude

*  parallel, but opposite in direction

*  separated by a distance d.

The turning effect or moment of a couple is known as its torque.

We can calculate the torque of the couple in Figure 4.25 by adding the moments of each force about the centre
of the wheel:

torque of couple (15x%0.20)+ (15%0.20)

= 6.0Nm

We could have found the same result by multiplying one of the forces by the perpendicular distance between
them:

torque of a couple =15 %x 0.4 =6.0Nm
The torque of a couple is defined as follows:

torque of a couple = one of the forces x perpendicular distance between the forces



Question

10 The driving wheel of a car travelling at a constant velocity has a torque of 137 N m applied to it by the axle
that drives the car (Figure 4.26). The radius of the tyre is 0.18 m. Calculate the driving force provided by this
wheel.

Figure 4.26: For Question 10.

Pure turning effect

When we calculate the moment of a single force, the result depends on the point or pivot about which the
moment acts. The further the force is from the pivot, the greater the moment. A couple is different; the moment
of a couple does not depend on the point about which it acts, only on the perpendicular distance between the
two forces. A single force acting on an object will tend to make the object accelerate (unless there is another
force to balance it). A couple, however, is a pair of equal and opposite forces, so it will not make the object
accelerate. This means we can think of a couple as a pure ‘turning effect’, the size of which is given by its
torque.

For an object to be in equilibrium, two conditions must be met at the same time:
*  The resultant force acting on the object is zero.

. The resultant moment is zero.

If a body is in equilibrium, there is no resultant force and no resultant torque or
moment about any point.

Are there any things that you need more help with to fully understand vectors and moments?

Work out a simple way for yourself to remember which component is which. Check your method by explaining
it to someone else with lots of examples.




SUMMARY

Forces are vector quantities that can be added by means of a vector triangle. Their resultant can be
determined using trigonometry or by scale drawing.

Forces can be resolved into components. Components at right angles to one another can be treated
independently of one another. For a force F at an angle 6 to the x-direction, the components are:

x-direction: F cos 0

y-direction: F sin 0

The moment of a force = force x perpendicular distance of the pivot from the line of action of the force.

The principle of moments states that, for any object in equilibrium, the sum of the clockwise moments about
any point provided by the forces acting on the object is equal to the sum of the anticlockwise moments
about that same point.

A couple is a pair of equal, parallel but opposite forces whose effect is to produce a turning effect on a body
without giving it linear acceleration.

torque of a couple = one of the forces x perpendicular distance between the forces

For an object in equilibrium, the resultant force acting on the object must be zero and the resultant moment
must be zero.




EXAM-STYLE QUESTIONS




The tension in each cable between A and B and the ship is 4000 N.
a Draw a free-body diagram showing the three horizontal forces acting on the

ship. [2]

b Draw a vector diagram to scale showing these three forces and use your
diagram to find the value of the drag force on the ship. [2]
[Total: 4]

A block of mass 1.5 kg is at rest on a rough surface which is inclined at 20° to the
horizontal as shown.

Figure 4.30
a Draw a free-body diagram showing the three forces acting on the block. [2]
b Calculate the component of the weight that acts down the slope. [2]

¢ Use your answer to part b to determine the force of friction that acts on the
block. [2]

d If the angle of the surface is actually measured as 19° and 21° determine the
absolute uncertainty in this angle and the uncertainty this produces in the

value for part b. [3]
e Determine the normal contact force between the block and the surface. [3]
[Total: 12]

This free-body diagram shows three forces that act on a stone hanging at rest from
two strings.

tension in string 1 L _
tension in string 2

1.0ON
00 60° 0.58 N
horizontal -
y weight of stone
Figure 4.31

a Calculate the horizontal component of the tension in each string. State why [5]



these two components are equal in magnitude?
b Calculate the vertical component of the tension in each string.
Use your answer to part b to calculate the weight of the stone.

d Draw a vector diagram of the forces on the stone. This should be a triangle of
forces.

e Use your diagram in part d to calculate the weight of the stone.

The force F shown here has a moment of 40 N m about the pivot. Calculate the
magnitude of the force F.

> 2.0m -
A
E
Figure 4.32

The asymmetric bar shown has a weight of 7.6 N and a centre of gravity that is
0.040 m from the wider end, on which there is a load of 3.3 N. It is pivoted a
distance of 0.060 m from its centre of gravity. Calculate the force P that is needed
at the far end of the bar in order to maintain equilibrium.

j[]'.El'iI[] m 0.060 m 0.080 m
= -} =} -
/
load
= P
W=T7.6N
load=3.3 N
Figure 4.33

a  State what is meant by:
i acouple
ii  torque.

b The engine of a car produces a torque of 200 N m on the axle of the wheel in
contact with the road. The car travels at a constant velocity towards the right:

[4]
[2]

[1]
[2]
[Total: 14]

[4]

[41

(11
(2]
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Figure 4.34

i  Copy the diagram of the wheel and show the direction of rotation of the

wheel, and the horizontal component of the force that the road exerts on
the wheel.

ii  State the resultant torque on the wheel. Explain your answer.

iii  The diameter of the car wheel is 0.58 m. Determine the value of the
horizontal component of the force of the road on the wheel.

Explain what is meant by the centre of gravity of an object.

A flagpole of mass 25 kg is held in a horizontal position by a cable as shown.

The centre of gravity of the flagpole is at a distance of 1.5 m from the fixed
end.

cable

flagpole \ 30°
> |
| 15m
| “
weight 25m
Figure 4.35

i  Write an equation to represent taking moments about the left-hand end of
the flagpole. Use your equation to find the tension T in the cable.

ii Determine the vertical component of the force at the left-hand end of the
flagpole.

State the two conditions necessary for an object to be in equilibrium.

A metal rod of length 90 cm has a disc of radius 24 cm fixed rigidly at its
centre, as shown. The assembly is pivoted at its centre.

[2]
[2]

[1
[Total: 8]
[2]

[4]

[2]
[Total: 8]
[2]



string A

string C




4

Figure 4.38

a Explain what is meant by equilibrium. [2]

b Draw a vector diagram to represent the three forces acting on the picture in the
vertical plane. Label each force clearly with its name and show the direction of
each force with an arrow. [2]

¢ The tension in the cord is 45 N and the angle that each end of the cord makes
with the horizontal is 50°. Calculate:

i  the vertical component of the tension in the cord [1]
ii  the weight of the picture. [1

[Total: 6]



SELF-EVALUATION CHECKLIST

After studying the chapter, complete a table like this:

See topic... Needs more Almost there Ready to
work move on
add forces using a vector triangle 4.1
resolve forces into perpendicular 4.2
components
represent the weight of a body at a single 4.3

point known as its centre of gravity

define and apply the moment of a force 44,45
and the torque of a couple

state and apply the principle of moments 4.4

use the idea that, when there is no 4.5
resultant force and no resultant torque, a
system is in equilibrium.







LEARNING INTENTIONS

In this chapter you will learn how to:
+ use the concept of work and energy
» recall and apply the principle of conservation of energy

» recall and understand that the efficiency of a system is the ratio of useful energy output from the system
to the total energy input

» use the concept of efficiency to solve problems
define and use the equation for power using P = ¥ and derive P = Fv

» derive and use the formulae for kinetic energy and gravitational potential energy.

BEFORE YOU START

*  Write down definitions for energy, work and power.

*  Write down all that you know about these topics and share your ideas with someone else. Be prepared to
discuss your answers with the rest of the class.

THE IDEA OF ENERGY

The Industrial Revolution started in the late 18th century in Britain. Today, many other countries have become
or are becoming industrialised (Figure 5.1). Industrialisation is the development of new machines capable of
doing the work of hundreds of craftsmen and labourers. At first, people used water and wind to power
machines. Water stored behind a dam was used to turn a wheel, which turned many machines. Steam
engines were developed, initially for pumping water out of mines. Steam engines use a fuel such as coal;
there is much more energy stored in 1 kg of coal than in 1 kg of water held behind a dam.

Nowadays, most factories rely on electrical power, generated by burning coal or gas at a power station. High-
pressure steam is generated, and this turns a turbine that turns a generator. Even in the most efficient coal-
fired power station, only about 40% of the energy from the fuel is transferred to the electrical energy that the
station supplies to the electricity grid.




Figure 5.1: Anshan steel works, China.

Engineers worked hard to develop machines that made the most efficient use of the energy supplied to them.
At the same time, scientists were working out the basic ideas of energy transfer and energy transformations.
The idea of energy itself had to be developed; it was not obvious at first that heat, light, electrical energy were
all forms of the same thing: energy. What is the history of your country in developing the use of machines,
generating electrical power and increasing efficiency?

The earliest steam engines had very low efficiencies—many converted less than 1% of the energy supplied to
them into useful work. The understanding of the relationship between work and energy led to many clever
ways of making the most of the energy supplied by fuel.

Figure 5.2: The jet engines of this aircraft are designed to make efficient use of their fuel. If they were less
efficient, their thrust might only be sufficient to lift the empty aircraft and the passengers would have to be
left behind.







5.1 Doing work, transferring energy

The weight-lifter shown in Figure 5.3 has powerful muscles. They can provide the force needed to lift a large
weight above her head — about 2 m above the ground. The force exerted by the weight-lifter transfers energy
from her to the weights. We know that the weights have gained energy because, when the athlete releases
them, they come crashing down to the ground.

As the athlete lifts the weights and transfers energy to them, we say that her lifting force is doing work. ‘Doing
work’ is a way of transferring energy from one object to another. In fact, if you want to know the scientific
meaning of the word ‘energy’, we have to say it is ‘that which is transferred when a force moves through a
distance’. So, work and energy are two closely linked concepts.

In physics, we often use an everyday word but with a special meaning. Work is an example of this.




Figure 5.3: It is hard work being a weight-lifter.

Doing work

Not doing work

Pushing a car to start it moving: your force transfers
energy to the car. The car’s kinetic energy (that is,
‘movement energy’) increases.

Pushing a car but it does not budge: no energy is
transferred, because your force does not move it. The
car’s kinetic energy does not change.

Lifting weights: you are doing work as the weights
move upwards. The gravitational potential energy of
the weights increases.

Holding weights above your head: you are not doing
work on the weights (even though you may find it
tiring) because the force you apply is not moving
them. The gravitational potential energy of the
weights is not changing.

A falling stone: the force of gravity is doing work. The
stone’s kinetic energy is increasing.

The Moon orbiting the Earth: the force of gravity is not
doing work. The Moon’s kinetic energy is not
changing.

Writing an essay: you are doing work because you
need a force to move your pen across the page, or to
press the keys on the keyboard.

Reading an essay: this may seem like ‘hard work’, but
no force is involved, so you are not doing any work.

Table 5.1: The meaning of ‘doing work’ in physics.

Table 5.1 describes some situations that illustrate the meaning of doing work in physics.

It is important to understand that our bodies sometimes mislead us. If you hold a heavy weight above your head
for some time, your muscles will get tired. However, you are not doing any work on the weights, because you

are not transferring energy to the weights once they are above your head. Your muscles get tired because they
are constantly relaxing and contracting, and this uses energy, but none of the energy is being transferred to the

weights.

Calculating work done

Because doing work defines what we mean by energy, we start this chapter by considering how to calculate

work done.

There is no doubt that you do work if you push a car along the road. A force transfers energy from you to the
car. But how much work do you do? Figure 5.4 shows the two factors involved:

* the size of the force F — the bigger the force, the greater the amount of work you do

» the distance s you push the car — the further you push it, the greater the amount of work done.

So, the bigger the force, and the further it moves, the greater the amount of work done.

Work is done on a body when a force moves (displaces) the body in the
direction of the force. Energy is then transferred from one body to another

The work done by a force is defined as the product of the force and the distance moved in the direction of the

force:

W=Fxs

where s is the distance moved in the direction of the force.




In the example shown in Figure 5.4, F = 300 N and s = 5.0 m, so:

work doneW = F x s =300 x 5.0 = 1500 J

work done = force x distance
W = Fs
s=50m

-
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Figure 5.4: You have to do work to start the car moving.

Energy transferred

Doing work is a way of transferring energy. For both energy and work the correct Sl unit is the joule (J).
The amount of work done, calculated using W = F x s, shows the amount of energy transferred:

work done = energy transferred

work done = energy transferred

Newtons, metres and joules

From the equation W = Fs we can see how the unit of force (the newton), the unit of distance (the metre) and
the unit of work or energy (the joule) are related.

The joule is defined as the amount of work done when a force of 1 newton moves a distance of 1 metre in the
direction of the force. Since work done = energy transferred, it follows that a joule is also the amount of
energy transferred when a force of 1 newton moves a distance of 1 metre in the direction of the force.

Force, distance and direction

It is important to understand that, for a force to do work, there must be movement in the direction of the force.
Both the force F and the distance s moved in the direction of the force are vector quantities, so you should know
that their directions are likely to be important. To illustrate this, we will consider three examples involving gravity
(Figure 5.5). In the equation for work done, W = F x s, the distance moved s is the displacement in the direction
of the force.



30m

1 A stone weighing 5.0N is
dropped from the top of a 50m
high cliff.

2 A stone weighing 5.0N rolls 50m
down a slope.

3 A satellite orbits the Earth at a
constant height and at a constant
speed. The weight of the satellite
at this height is 500 N.

What is the work done by the force
of gravity?

What is the work done by the force
of gravity?

What is the work done by the force
of gravity?

force on stone F = pull of
gravity = weight of stone =5.0N
vertically downwards

force on stone F = pull of
gravity = weight of stone = 5.0N
vertically downwards

force on satellite F = pull of
gravity = weight of satellite = 500N
towards centre of Earth

distance moved by stone in
direction of force s = 50m vertically
downwards

distance moved by stone down
slope = 50m, but distance moved
in direction of force s=30m

distance moved by satellite
towards centre of Earth (that is, in
the direction of force) s=0. The
satellite remains at a constant
distance from the Earth. It does not
move in the direction of F.

work done =F x s
=5.0x50
=250J

work done =F xs
=5.0x30
=150J

work done =F xs
=500x0
=0J

Figure 5.5: Three examples involving gravity.

Questions

1 In each of the following examples, explain whether or not any work is done by the force mentioned.
a You pull a heavy sack along rough ground.

b  The force of gravity pulls you downwards when you fall off a wall.

¢ The tension in a string pulls on a stone when you whirl it around in a circle at a steady speed.
d The contact force of the bedroom floor stops you from falling into the room below.
2 A man of mass 70 kg climbs stairs of vertical height 2.5 m. Calculate the work done against the force of

gravity. (Take g = 9.81 ms™2))

3 A stone of weight 10 N falls from the top of a 250 m high cliff.
a Calculate how much work is done by the force of gravity in pulling the stone to the foot of the cliff.
b How much energy is transferred to the stone if air resistance is ignored?

Suppose that the force F moves through a distance s that is at an angle 6 to F, as shown in Figure 5.6.
To determine the work done by the force, it is simplest to determine the component of F in the direction of s.
This component is F cos 0, and so we have:




work done =(Fcos0)xs

distance travelled = s

—— Fcos @ —— direction of motion

Figure 5.6: The work done by a force depends on the angle between the force and the distance it moves.

or simply:

work done = Fs cos 0

Worked example 1 shows how to use this.

work done = Fs cos 0

WORKED EXAMPLE

1 A man pulls a box along horizontal ground using a rope (Figure 5.7). The force provided by the rope is
200 N, at an angle of 30° to the horizontal.

=
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Figure 5.7: For Worked example 1.

Calculate the work done if the box moves 5.0 m along the ground.

Step 1 Calculate the component of the force in the direction in which the box moves. This is the
horizontal component of the force:

horizontal component of force = 200 cos 30° = 173 N

Hint: F cos 0 is the component of the force at an angle 6to the direction of motion.

Step 2 Now calculate the work done:




work done = force x distance moved
173x5.0=865J

Hint: Note that we could have used the equation work done = Fs cos 6to combine the two steps
into one.

Questions

4  The crane shown in Figure 5.8 lifts its 500 N load to the top of the building from A to B. Distances are as
shown on the diagram. Calculate how much work is done by the crane.

30m

Figure 5.8: For Question 4. The dotted line shows the track of the load as it is lifted by the crane.

5 Figure 5.9 shows the forces acting on a box that is being pushed up a slope. Calculate the work done by
each force if the box moves 0.50 m up the slope.



100N

Figure 5.9: For Question 5.




5.2 Gravitational potential energy

If you lift a heavy object, you do work. You are providing an upwards force to overcome the downwards force of
gravity on the object. The force moves the object upwards, so the force is doing work.

In this way, energy is transferred from you to the object. You lose energy, and the object gains energy. We say
that the gravitational potential energy, E, of the object has increased.

Worked example 2 shows how to calculate a change in gravitational potential energy (g.p.e.).

WORKED EXAMPLE

2 A weight-lifter raises weights with a mass of 200 kg from the ground to a height of 1.5 m. Calculate how
much work he does. By how much does the g.p.e. of the weights increase?

Step 1 As shown in Figure 5.10, the downward force on the weights is their weight, W = mg. An equal,
upward force F is required to lift them.

Figure 5.10: For Worked example 2.

W =F=mg=200x%9.81=1962 N

Hint: /t helps to draw a diagram of the situation.
Step 2 Now we can calculate the work done by the force F:

work done = force x distance moved
1962 x1.5= 2940 J

Note that the distance moved is in the same direction as the force. So the work done on the weights is
about 2940 J. This is also the value of the increase in their g.p.e.

An equation for gravitational potential energy

The change (A) in the gravitational potential energy (g.p.e.) of an object, E,,, depends on the change in its
height, h. We can calculate E, using this equation:



change in g.p.e = weigth x change in height
AE, (mxg)xAh
AE, mgAh

It should be clear where this equation comes from. The force needed to lift an object is equal to its weight mg,
where m is the mass of the object and g is the acceleration of free fall or the gravitational field strength on the
Earth’s surface. The work done by this force is given by force x distance moved, or weight x change in height.
You might feel that it takes a force greater than the weight of the object being raised to lift it upwards, but this is
not so. Provided the force is equal to the weight, the object will move upwards at a steady speed.

KEY EQUATION

weight x change in height
mgAh

change in g.p.e
AEP

You must learn how to derive this equation.

Note that h stands for the vertical height through which the object moves. Note also that we can only use the
equation AE ;, = mgAh |for relatively small changes in height. It would not work, for example, in the case of a

satellite orbiting the Earth. Satellites orbit at a height of at least 200 km and g has a smaller value at this height.

Other forms of potential energy

Potential energy is the energy an object has because of its position or shape. So, for example, an object’s
gravitational potential energy changes when it moves through a gravitational field. (There is much more about
gravitational fields in Chapter 17.)

We can identify other forms of potential energy. An electrically charged object has electric potential energy when
it is placed in an electric field (see Chapter 21). An object may have elastic potential energy when it is stretched,
squashed or twisted—if it is released it goes back to its original shape (see Chapter 7).

Questions

6 Calculate how much gravitational potential energy is gained if you climb a flight of stairs. Assume that you
have a mass of 52 kg and that the height you lift yourself is 2.5 m.
7 Aclimber of mass 100 kg (including the equipment she is carrying) ascends from sea level to the top of a
mountain 5500 m high. Calculate the change in her gravitational potential energy.
8 a Atoycarworks by means of a stretched rubber band. What form of potential energy does the car store
when the band is stretched?
b A bar magnet is lying with its north pole next to the south pole of another bar magnet. A student pulls

them apart. Why do we say that the magnets’ potential energy has increased? Where has this energy
come from?



5.3 Kinetic energy

As well as lifting an object, a force can make it accelerate. Again, work is done by the force and energy is
transferred to the object. In this case, we say that it has gained kinetic energy, E,. The faster an object is

moving, the greater its kinetic energy (k.e.).
For an object of mass m travelling at a speed v, we have:

kinetic energy
Ex

;
2 X mass x speed

1 2
2I’T]V

Deriving the formula for kinetic energy

KEY EQUATION

kinetic energy = 1 xmass x speed
E, = %mV2

You must learn how to derive this equation.

The equation for kinetic energy, E | = ;—mvz | is related to one of the equations of motion. We imagine a car

being accelerated from rest (u = 0) to velocity v. To give it acceleration a, it is pushed by a force F for a distance
s. Since u = 0, we can write the equation v2 = u? + 2as as:

v2 = 2as

Multiplying both sides by %m gives:
Imv? = mas|

Now, ma is the force F accelerating the car, and mas is the force x the distance it moves (that is, the work done
by the force). So we have:

1mv2 = work done by force F|

This is the energy transferred to the car, and hence its kinetic energy.

WORKED EXAMPLE

3 Calculate the increase in kinetic energy of a car of mass 800 kg when it accelerates from 20 m s~ to 30
-1
ms™'.

Step 1 Calculate the initial k.e. of the car:

Ex = %I‘T\V2
1 %800 x (20)*
160 000 J = 160k

Step 2 Calculate the final k.e. of the car:




Ex = %mV2
= 1x800x(30)°
= 360 000 J = 360k

Step 3 Calculate the change in the car’s k.e.:
change in k.e. = 360 - 160 = 200 kJ

Hint: Take care! You can't calculate the change in k.e. by squaring the change in speed. In this
example, the change in speed is 10 m s, and this would give an incorrect value for the change

ink.e.
Questions
9  Which has more k.e., a car of mass 500 kg travelling at 15 m s™' or a motorcycle of mass 250 kg travelling
at30 ms™1?

10 Calculate the change in kinetic energy of a ball of mass 200 g when it bounces. Assume that it hits the
ground with a speed of 15.8 ms™! and leaves itat 12.2 ms™".



5.4 Gravitational potential to kinetic energy
transformations

A motor drags the roller-coaster car to the top of the first hill. The car runs down the other side, picking up speed
as it goes (see Figure 5.11). It is moving just fast enough to reach the top of the second hill, slightly lower than
the first. It accelerates downhill again. Everybody screamsl!

Figure 5.11: The roller-coaster car accelerates as it comes downhill. It's even more exciting if it runs through
water.




The motor provides a force to pull the roller-coaster car to the top of the hill. It transfers energy to the car. But
where is this energy when the car is waiting at the top of the hill? The car now has gravitational potential energy;
as soon as it is given a small push to set it moving, it accelerates. It gains kinetic energy and at the same time it
loses g.p.e.

maximum g.p.e.
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Figure 5.12: Energy changes along a roller-coaster.

As the car runs along the roller-coaster track (Figure 5.12), its energy changes.

1 Atthe top of the first hill, it has the most g.p.e.

2 Asitruns downhill, its g.p.e. decreases and its k.e. increases.

3 At the bottom of the hill, all of its g.p.e. has been changed to k.e. and heat and sound energy.
4 As it runs back uphill, the force of gravity slows it down. k.e. is being changed to g.p.e.

Inevitably, some energy is lost by the car. There is friction with the track and air resistance. So, the car cannot
return to its original height. That is why the second hill must be slightly lower than the first. It is fun if the car runs
through a trough of water, but that takes even more energy, and the car cannot rise so high. There are many
situations where an object’s energy changes between gravitational potential energy and kinetic energy. For
example:

* ahigh diver falling towards the water — g.p.e. changes to k.e.
e aballis thrown upwards — k.e. changes to g.p.e.
« achild on a swing — energy changes back and forth between g.p.e. and k.e.



5.5 Down, up, down: energy changes

When an object falls, it speeds up. Its g.p.e. decreases and its k.e. increases. Energy is being transformed from
gravitational potential energy to kinetic energy. Some energy is likely to be lost, usually as heat because of air
resistance. However, if no energy is lost in the process, we have:

decrease in g.p.e. = gain in k.e.

We can use this idea to solve a variety of problems, as illustrated by Worked example 4.

WORKED EXAMPLE

4 A pendulum consists of a brass sphere of mass 5.0 kg hanging from a long string (see Figure 5.13).

Figure 5.13: For Worked example 4.

The sphere is pulled to the side so that it is 0.15 m above its lowest position. It is then released. How fast
will it be moving when it passes through the lowest point along its path?

Step 1 Calculate the loss in g.p.e. as the sphere falls from its highest position:
E,=mgh=5.0x981x015=7.36J

Step 2 The gain in the sphere’s k.e. is 7.36 J. We can use this to calculate the sphere’s speed. First,
calculate v2, then v:

;—mv2 = 7.36
1x50xv2 = 7.36
V2 = 2944

v = V2944=172ms' =1.7ms"




Note that we would obtain the same result in Worked example 4 no matter what the mass of the
sphere. This is because both k.e. and g.p.e. depend on mass m. If we write:

change in g.p.e = changein k.T

= Imy2
mgh > Mmv
we can cancel m from both sides. Hence:
— V2
gh = =
vZ = 2gh
v = + 2gh

The final speed v only depends on g and h. The mass m of the object is irrelevant. This is not
surprising; we could use the same equation to calculate the speed of an object falling from
height h. An object of small mass gains the same speed as an object of large mass, provided air
resistance has no effect.

Questions

11 Re-work Worked example 4 for a brass sphere of mass 10 kg, and show that you get the same result.
Repeat with any other value of mass.

12 Calculate how much gravitational potential energy is lost by an aircraft of mass 80 000 kg if it descends
from an altitude of 10 000 m to an altitude of 1000 m. What happens to this energy if the pilot keeps the
aircraft’'s speed constant?

13 A high diver (see Figure 5.14) reaches the highest point in her jump with her centre of gravity 10 m above

the water.



Figure 5.14: A high dive is an example of converting (transforming) gravitational potential energy to kinetic
energy.

Assuming that all her gravitational potential energy becomes kinetic energy during the dive, calculate her
speed just before she enters the water.



5.6 Energy transfers

Climbing bars

If you are going to climb a mountain, you will need a supply of energy. This is because your gravitational
potential energy is greater at the top of the mountain than at the base. A good supply of energy would be some
bars of chocolate. Each bar supplies 1200 kJ. Suppose your weight is 600 N and you climb a 2000 m high
mountain. The work done by your muscles is:

work done = Fs =600 x 2000 = 1200 kJ

So, one bar of chocolate should provide enough energy. Of course, in reality, it would not. Your body is
inefficient. It cannot convert 100% of the energy from food into gravitational potential energy. A lot of energy is
wasted as your muscles warm up, you perspire and your body rises and falls as you walk along the path. Your
body is perhaps only 5% efficient as far as climbing is concerned, and you will need to eat 20 chocolate bars to
get you to the top of the mountain. And you will need to eat more to get you back down again.

useful output energy x 100%

efficiency =

total input energy

Many energy transfers are inefficient. That is, only part of the energy is transferred to where it is wanted. The
rest is wasted, and appears in some form that is not wanted (such as waste heat) or in the wrong place. You can
determine the efficiency of any device or system using the following equation:

efficiency — u.tsefulloutput energy o 100%

otal input energy
A car engine is more efficient than a human body, but not much more. Figure 5.15 shows how this can be
represented by a Sankey diagram. The width of the arrow represents the fraction of the energy which is
transformed to each new form. In the case of a car engine, we want it to provide kinetic energy to turn the
wheels. In practice, 80% of the energy is transformed into heat: the engine gets hot, and heat escapes into the
surroundings. So the car engine is only 20% efficient.

heat to
environment

chemical

energy

su ppli?d kinetic

to engine energy
to wheels

Figure 5.15: We want a car engine to supply kinetic energy. This Sankey diagram shows that only 20% of the
energy supplied to the engine ends up as kinetic energy — it is 20% efficient.

We have previously considered situations where an object is falling, and all of its gravitational potential energy
changes to kinetic energy.

In Worked example 5, we will look at a similar situation, but in this case the energy change is not 100% efficient.



WORKED EXAMPLE

5 Figure 5.16 shows a dam that stores water. The outlet of the dam is 20 m below the surface of the water

in the reservoir. Water leaving the dam is moving at 16 m s~'. Calculate the percentage of the
gravitational potential energy that is lost when converted into kinetic energy.

Figure 5.16: Water stored behind the dam has gravitational potential energy; the fast-flowing water
leaving the foot of the dam has kinetic energy.

Step 1

Step 2

Step 3

We will picture 1 kg of water, starting at the surface of the lake (where it has g.p.e., but no k.e.)
and flowing downwards and out at the foot (where it has k.e., but less g.p.e.). Then:

change in g.p.e. of water between surface and outflow = mgh =1 x 9.81 x 20 =196 J

Calculate the k.e. of 1 kg of water as it leaves the dam:

k.e. of water leaving dam = 1myv?

2
= %x1x(16)2
= 128 J

For each kilogram of water flowing out of the dam, the loss of energy is:
loss =196 - 128 =68 J

percentage loss = 22 x100%

= 34.69% = 35%

If you wanted to use this moving water to generate electricity, you would have already lost more
than a third of the energy that it stores when it is behind the dam.

Conservation of energy

Where does the lost energy from the water in the reservoir go? Most of it ends up warming the water, or
warming the pipes that the water flows through. The outflow of water is probably noisy, so some sound is



produced.

Here, we are assuming that all of the energy ends up somewhere. None of it disappears. We assume the same
thing when we draw a Sankey diagram. The total thickness of the arrow remains constant. We could not have
an arrow which got thinner (energy disappearing) or thicker (energy appearing out of nowhere).

We are assuming that energy is conserved. This is a principle, known as the principle of conservation of
energy, which we expect to apply in all situations.
Energy cannot be created or destroyed. It can only be converted from one form to another.

We should always be able to add up the total amount of energy at the beginning, and be able to account for it all
at the end. We cannot be sure that this is always the case, but we expect it to hold true.

We have to think about energy changes within a closed system; that is, we have to draw an imaginary boundary
around all of the interacting objects that are involved in an energy transfer.

Sometimes, applying the principle of conservation of energy can seem like a scientific fiddle. When physicists
were investigating radioactive decay involving beta particles, they found that the particles after the decay had
less energy in total than the particles before. They guessed that there was another, invisible particle that was
carrying away the missing energy. This particle, named the neutrino, was proposed by the theoretical physicist
Wolfgang Pauli in 1931. The neutrino was not detected by experimenters until 25 years later.

Although we cannot prove that energy is always conserved, this example shows that the principle of
conservation of energy can be a powerful tool in helping us to understand what is going on in nature, and that it
can help us to make fruitful predictions about future experiments.

Question

14 A stone falls from the top of a cliff, 80 m high. When it reaches the foot of the cliff, its speed is 38 m s™".
a Calculate the proportion of the stone’s initial g.p.e. that is converted to k.e.
b  What happens to the rest of the stone’s initial energy?



5.7 Power

The word power has several different meanings — such as political power, powers of ten or electrical power from
power stations. In physics, it has a specific meaning related to these other meanings. Figure 5.17 illustrates

what we mean by power in physics.




Figure 5.17: A lift needs a powerful motor to raise the car when it has a full load of people. The motor does
many thousands of joules of work each second.

The lift shown in Figure 5.17 can lift a heavy load of people. The motor at the top of the building provides a force
to raise the lift car, and this force does work against the force of gravity. The motor transfers energy to the lift
car. The power P of the motor is the rate at which it does work over a unit of time.

Power is defined as the rate of work done per unit of time. As a word equation, power is given by:

— work done
pOWGI' time taken
P = w

where W is the work done in a time t.

— workdone = -
poniel = time taken P

w
t

Units of power: the watt

Power is measured in watts, named after James Watt, the Scottish engineer famous for his development of the
steam engine in the second half of the 18th century. The watt is defined as a rate of working of 1 joule per
second. Hence:

1 watt = 1 joule per second
or
1W=1Js"
In practice, we also use kilowatts (kW) and megawatts (MW).
1000 watts = 1 kilowatt (1 kW)
1 000 000 watts = 1 megawatt (1 MW)

The labels on light bulbs display their power in watts; for example, 60 W or 10 W. The values of power on the
labels tell you about the energy transferred by an electrical current, rather than by a force doing work.

WORKED EXAMPLE

6  The motor of the lift shown in Figure 5.18 provides a force of 20 kN; this force is enough to raise the lift
by 18 min 10 s. Calculate the output power of the motor.

Step 1 First, we must calculate the work done:
force x distance moved
20x18 = 360 kJ

Step 2 Now we can calculate the motor’s output power:

work done




work done
time taken

—  360x10°
10
= 36 kW
Hint: Take care not to confuse the two uses of the letter ' W’:
W = watt (a unit)
W = work done (a quantity)

power

So the lift motor’s power is 36 kW. Note that this is its mechanical power output. The motor
cannot be 100% efficient since some energy is bound to be wasted as heat due to friction, so
the electrical power input must be more than 36 kW.

Questions

15 Calculate how much work is done by a 50 kW car engine in a time of 1.0 minute.

16 A car engine does 4200 kJ of work in one minute. Calculate its output power, in kilowatts.

17 A particular car engine provides a force of 700 N when the car is moving at its top speed of 40 m s™'.
a Calculate how much work is done by the car’s engine in one second.
b State the output power of the engine.

Moving power

An aircraft is kept moving forwards by the force of its engines pushing air backwards. The greater the force and
the faster the aircraft is moving, the greater the power supplied by its engines.

Suppose that an aircraft is moving with velocity v. Its engines provide the force F needed to overcome the drag
of the air. In time ¢, the aircraft moves a distance s equal tov x ¢,

So, the work done by the engines is:

work done = force x distance
W = Fxvxt
We know that:
power = otdone

po-u
Substituting W for gives:

p = Fot |
Which can be simplified to:

P = Fxv
power = force x velocity

power = force x velocity =P = F x v



It may help to think of this equation in terms of units. The right-hand side is in N x m s™', and N m is the same as

J. So the right-hand side has units of J s~1, or W, the unit of power. If you look back to Question 17, you will see
that, to find the power of the car engine, rather than considering the work done in 1 s, we could simply have
multiplied the engine’s force by the car’s speed.

Human power

Our energy supply comes from our food. A typical diet supplies 2000-3000 kcal (kilocalories) per day. This is
equivalent (in Sl units) to about 10 MJ of energy. We need this energy for our daily requirements — keeping
warm, moving about, brainwork and so on. We can determine the average power of all the activities of our body:

10 MJ per da

108
X
10 86 400

= 116 W

average power

So we dissipate energy at the rate of about 100 W. We supply roughly as much energy to our surroundings as a
100 W light bulb. Twenty people will keep a room as warm as a 2 kW electric heater.

Note that this is our average power. If you are doing some demanding physical task, your power will be greater.
This is illustrated in Worked example 7.

Note also that the human body is not a perfectly efficient system; a lot of energy is wasted when, for example,
we lift a heavy load. We might increase an object’s g.p.e. by 1000 J when we lift it, but this might require five or
ten times this amount of energy to be expended by our bodies.

WORKED EXAMPLE

7 A person who weighs 500 N runs up a flight of stairs in 5.0 s (Figure 5.18). Their gain in height is 3.0 m.
Calculate the rate at which work is done against the force of gravity.

Figure 5.18: Running up stairs can require a high rate of doing work. You may have investigated your
own power in this way.

Step 1 Calculate the work done against gravity:




Fxs
500x 3.0
= 1500J

Step 2 Now calculate the power:

— w
power P = =
— 1500

5.0

= 300W

So, while the person is running up the stairs, they are doing work against gravity at a greater rate than
their average power — perhaps three times as great. And, since our muscles are not very efficient, they
need to be supplied with energy even faster, perhaps at a rate of 1 kW. This is why we cannot run up
stairs all day long without greatly increasing the amount we eat. The inefficiency of our muscles also
explains why we get hot when we exert ourselves.

work done W

Question

18 In an experiment to measure a student’s power, she times herself running up a flight of steps. Use the data
to work out her useful power.
number of steps = 28
height of each step = 20 cm
acceleration of free fall = 9.81 m s™2
mass of student = 55 kg
time taken=54s

How do you feel about this topic? What parts of it do you particularly like or dislike? And why?

Think about a number of important machines that you use in your house or school. Is it worthwhile increasing
their efficiency and can you suggest how this might be done? Discuss this with others.

Make notes about the new things you have learnt from this chapter.




SUMMARY

The work done W when a force F moves through a displacement s in the direction of the force:

W=Fs o W=Fscos0

where 6 is the angle between the force and the displacement.

A joule is defined as the work done (or energy transferred) when a force of 1 N moves a distance of 1 m in
the direction of the force.

When an object of mass m rises through a height h, its gravitational potential energy E, increases by an
amount:

E, =mgh

The kinetic energy E, of a body of mass m moving at speed v is:

Ek = Imv?

1
2

The principle of conservation of energy states that, for a closed system, energy can be transferred to other
forms but the total amount of energy remains constant.

The efficiency of a device or system is determined using the equation:

useful output ener:
> ¥ x100%
total input energy

efficiency =

Power is the rate at which work is done (or energy is transferred):

P=% and P=Fv|

t

A watt is defined as a rate of transfer of energy of one joule per second.




EXAM-STYLE QUESTIONS

1 How is the joule related to the base units of m, kg and s? [1]
A kgm'g?
B kgm?s?
C kgm?s™
D kgs™@
2 An object falls at terminal velocity in air. What overall conversion of energy is
occurring? [1]

A gravitational potential energy to kinetic energy
B gravitational potential energy to thermal energy
C kinetic energy to gravitational potential energy
D kinetic energy to thermal energy
3 Ineach case a—c, describe the energy changes taking place:

a An apple falling towards the ground [1]
b A car decelerating when the brakes are applied [1]
¢ A space probe falling towards the surface of a planet. [11

[Total: 3]

4 A 120 kg crate is dragged along the horizontal ground by a 200 N force acting at an
angle of 30° to the horizontal, as shown.

200 N

N
crate A
\ 30°

F o SRR R

Y

weight

Figure 5.19

The crate moves along the surface with a constant velocity of 0.5 m s™1. The 200 N
force is applied for a time of 16 s.

a Calculate the work done on the crate by:

i the 200 N force [3]
ii the weight of the crate [2]



iii  the normal contact force N. [2]
b Calculate the rate of work done against the frictional force F. [1]
[Total: 8]

5 Explain which of the following has greater kinetic energy?

* A 20-tonne truck travelling at a speed of 30 m s™'

* A 1.2 gdust particle travelling at 150 km s~ through space. [3]
6 A 950 kg sack of cement is lifted to the top of a building 50 m high by an electric
motor.
a Calculate the increase in the gravitational potential energy of the sack of
cement. [2]
b  The output power of the motor is 4.0 kW. Calculate how long it took to raise the
sack to the top of the building. [2]
¢ The electrical power transferred by the motor is 6.9 kW. In raising the sack to
the top of the building, how much energy is wasted in the motor as heat? [3]
[Total: 7]
7 a Define power and state its unit. [2]
b  Write a word equation for the kinetic energy of a moving object. [1]
€ A car of mass 1100 kg starting from rest reaches a speed of 18 ms™'in 25 s.
Calculate the average power developed by the engine of the car. [2]
[Total: 5]

8 A cyclist pedals a long slope which is at 5.0° to the horizontal, as shown.

Figure 5.20

The cyclist starts from rest at the top of the slope and reaches a speed of 12 m s™’
after a time of 67 s, having travelled 40 m down the slope. The total mass of the
cyclist and bicycle is 90 kg.

a Calculate:

i  the loss in gravitational potential energy as he travels down the slope [3]

ii the increase in kinetic energy as he travels down the slope. [2]

b i Use your answers to a to determine the useful power output of the cyclist. [3]
ii  Suggest one reason why the actual power output of the cyclist is larger

than your value in i. [2]

[Total: 10]

9 a Explain what is meant by work. [2]
(2]



10 a

1 a

Explain how the principle of conservation of energy applies to a man
sliding from rest down a vertical pole, if there is a constant force of friction
acting on him.

ii  The man slides down the pole and reaches the ground after falling a
distance h = 15 m. His potential energy at the top of the pole is 1000 J.
Sketch a graph to show how his gravitational potential energy E,, varies

with h. Add to your graph a line to show the variation of his kinetic energy
E, with h.

Use the equations of motion to show that the kinetic energy of an object of
mass m moving with velocity v is ;—mvz

A car of mass 800 kg accelerates from rest to a speed of 20 m s~ in a time of
6.0 s.

i  Calculate the average power used to accelerate the car in the first 6.0 s.

ii  The power passed by the engine of the car to the wheels is constant.
Explain why the acceleration of the car decreases as the car accelerates.

Define potential energy.
ii differences between gravitational potential energy and elastic
potential energy.
Seawater is trapped behind a dam at high tide and then released through
turbines. The level of the water trapped by the dam falls 10.0 m until it is all at
the same height as the sea.

i Calculate the mass of seawater covering an area of 1.4 x 108 m2 and with
a depth of 10.0 m. (Density of seawater = 1030 kg m™3.)

ii  Calculate the maximum loss of potential energy of the seawater in i when
passed through the turbines.

iii The potential energy of the seawater, calculated inii, is lost over a period
of 6.0 hours. Estimate the average power output of the power station over
this time period, given that the efficiency of the power station is 50%.

[3]
[Total: 7]

[2]

[2]

[2]
[Total: 6]
11

[2]

11

[2]

[3]
[Total: 9]



SELF-EVALUATION CHECKLIST

After studying the chapter, complete a table like this:

See topic... Needs more Almost there Ready to

work move on

understand the concept of work, and 5.1
recall and use work done = force x
displacement in the direction of the force

recall and apply the principle of 5.6
conservation of energy

recall and understand that the efficiency 5.6
of a system is the ratio of useful energy
output from the system to the total energy

input

use the concept of efficiency to solve 5.6
problems

define power as work done per unit time 5.7

and solve problems using P = Vtv— |

derive P = Fv and use it to solve problems 5.7
derive, using W = Fs, 5.2
the formula AE, = mgAh

recall and use the formula AE, = mgAh 9.5
derive, using the equations of motion, the 5.3

formulaE | = %mvz |and recall and use
the formula.







LEARNING INTENTIONS

In this chapter you will learn how to:

+ define and use linear momentum

+ state and apply the principle of conservation of momentum to collisions in one and two dimensions
» relate force to the rate of change of momentum and state Newton’s second law of motion

+ recall that, for a perfectly elastic collision, the relative speed of approach is equal to the relative speed of
separation

« discuss energy changes in perfectly elastic and inelastic collisions.

BEFORE YOU START

*  What do you understand about Newton’s laws? Write down all three of them in your own words. Define
any of the quantities mentioned in the laws.

. If you blow up a balloon and then let it go without tying the end, why does the balloon fly around in the
air?

UNDERSTANDING COLLISIONS

To improve the safety of cars, the motion of a car during a crash must be understood and the forces on the
driver minimised (Figure 6.1). In this way, safer cars have been developed and many lives have been saved.
Find out about as many safety features of cars as you can and discuss with someone else why these features
improve safety in a crash.

In this chapter, we will explore how the idea of momentum can allow us to predict how objects move after
colliding (interacting) with each other. We will also see how Newton’s laws of motion can be expressed in
terms of momentum.




Figure 6.1: A high-speed photograph of a crash test. The cars collide head-on at 15 m s™' with dummies as
drivers.




6.1 The idea of momentum

Snooker players can perform some amazing moves on the table, without necessarily knowing Newton’s laws of
motion — see Figure 6.2.

[l

Figure 6.2: If you play snooker often enough, you will be able to predict how the balls will move on the table.
Alternatively, you can use the laws of physics to predict their motion.

However, the laws of physics can help us to understand what happens when two snooker balls collide or when
one bounces off the side cushion of the table.

Here are some examples of situations involving collisions:

Two cars collide head-on.

A fast-moving car runs into the back of a slower car in front.

A footballer runs into an opponent.

A hockey stick strikes a ball.

A comet or an asteroid collides with a planet as it orbits the Sun.

The atoms of the air collide constantly with each other, and with the walls of their surroundings.
Electrons that form an electric current collide with the vibrating ions that make up a metal wire.

Two distant galaxies collide over millions of years.

From these examples, we can see that collisions are happening all around us, all the time. They happen on the
microscopic scale of atoms and electrons, they happen in our everyday world, and they also happen on the
cosmic scale of our Universe.



6.2 Modelling collisions

Springy collisions

Figure 6.3a shows what happens when one snooker ball collides head-on with a second, stationary ball. The
result can seem surprising. The moving ball stops dead. The ball initially at rest moves off with the same velocity
as that of the original ball. To achieve this, a snooker player must observe two conditions:

*  The collision must be head-on. (If one ball strikes a glancing blow on the side of the other, they will both
move off at different angles.)

+  The moving ball must not be given any spin. (Spin is an added complication that we will ignore in our
present study, although it plays a vital part in the games of pool and snooker.)

You can mimic the collision of two snooker balls in the laboratory using two identical trolleys, as shown in Figure
6.3b. The moving trolley has its spring-load released, so that the collision is springy. As one trolley runs into the
other, the spring is at first compressed, and then it pushes out again to set the second trolley moving. The first
trolley comes to a complete halt. The ‘motion’ of one trolley has been transferred to the other.

You can see another interesting result if two moving identical trolleys collide head-on. If the collision is springy,
both trolleys bounce backwards. If a fast-moving trolley collides with a slower one, the fast trolley bounces back
at the speed of the slow one, and the slow one bounces back at the speed of the fast one. In this collision, it is
as if the velocities of the trolleys have been swapped.

Figure 6.3: a The red snooker ball, coming from the left, has hit the yellow ball head-on. b You can do the
same thing with two trolleys in the laboratory.

Sticky collisions

Figure 6.4 shows another type of collision. In this case, the trolleys have adhesive pads so that they stick
together when they collide. A sticky collision like this is the opposite of a springy collision like the ones described
previously.



Figure 6.4: If a moving trolley sticks to a stationary trolley, they both move off together.

If a single moving trolley collides with an identical stationary one, they both move off together. After the collision,
the speed of the combined trolleys is half that of the original trolley. It is as if the ‘motion’ of the original trolley
has been shared between the two. If a single moving trolley collides with a stationary double trolley (twice the
mass), they move off with one-third of the original velocity.

From these examples of sticky collisions, you can see that, when the mass of the trolley increases as a result of
a collision, its velocity decreases. Doubling the mass halves the velocity, and so on.

Question

1 a Ball A, moving towards the right, collides with stationary ball B. Ball A bounces back; ball B moves off
slowly to the right. Which has the greater mass, ball A or ball B?

b Trolley A, moving towards the right, collides with stationary trolley B. They stick together, and move off
at less than half A’s original speed. Which has the greater mass, trolley A or trolley B?

Defining linear momentum

From the examples discussed earlier, we can see that two quantities are important in understanding collisions:
+ the mass m of the object
» the velocity v of the object.

These are combined to give a single quantity, called the linear momentum (or simply momentum) p of an
object.

momentum = mass x velocity
p = mv

The momentum of an object is defined as the product of the mass of the object and its velocity. Hence:



momentum = mass x velocity
p = mv

The Sl unit of momentum is kg m s™'. There is no special name for this unit in the SI system. The newton
second (N s) can also be used as a unit of momentum (see topic 6.7).

Momentum is a vector quantity because it is a product of a vector quantity (velocity) and a scalar quantity
(mass). Momentum has both magnitude and direction. Its direction is the same as the direction of the object’s
velocity.

In the earlier examples, we described how the ‘motion’ of one trolley appeared to be transferred to a second
trolley, or shared with it. It is more correct to say that it is the trolley’s momentum that is transferred or shared.
(More precisely, we should refer to linear momentum, because there is another quantity called angular
momentum that is possessed by spinning objects.)

As with energy, we find that momentum is also conserved. We have to consider objects that form a closed
system-—that is, no resultant external force acts on them. The principle of conservation of momentum states
that, within a closed system, the total momentum in any direction is constant.

The principle of conservation of momentum can also be expressed as follows:
For a closed system where no resultant external force acts, in any direction:
total momentum of objects before collision = total momentum of objects after collision

A group of colliding objects always has as much momentum after the collision as it had before the collision. This
principle is illustrated in Worked example 1.

WORKED EXAMPLE

1 In Figure 6.5, trolley A of mass 0.80 kg travelling at a velocity of 3.0 m s~ collides head-on with a
stationary trolley B. Trolley B has twice the mass of trolley A. The trolleys stick together and have a
common velocity of 1.0 m s~ after the collision. Show that momentum is conserved in this collision.

before positive after
direction

=

Figure 6.5: The state of trolleys A and B, before and after the collision.

Step 1 Make a sketch using the information given in the question. Notice that we need two diagrams to
show the situations, one before and one after the collision. Similarly, we need two calculations —




one for the momentum of the trolleys before the collision and one for their momentum after the
collision.

Step 2 Calculate the momentum before the collision:
momentum of trolleys before collision
=Mmp X Uupt mg X Ug
=(0.80x3.0)+0
=24kgms™’

Trolley B has no momentum before the collision, because it is not moving.

Step 3 Calculate the momentum after the collision:
momentum of trolleys after collision
= (ma+ mg) X Vas
=(0.80+ 1.60) x 1.0
=24kgms™’

So, both before and after the collision, the trolleys have a combined momentum of 2.4 kg m s71.

Momentum has been conserved.

Questions

2

Calculate the momentum of each of the following objects:
a  a0.50 kg stone travelling at a velocity of 20 m s~

b a 25000 kg bus travelling at 20 m s™" on a road

€ an electron travelling at 2.0 x 10’ ms™".
(The mass of the electron is 9.1 x 10731 kg.)

Two balls, each of mass 0.50 kg, collide as shown in Figure 6.6. Show that their total momentum before the
collision is equal to their total momentum after the collision.

before after

20ms?t 1oms!
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Figure 6.6: For Question 3.




6.3 Understanding collisions

The cars in Figure 6.7 have been badly damaged by a collision. The front of a car is designed to absorb the
impact of the crash. It has a ‘crumple zone’, which collapses on impact. This absorbs most of the kinetic energy
that the car had before the collision. It is better that the car’s kinetic energy should be transferred to the crumple
zone than to the driver and passengers.

Motor manufacturers make use of test labs to investigate how their cars respond to impacts. When a car is
designed, the manufacturers combine soft, compressible materials that absorb energy with rigid structures that
protect the people in the car. Old-fashioned cars had much more rigid structures. In a collision, they were more
likely to bounce back and the violent forces involved were much more likely to prove fatal.

Figure 6.7: The front of each car has crumpled in, as a result of a head-on collision.

Two types of collision

When two objects collide, they may crumple and deform. Their kinetic energy may also disappear completely as
they come to a halt. This is an example of an inelastic collision. Alternatively, they may spring apart, retaining
all of their kinetic energy. This is a perfectly elastic collision. In practice, in most collisions, some kinetic
energy is transformed into other forms (such as heat or sound) and the collision is inelastic. Previously we
described the collisions as being ‘springy’ or ‘sticky’. We should now use the correct scientific terms, perfectly
elastic and inelastic.

We will look at examples of these two types of collision and consider what happens to linear momentum and
kinetic energy in each.

A perfectly elastic collision

Two identical objects, A and B, moving at the same speed but in opposite directions, have a head-on collision,
as shown in Figure 6.8. Each object bounces back with its velocity reversed. This is a perfectly elastic collision.
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Figure 6.8: Two objects may collide in different ways: this is an elastic collision. An inelastic collision of the
same two objects is shown in Figure 6.9.

You should be able to see that, in this collision, both momentum and kinetic energy are conserved. Before the
collision, object A of mass m is moving to the right at speed v and object B of mass m is moving to the left at
speed v. Afterwards, we still have two masses m moving with speed v, but now object A is moving to the left and
object B is moving to the right. We can express this mathematically as follows.

Before the collision

Object Mass Velocity Momentum
A m v mv
B m -v -mv

Object B has negative velocity and momentum because it is travelling in the opposite direction to object A.
Therefore we have:

total momentum before collision

= momentum of A + momentum of B
=mv+(—-mv)=0

total kinetic energy before collision
=k.e. of A+ k.e. of B

= ZmvZ+ Imy? = my?2

The magnitude of the momentum of each object is the same. Momentum is a vector quantity and we have to
consider the directions in which the objects travel. The combined momentum is zero. On the other hand, kinetic
energy is a scalar quantity and direction of travel is irrelevant. Both objects have the same kinetic energy and
therefore the combined kinetic energy is twice the kinetic energy of a single object.

After the collision
Both objects have their velocities reversed, and we have:

total momentum after collision = (-mv)+ mv =0
total kinetic energy after collision = 2mv*+ Imv* = mv?



So the total momentum and the total kinetic energy are unchanged. They are both conserved in a perfectly
elastic collision such as this.

In this collision, the objects have a relative speed of 2v before the collision. After their collision, their velocities
are reversed so their relative speed is 2v again. This is a feature of perfectly elastic collisions.

The relative speed of approach is the speed of one object measured relative to another. If two objects are
travelling directly towards each other with speed v, as measured by someone stationary on the ground, then
each object ‘sees’ the other one approaching with a speed of 2v. Thus, if objects are travelling in opposite
directions we add their speeds to find the relative speed. If the objects are travelling in the same direction then
we subtract their speeds to find the relative speed.

To find the relative speed of two objects you subtract the velocity of one from the velocity of the other. This is the
same as adding on a velocity in the opposite direction; so, if two objects approach each other in exactly opposite
directions with velocities of v4 and —v», their relative speed = v — (-v5) = v4 + va.

In a perfectly elastic collision of two bodies, the relative speed of the body’s
approach is equal to the relative speed of their separation.

An inelastic collision

During an inelastic collision, the total kinetic energy of the bodies becomes
smaller.

In Figure 6.9, the same two objects collide, but this time they stick together after the collision and come to a halt.
Clearly, the total momentum and the total kinetic energy are both zero after the collision, since neither mass is
moving. We have:

Before collision After collision

momentum 0 0
kinetic energy %m\/2 0
|
i
before positive after

direction

v v i
A B ! A gg ]
S S SSS S SSSSSSSSAS S S
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Figure 6.9: An inelastic collision between two identical objects. The trolleys are stationary after the collision.

Again we see that momentum is conserved. However, kinetic energy is not conserved. It is lost because work is
done in deforming the two objects.

In fact, momentum is always conserved in all collisions. There is nothing else into which momentum can be
converted. Kinetic energy is usually not conserved in a collision, because it can be transformed into other forms
of energy — sound energy if the collision is noisy, and the energy involved in deforming the objects (which
usually ends up as internal energy — they get warmer). Of course, the total amount of energy remains constant,
as stated in the principle of conservation of energy.

Question

4  Copy this table, choosing the correct words from each pair.
Type of collision perfectly elastic inelastic
Momentum conserved / not conserved conserved / not conserved
Kinetic energy conserved / not conserved conserved / not conserved
Total energy conserved / not conserved conserved / not conserved

Solving collision problems

We can use the idea of conservation of momentum to solve numerical problems, as shown in Worked example
2.

WORKED EXAMPLE

2 Inthe game of bowls, a player rolls a large ball towards a smaller, stationary ball. A large ball of mass 5.0
kg moving at 10.0 m s~" strikes a stationary ball of mass 1.0 kg. The smaller ball flies off at 10.0 m s™".

a Determine the final velocity of the large ball after the impact.
b Calculate the kinetic energy ‘lost’ in the impact.

Step 1 Draw two diagrams, showing the situations before and after the collision. Figure 6.10 shows the
values of masses and velocities; since we don’t know the velocity of the large ball after the
collision, this is shown as v. The direction from left to right has been assigned the ‘positive’
direction.

Step 2 Using the principle of conservation of momentum, set up an equation and solve for the value of
V:

total momentum before collison = total momentum after collison
(5.0x10)+ (1.0%x0) (5.0xv)+(1.0x10)
50+0 = 5.0v+10

40
5.0

v = 80ms™

V:




before . after

positive

direction .
10mst v 10ms?
5.0kg 1.0kg 50kg 1.0 kg

Figure 6.10: When solving problems involving collisions, it is useful to draw diagrams showing the
situations before and after the collision. Include the values of all the quantities that you know.

So the speed of the large ball decreases to 8.0 m s~ after the collision. Its direction of motion is
unchanged — the velocity remains positive.

Step 3 Knowing the large ball’s final velocity, calculate the change in kinetic energy during the collision:

total k.e. before collision = 2x50x10°+0
= 250J

total k.e. after collision = 2x50x8.0°+1x1.0x10°
= 210J

total k.e. 'lost' in the collision = 250J-210J
= 40J

This ‘lost’ kinetic energy will appear as internal energy (the two balls get warmer) and as sound
energy (we hear the collision between the balls).

Questions

5 Figure 6.11 shows two identical balls A and B about to make a head-on collision. After the collision, ball A
rebounds at a speed of 1.5 m s~ and ball B rebounds at a speed of 2.5 m s~!. The mass of each ball is 4.0
kg.
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Figure 6.11: For Question 5.

Calculate the momentum of each ball before the collision.

Calculate the momentum of each ball after the collision.

Is the momentum conserved in the collision?

Show that the total kinetic energy of the two balls is conserved in the collision.

e Show that the relative speed of the balls is the same before and after the collision.

o 0 T o

A trolley of mass 1.0 kg is moving at 2.0 m s™". It collides with a stationary trolley of mass 2.0 kg. This
second trolley moves offat 1.2 ms™".
a Draw ‘before’ and ‘after’ diagrams to show the situation.

b Use the principle of conservation of momentum to calculate the speed of the first trolley after the
collision. In what direction does it move?



6.4 Explosions and crash-landings

There are situations where it may appear that momentum is being created out of nothing, or that it is
disappearing without trace. Do these contradict the principle of conservation of momentum?

The rockets shown in Figure 6.12 rise high into the sky. As they start to fall, they send out showers of chemical
packages, each of which explodes to produce a brilliant sphere of burning chemicals. Material flies out in all
directions to create a spectacular effect.

Does an explosion create momentum out of nothing? The important point to note here is that the burning
material spreads out equally in all directions. Each tiny spark has momentum, but for every spark, there is
another moving in the opposite direction, i.e., with opposite momentum. Since momentum is a vector quantity,
the total amount of momentum created is zero.

Figure 6.12: These exploding rockets produce a spectacular display of bright sparks in the night sky.

At the same time, kinetic energy is created in an explosion. Burning material flies outwards; its kinetic energy
has come from the chemical potential energy stored in the chemical materials before they burn.

More fireworks



Roman candles are a type of firework that fire a jet of burning material into the sky. This is another type of
explosion, but it doesn’t send material in all directions. The firework tube directs the material upwards. Has
momentum been created out of nothing here?

Again, the answer is no. The chemicals have momentum upwards, but at the same time, the roman candle
pushes downwards on the Earth. An equal amount of downwards momentum is given to the Earth. Of course,
the Earth is massive, and we don'’t notice the tiny change in its velocity that results.

Down to Earth

If you push a large rock over a cliff, its speed increases as it falls. Where does its momentum come from? And
when it lands, where does its momentum disappear to?

The rock falls because of the pull of the Earth’s gravity on it. This force is its weight and it makes the rock
accelerate towards the Earth. Its weight does work and the rock gains kinetic energy. It gains momentum
downwards. Something must be gaining an equal amount of momentum in the opposite (upward) direction. It is
the Earth, which starts to move upwards as the rock falls downwards. The mass of the Earth is so great that its
change in velocity — far too small to be noticeable.

When the rock hits the ground, its momentum becomes zero. At the same instant, the Earth also stops moving
upwards. The rock’s momentum cancels out the Earth’s momentum. At all times during the rock’s fall and crash-
landing, momentum has been conserved.

If a rock of mass 60 kg is falling towards the Earth at a speed of 20 m s™, how fast is the Earth moving towards
it? Figure 6.13 shows the situation. The mass of the Earth is 6.0 x 1024 kg. We have:

total momentum of Earth and rock = 0
Therefore:
(60 x 20) + (6.0 x 10%* x v) =0
v=-20%x10%2ms™’
The minus sign shows that the Earth’s velocity is in the opposite direction to that of the rock. The Earth moves

very slowly indeed. In the time of the rock’s fall, it will move much less than the diameter of the nucleus of an
atom!
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Figure 6.13: The rock and Earth gain momentum in opposite directions.

Questions

7 Discuss whether momentum is conserved in each of the following situations.
a A star explodes in all directions — a supernova.
b  You jump up from a trampoline. As you go up, your speed decreases; as you come down again, your
speed increases.
8 A ball of mass 0.40 kg is thrown at a wall. It strikes the wall with a speed of 1.5 m s™" perpendicular to the

wall and bounces off the wall with a speed of 1.2 m s™'. Explain the changes in momentum and energy that
happen in the collision between the ball and the wall. Give numerical values where possible.



6.5 Collisions in two dimensions

It is rare that collisions happen in a straight line—in one dimension. Figure 6.14 shows a two-dimensional
collision between two snooker balls. From the multiple images, we can see how the velocities of the two balls
change:

« Atfirst, the white ball is moving straight forwards. When it hits the red ball, it moves off to the right. Its speed
decreases; we can see this because the images get closer together.

* The red ball moves off to the left. It moves off at a bigger angle than the white ball, but more slowly — the
images are even closer together.

How can we understand what happens in this collision, using the ideas of momentum and kinetic energy?

At first, only the white ball has momentum, and this is in the forward direction. During the collision, this
momentum is shared between the two balls. We can see this because each has a component of velocity in the
forward direction.

Q
O
@)
O

O

Figure 6.14: The white ball strikes the red ball a glancing blow. The two balls move off in different directions.

At the same time, each ball gains momentum in the sideways direction, because each has a sideways
component of velocity — the white ball to the right, and the red ball to the left. These must be equal in magnitude
and opposite in direction, otherwise we would conclude that momentum had been created out of nothing. The
red ball moves at a greater angle, but its velocity is less than that of the white ball, so that the component of its
velocity at right angles to the original track is the same as the white ball’s.

Figure 6.15a shows the momentum of each ball before and after the collision. We can draw a vector triangle to
represent the changes of momentum in this collision (Figure 6.15b). The two momentum vectors after the
collision add up to equal the momentum of the white ball before the collision. The vectors form a closed triangle
because momentum is conserved in this two-dimensional collision.
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Figure 6.15: a These vectors represent the momenta of the colliding balls shown in Figure 6.14. b The closed
vector triangle shows that momentum is conserved in the collision.

Components of momentum

Momentum is a vector quantity and so we can split it into components in order to solve problems.
Worked example 3 shows how to find an unknown velocity.

Worked example 4 shows how to demonstrate that momentum has been conserved in a two-dimensional
collision.

WORKED EXAMPLES

3 A white ball of mass m = 1.0 kg and moving with initial speed u = 0.5 m s™" collides with a stationary red
ball of the same mass. They move off so that each has the same speed and the angle between their
paths is 90°. What is their speed?

Step 1 Draw a diagram to show the velocity vectors of the two balls, before and after the collision
(Figure 6.16). We will show the white ball initially travelling along the y-direction.
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Figure 6.16: Velocity vectors for the white and red balls.

Because we know that the two balls have the same final speed v, their paths must be
symmetrical about the y-direction. Since their paths are at 90° to one other, each must be at 45°
to the y-direction.

Step 2 We know that momentum is conserved in the y-direction. Hence we can say:
initial momentum of white ball in y-direction
= final component of momentum of white ball in y-direction
+ final component of momentum of red ball in y-direction

This is easier to understand using symbols:
mu =mv,+ mv,

where v, is the component of v in the y-direction. The right-hand side of this equation has two
identical terms, one for the white ball and one for the red. We can simplify the equation to give:

mu = 2mvy

Step 3 The component of v in the y-direction is v cos 45°. Substituting this, and including values of m
and u, gives

0.5 = 2v cos 45°

and hence

—_ 0.5 ~ —1
V= oo 0.354ms

So each ball moves off at 0.354 m s~ at an angle of 45° to the initial direction of the white ball.

4  Figure 6.17 shows the momentum vectors for particles 1 and 2, before and after a collision. Show that
momentum is conserved in this collision.
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Figure 6.17: Momentum vectors: particle 1 has come from the left and collided with particle 2.

Step 1

Step 2

Step 3

Consider momentum changes in the y-direction.

Before collision:
momentum =0

(because particle 1 is moving in the x-direction and particle 2 is stationary).
After collision:

component of momentum of particle 1

= 3.0 cos 36.9° = 2.40 kg m s~ ! upwards

component of momentum of particle 2

= 4.0 cos 53.1° = 2.40 kg m s~ ! downwards

These components are equal and opposite, and hence their sum is zero. Hence, momentum is
conserved in the y-direction.

Consider momentum changes in the x-direction.

Before collision:
momentum = 5.0 kg m s~ to the right

After collision:

component of momentum of particle 1

= 3.0 cos 53.1° = 1.80 kg m s to the right
component of momentum of particle 2

= 4.0 cos 36.9° = 3.20 kg m s~! to the right

total momentum to the right = 5.0 kg m s™"

Hence, momentum is conserved in the x-direction.

An alternative approach would be to draw a vector triangle similar to Figure 6.15b. In this case,
the numbers have been chosen to make this easy; the vectors form a 3—4-5 right-angled
triangle.

Because the vectors form a closed triangle, we can conclude that:

momentum before collision = momentum after collision



| (in other words, momentum is conserved)

Questions
9 A snooker ball strikes a stationary ball. The second ball moves off sideways at 60° to the initial path of the
first ball.

Use the idea of conservation of momentum to explain why the first ball cannot travel in its initial direction
after the collision. lllustrate your answer with a diagram.

10 Look back to Worked example 4. Draw the vector triangle that shows that momentum is conserved in the
collision described in the question. Show the value of each angle in the triangle.

11 Figure 6.18 shows the momentum vectors for two identical particles, 1 and 2, before and after a collision.
Particle 2 was at rest before the collision. Show that momentum is conserved in this collision.

particle 1

2.40kgm s

particle 1

2.40kgmst 60°

particle 2
Figure 6.18: For Question 11.

12 A snooker ball collides with a second identical ball as shown in Figure 6.19.
a Determine the components of the velocity of the first ball in the x- and y-directions.
b Hence, determine the components of the velocity of the second ball in the x- and y-directions.
¢ Hence, determine the velocity (magnitude and direction) of the second ball.

ball 1 «

Fa
u=1.00ms™

v=0.80ms™

Figure 6.19: For Question 12.




6.6 Momentum and Newton’s laws

The main concepts in physics are often very simple; it takes only a few words to express them and they can be
applied to lots of situations. However, ‘simple’ does not mean ‘easy’. Some concepts are quite abstract — such
as force, energy and voltage. Scientists had to use their imagination to conceive such concepts. Other scientists
then spent years working, experimenting, testing and refining the concepts until they finally reached the
established concepts that we use today.
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Figure 6.20: The title page of Newton’s Principia, in which he outlined his theories of the laws that govern the
motion of objects.




Isaac Newton’s work on motion is a good example. Newton published his ideas in a book; the book'’s title
translates as Mathematical Principles of Natural Philosophy.

Newton wanted to develop an understanding of the idea of ‘force’. You may have been told in your early studies
of science that ‘a force is a push or a pull’. Newton’s idea was that forces are interactions between bodies and
that they change the motion of the body that they act on. Forces acting on an object can produce acceleration.
For an object of constant mass, this acceleration is directly proportional to the resultant force acting on the
object. That is much more like a scientific definition of force.



6.7 Understanding motion

In Chapter 3, we looked at Newton’s laws of motion. We can get further insight into these laws by thinking about
them in terms of momentum.

Newton’s first law of motion

In everyday speech, we sometimes say that something has momentum when we mean that it keeps on moving
on its own. An oil tanker is difficult to stop at sea, because of its momentum. We use the same word even when
we’re not talking about an object: ‘The election campaign is gaining momentum’, for example. This idea of
keeping on moving is just what we discussed in connection with Newton’s first law of motion:

An object will remain at rest or keep travelling at constant velocity unless it is acted on by a resultant force.

An object travelling at constant velocity has constant momentum. Hence, the first law is really saying that the
momentum of an object remains the same unless the object experiences an external force.

Newton’s second law of motion

Newton’s second law of motion links the idea of the resultant force acting on an object and its momentum. A
statement of Newton’s second law is:

The resultant force acting on an object is directly proportional to the rate of change of the linear momentum of
that object. The resultant force and the change in momentum are in the same direction.

Hence:
resultant force « rate of change of momentum

This can be written as:
Ap
F A

where F is the resultant force and Ap is the change in momentum taking place in a time interval of At.
(Remember that the Greek letter delta, A, is a shorthand for ‘change in’, so Ap means ‘change in momentum’.)
The changes in momentum and force are both vector quantities, so these two quantities must be in the same
direction.

The unit of force (the newton, N) is defined to make the constant of proportionality equal to one, so we can write
the second law of motion mathematically as:

_ Ap

At

Worked example 5 shows how to use this equation. This equation also shows the newton second (N s) can be
used as a unit of momentum.

If the forces acting on an object are balanced, there is no resultant force and the object's momentum will remain
constant. If a resultant force acts on an object, its momentum (velocity and/or direction) will change. The
equation gives us another way of stating Newton’s second law of motion:

The resultant force acting on an object is equal to the rate of change of its momentum. The resultant force and
the change in momentum are in the same direction.

This statement effectively defines what we mean by a force; it is an interaction that causes an object’s
momentum to change. So, if an object's momentum is changing, there must be a force acting on it. We can find
the size and direction of the force by measuring the rate of change of the object's momentum.

KEY EQUATION



Resultant force « rate of change of momentum:

_ Ap
F=x

WORKED EXAMPLE

5 Calculate the average force acting on a 900 kg car when its velocity changes from 5.0 ms™' to 30 m s™'
in atime of 12 s.

Step 1 Write down the quantities given:

m =900 kg

initial velocity u = 5.0 ms™"

At=12s
Step 2 Calculate the initial momentum and the final momentum of the car:

momentum = mass X velocity

initial momentum = mu =900x5.0
4500k gm s’
mv = 900 x 30
27 000 kgm s™
Step 3 Use Newton’s second law of motion to calculate the average force on the car:

— DOp
F = &

—  27000-4500
12

= 1875 N=1900 N

The average force acting on the car is about 1.9 kN.

final momentum

A special case of Newton’s second law of motion

Imagine an object of constant mass m acted upon by a resultant force F. The force will change the momentum
of the object. According to Newton’s second law of motion, we have:

— Ap _ mv-mu |
F At t

where u is the initial velocity of the object, v is the final velocity of the object and ¢ is the time taken for the
change in velocity. The mass m of the object is a constant; hence the equation can be rewritten as:

_ m(v-u)
F At

m (=)

The term in brackets on the right-hand side is the acceleration a of the object. Therefore, a special case of
Newton’s second law is:

F =ma



We have already met this equation in Chapter 3. In Worked example 5, you could have determined the average
force acting on the car using this simplified equation for Newton’s second law of motion. Remember that the
equation F = ma is a special case of F = ﬁ—f that only applies when the mass of the object is constant. There

are situations where the mass of an object changes as it moves, for example, a rocket that burns a phenomenal
amount of chemical fuel as it accelerates upwards.

Questions

13 A car of mass 1000 kg is travelling at a velocity of +10 m s™'. It accelerates for 15 s, reaching a velocity of
+24 m s~ Calculate:
a the change in the momentum of the car in the 15 s period
b the average resultant force acting on the car as it accelerates.

14 A ball is kicked by a footballer. The average force on the ball is 240 N and the impact lasts for a time
interval of 0.25 s.
a Calculate the change in the ball’'s momentum.
b State the direction of the change in momentum.

15 Water pouring from a broken pipe lands on a flat roof. The water is moving at 5.0 m s™! when it strikes the

roof. The water hits the roof at a rate of 10 kg s~'. Calculate the force of the water hitting the roof. (Assume
that the water does not bounce as it hits the roof. If it did bounce, would your answer be greater or smaller?)

16 A golf ball has a mass of 0.046 kg. The final velocity of the ball after being struck by a golf club is 50 m s™".
The golf club is in contact with the ball for a time of 1.3 ms. Calculate the average force exerted by the golf
club on the ball.

Newton’s third law of motion

Newton’s third law of motion is about interacting objects. These could be two magnets attracting or repelling
each other, two electrons repelling each other, etc. Newton’s third law states:

When two bodies interact, the forces they exert on each other are equal and opposite.

How can we relate this to the idea of momentum? Imagine holding two magnets, one in each hand. You
gradually bring them towards each other (Figure 6.21) so that they start to attract each other. Each feels a force
pulling it towards the other. The two forces are the same size, even if one magnet is stronger than the other.
One magnet could even be replaced by an unmagnetised piece of steel and they would still attract each other
equally.

If you release the magnets, they will gain momentum as they are pulled towards each other. One gains
momentum to the left while the other gains equal momentum to the right.

Each is acted on by the same force, and for the same time. So, momentum is conserved. In fact, the law of
conservation of momentum can be proved using Newton’s second and third laws of motion. Consider an object
of mass m, and velocity v, colliding with a mass my and velocity v,. If the system is closed, then the force F, and
the force F, on the twomasses are equal and opposite.

FX = _Fy
Amyvy Amyvy
At At
A(myvy+myvy) _ 0

At

So, A(myvx+ myvy) =0 fnd there has been no change in the total momentum.



force of Aon B
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Figure 6.21: Newton’s third law states that the forces these two magnets exert one each other must be equal
and opposite.

What did you learn about yourself as you worked through this chapter?

Which principle do you think is the most important, conservation of momentum or conservation of energy?




SUMMARY

Linear momentum is the product of mass and velocity: p = mv

The principle of conservation of momentum: For a closed system, the total momentum before an interaction
(e.g., collision) is equal to the total momentum after the interaction.

In all interactions or collisions, momentum and total energy are conserved.

Kinetic energy is conserved in a perfectly elastic collision; relative speed is unchanged in a perfectly elastic
collision.

In an inelastic collision, kinetic energy is not conserved. It is transferred into other forms of energy (such as
heat or sound). Most collisions are inelastic.

Newton'’s first law of motion: An object will remain at rest or keep travelling at constant velocity unless it is
acted on by a resultant force.

Newton’s second law of motion: The resultant force acting on a body is equal to the rate of change of its
momentum:

Ap .
resultant force = rate of change of momentum or F = N = Mma |when mass m remains constant.

Newton’s third law of motion: When two bodies interact, the forces they exert on each other are equal and
opposite.




EXAM-STYLE QUESTIONS

1  Which quantity has the same unit as the rate of change of momentum? [1]
A acceleration

B energy
C weight
D work

2 A railway truck of mass 8000 kg travels along a level track at a velocity of 2.5 m s~
and collides with a stationary truck of mass 12 000 kg. The collision takes 4.0 s and
the two trucks move together at the same velocity after the collision.

What is the average force that acts on the 8000 kg truck during the collision? [1]
A 2000N
B 3000N
C 5000N
D 12000N
3 An object has mass 2.0 + 0.2 kg and a velocity of 10+ 1 ms™".
What is the percentage uncertainty in the momentum of the object? [1]
A 1%
B 6%
C 10%
D 20%

4 An object is dropped and its momentum increases as it falls toward the ground.
Explain how the law of conservation of momentum and Newton’s third law of
motion can be applied to this situation. [2]

5 A ball of mass 2.0 kg, moving at 3.0 m s™", strikes a wall and rebounds with almost
exactly the same speed. State and explain whether there is a change in:

a the momentum of the ball [3]

b the kinetic energy of the ball. [1]
[Total: 4]

6 a Define linear momentum. [1]
b Determine the base units of linear momentum in the S| system. [1]

A car of mass 900 kg starting from rest has a constant acceleration of 3.5 m
s™2. Calculate its momentum after it has travelled a distance of 40 m. [2]

d This diagram shows two identical objects about to make a head-on collision.
The objects stick together during the collision. Determine the final speed of the

objects. State the direction in which they move. [3]
4.0kg 4.0kg
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Figure 6.22

Explain what is meant by an:
i elastic collision
ii  inelastic collision.

b A snooker ball of mass 0.35 kg hits the side of a snooker table at right angles
and bounces off also at right angles. Its speed before collision is 2.8 m s™" and
its speed after is 2.5 m s~!. Calculate the change in the momentum of the ball.

¢ Explain whether or not momentum is conserved in the situation described in
part b.

A car of mass 1100 kg is travelling at 24 m s~'. The driver applies the brakes and
the car decelerates uniformly and comes to rest in 20 s.

a Calculate the change in momentum of the car.
b Calculate the braking force on the car.
¢ Determine the braking distance of the car.

A marble of mass 100 g is moving at a speed of 0.40 m s~ in the x-direction.
a Calculate the marble’s momentum.

The marble strikes a second, identical marble. Each moves off at an angle of
45° to the x-direction.

b Use the principle of conservation of momentum to determine the speed of
each marble after the collision.

¢ Show that kinetic energy is conserved in this collision.

A cricket bat strikes a ball of mass 0.16 kg travelling towards it. The ball initially hits

the bat at a speed of 25 m s~ and returns along the same path with the same
speed. The time of impact is 0.0030 s. You may assume no force is exerted on the
bat by the cricketer during the actual collision.

a Determine the change in momentum of the cricket ball.
b Determine the force exerted by the bat on the ball.

¢ Describe how the laws of conservation of energy and momentum apply to this
impact and state whether the impact is elastic or inelastic.

a State the principle of conservation of momentum and state the condition under

which it is valid.

b An arrow of mass 0.25 kg is fired horizontally towards an apple of mass 0.10
kg that is hanging on a string, as shown in Figure 6.23.

[Total: 7]
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11

[2]

[1]
[Total: 5]

[2]
[2]
[2]
[Total: 6]

[2]

[3]
[2]
[Total: 7]

[2]
(2]

[4]
[Total: 8]

[2]
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Figure 6.23

The horizontal velocity of the arrow as it enters the apple is 30 m s™'. The
apple was initially at rest and the arrow sticks in the apple.

i  Calculate the horizontal velocity of the apple and arrow immediately after
the impact.

ii  Calculate the change in momentum of the arrow during the impact.

iii Calculate the change in total kinetic energy of the arrow and apple during
the impact.

iv A rubber-tipped arrow of mass 0.25 kg is fired at the centre of a stationary
ball of mass 0.25 kg. The collision is perfectly elastic. Describe what
happens and state the relative speed of separation of the arrow and the
ball.

State what is meant by:
i  aperfectly elastic collision
ii acompletely inelastic collision.

A stationary uranium nucleus disintegrates, emitting an alpha-particle of mass
6.65 x 10727 kg and another nucleus X of mass 3.89 x 1072° kg.

(O

\_/

alpha-particle /
A/

O uranium nucleus
before decay

Figure 6.24

i  Explain why the alpha-particle and nucleus X must be emitted in exactly
opposite directions.

ii  Using the symbols v, and v, for velocities, write an equation for the
conservation of momentum in this disintegration.

iii  Using your answer to part b ii, calculate the ratio v, : v, after the
disintegration.

State two quantities that are conserved in an elastic collision.
A machine gun fires bullets of mass 0.014 kg at a speed of 640 m s™".

i  Calculate the momentum of each bullet as it leaves the gun.

[2]
[2]

[2]

[2]
[Total: 10]

11
11

[2]

11

[1]
[Total: 6]
[1]

11



Explain why a soldier holding the machine gun experiences a force when [2]
the gun is firing.

The maximum steady horizontal force that a soldier can exert on the gun

is 140 N. Calculate the maximum number of bullets that the gun can fire in

one second. (2

[Total: 6]

14 Two railway trucks are travelling in the same direction and collide. The mass of
truck X is 2.0 x 10* kg and the mass of truck Y is 3.0 x 10* kg. This graph shows
how the velocity of each truck varies with time.

o]
X
—i 4 _
£ Y
— 34
==
S 2- N
L2 Y X
= 14
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0 2.0 3.6
Time /s
Figure 6.25
a Copy and complete the table. [6]
Change in Initial kinetic Final kinetic
momentum / kg | energy / J energy / J
ms™
truck X
truck Y

Table 6.1: For Question 14.

b State and explain whether the collision of the two trucks is an example of an
elastic collision. [2]

¢ Determine the force that acts on each truck during the collision. [2]

[Total: 10]



SELF-EVALUATION CHECKLIST

After studying the chapter, complete a table like this:

See topic... Needs more Almost there Ready to
work move on
define and use linear momentum 6.2
state and apply the principle of 6.3,6.5

conservation of momentum to collisions in
one and two dimensions

relate force to the rate of change of 6.2
momentum

state all three of Newton’s laws of motion 6.7
recall that, for a perfectly elastic collision, 6.3

the relative speed of approach is equal to
the relative speed of separation

discuss energy changes in perfectly 6.3
elastic and inelastic collisions.







) Chapter 7
Matter and materials

LEARNING INTENTIONS

In this chapter you will learn how to:

+ define and use density

» define and use pressure and calculate the pressure in a fluid

*  derive and use the equation Ap = pgAh |

+ use a difference in hydrostatic pressure to explain and calculate upthrust
+ explain how tensile and compressive forces cause deformation

* describe the behaviour of springs and use Hooke’s law

» distinguish between elastic and plastic deformation, limit of proportionality and the elastic limit
. define and use stress, strain and the Young modulus

* describe an experiment to measure the Young modulus

* calculate the energy stored in a deformed material.

BEFORE YOU START

+  Write down some notes to answer these questions: What are physical properties of materials? What
properties make some materials really useful?

*  Have you ever stretched a spring, rubber band or a small strip of plastic? Try to describe what you notice
when these materials are stretched.

SPRINGY STUFF

In everyday life, we make great use of elastic materials. The term ‘elastic’ means springy; that is, the material
deforms when a force is applied and returns to its original shape when the force is removed. Rubber is an
elastic material. This is obviously important for a bungee jumper (Figure 7.1). The bungee rope must have the
correct degree of elasticity. The jumper must be brought gently to a halt. What happens if the rope is too stiff
or too springy? Discuss these problems with others — particularly if you have had experience of a bungee
jump.

In this chapter, we will look at how forces can change the shape of an object. Before that, we will look at two
important quantities, density and pressure.




Figure 7.1: The stiffness and elasticity of rubber are crucial factors in bungee jumping.




7.1 Density

Density is a property of matter. It tells us about how concentrated the matter is in a particular material. Density
is a constant for a given material under specific conditions.

Density is defined as the mass per unit volume of a substance:

density = -TMass
volume
P = B

The symbol used here for density, p, is the Greek letter rho.

The standard unit for density in the SI system is kg m™3, but you may also find values quoted in g cm™3. It is
useful to remember that these units are related by:

1000 kgm=3=1gcm™

and that the density of water is approximately 1000 kg m™3.

density 5 UEES
volume
P = %

Questions

1 A cube of copper has a mass of 240 g. Each side of the cube is 3.0 cm long. Calculate the density of
copper in g cm™3 and in kg m™3.

2 The density of steel is 7850 kg m™3. Calculate the mass of a steel sphere of radius 0.15 m. (First, calculate
the volume of the sphere using the formula V = %'ITF3|and then use the density equation.)



7.2 Pressure

A fluid (liquid or gas) exerts pressure on the walls of its container, or on any surface with which it is in contact.
Solids can also exert pressure on a surface with which it is in contact.

The pressure in a gas or liquid produces a force perpendicular to any surface.

The force the fluid pressure produces on the walls of a container can be in any direction, because the walls of
the container may be horizontal, vertical or at any angle. A big force on a small area produces a high pressure.

Pressure is defined as the normal force acting per unit cross-sectional area.
We can write this as a word equation:

— normal force
pressu re cross-sectional area
- F
P Iy

— normal force
pressu re cross-sectional area
- F
P = =

Force is measured in newtons and area is measured in square metres. The units of pressure are thus newtons
per square metre (N m™2), which are given the special name of pascals (Pa).

1Pa=1Nm32
Questions
3 A chair stands on four feet, each of area 10 cm2. The chair weighs 80 N. Calculate the pressure it exerts on
the floor.

4 Estimate the pressure you exert on the floor when you stand on both feet. (You could draw a rough
rectangle around both your feet placed together to find the area in contact with the floor. You will also need
to calculate your weight from your mass.)

Pressure in a fluid

The pressure in a fluid (a liquid or gas) increases with depth. Divers know this — the further they dive down, the
greater the water pressure acting on them. The pressure acts at right angles to every part of their body and acts
to crush them. Pilots know this — the higher they fly, the lower is the pressure of the atmosphere. The
atmospheric pressure we experience on the surface of the Earth is due to the weight of the atmosphere above
us, pressing downwards on the surface of the Earth or at right angles to every surface of our bodies.

The pressure in a fluid depends on three factors:

*  the depth h below the surface

+ the density p of the fluid

* the acceleration due to gravity, g.

In fact, change in pressure p is proportional to each of these and we have:



change in pressure = density x acceleration due to gravity x depth ‘

Ap = pgh
KEY EQUATION
change in pressure = density x acceleration due to gravity x depth |
Ap = pgh

You must learn how to derive this equation.

We can derive this relationship using Figure 7.2.

density of

liquid p \////

Figure 7.2: The weight of water in a tank exerts pressure on its base.

The force acting on the shaded area A on the bottom of the tank is caused by the weight of water above it,
pressing downwards. We can calculate this force and hence the pressure as follows:

Axh
density x volume =p xAxh
massxg=pxAxhxg

force
area

— 9
= prxth

volume of water
mass of water
weight of water
change in pressure

= pxgxh

The equation is written as Ap = pgh because this formula calculates the difference in pressure between the top
and bottom of the water in the tank. There is, of course, atmospheric pressure acting on the water at the top of
the tank. The total pressure at the bottom of the tank is atmospheric pressure + Ap.

WORKED EXAMPLE

1 Figure 7.3 shows a manometer used to measure the pressure of a gas supply. Calculate the pressure
difference between the gas inside the pipe and atmospheric pressure.

Step 1 Determine the difference in height h of the water on the two sides of the manometer.

h=60-30=30cm




Step 2 Because the level of water on the side of the tube next to the gas pipe is lower than on the side
open to the atmosphere, the pressure in the gas pipe is above atmospheric pressure.

pressure difference =p x g x h
= 1000 x 9.81 x 0.30 = 2940 Pa

scale
incm L atmosphere
gas 80
ine l
pip 6ol | |-
a0 || [P
. -20
w’
‘:“‘{\ water of density
1000 kg m~3

Figure 7.3: For Worked example 1.

Questions

5 Calculate the pressure due to the water on the bottom of a swimming pool if the depth of water in the pool

varies between 0.8 m and 2.4 m. (Density of water = 1000 kg m~3.) If atmospheric pressure is 1.01 x 10°
Pa, calculate the maximum total pressure at the bottom of the swimming pool.

6 Estimate the height of the atmosphere if atmospheric density at the Earth’s surface is 1.29 kg m™.
(Atmospheric pressure = 101 kPa.)



7.3 Archimedes’ principle

The variation of pressure with depth can be used to explain Archimedes’ principle.

Archimedes’ principle states that the upthrust acting on a body is equal to the weight of the liquid or gas that it
displaces.

upthurst pgV

Weight of liquid displaced

When the object is placed in a liquid, it displaces some of the liquid. In other words, it takes up some of the
space of the liquid. The volume of the liquid displaced is equal to the volume of the liquid taken up by the object.
If the object floats, the volume displaced is equal to the volume of the part of the object that is under the surface
of the liquid.

Consider a rectangular shaped object immersed in a liquid (Figure 7.4). There is a larger pressure on the bottom
surface than there is on the top surface because the bottom surface is deeper in the liquid.

E-:ﬁ_::____—— _— —_—? —i

hy — 1 liquid of density p

IR, S _ object - top and bottom
h [ t surface of area A

Figure 7.4: To explain Archimedes’ principle.

The pressure on the top surface produces a force downwards on the top. It may seem surprising, but the
pressure on the bottom surface actually produces a force upwards on the object. This is because pressure can
act in any direction and always acts at right angles to a surface in a liquid. You may also be surprised to know
that pressure is a scalar quantity even though it is defined in terms of force (which is a vector). Since pressure
acts in all directions at a point it is not possible to define a single direction for itl

Because the pressure is larger on the bottom surface, the force acting upwards on the bottom surface is larger
than the force acting downwards on the top surface. This is the cause of the upthrust, which you experience
when you swim. Because your density is less than that of water, when you are underwater, the weight of water
you displace is greater than your own weight. The upthrust is, therefore, greater than your own weight and there
is a resultant force upwards to bring you to the surface.

To calculate this upthrust:
The force due to water on the top surface F1=p xgxhy x A



Similarly, the force due to the water on the bottom surface is Fo =p x g x hy x A
upthurst Fo-Fi=pxgx(h,—hy)xA=pxgxhxA
= pxg x\/

where the volume of the objectV =h x A
= the weight of the liquid displaced

WORKED EXAMPLES

2 A cube of side 0.20 m floats in water with 0.15 m below the surface of the water. The density of water is
1000 kg m™3. Calculate the pressure due to the water that acts upwards on the bottom surface of the
cube and the force upwards on the cube caused by this pressure. (This force is the upthrust on the
cube.)

Step 1 Use the equation for pressure:
p = pxgxh=1000x%x9.81x%x0.15
= 1470 Pa

Step 2 Calculate the area of the base of the cube, and use this area in the equation for force.

area of base of cube = 0.2 x 0.2 = 0.04 m?
force = pressure X area
= 1470x0.04 =588 N

3 A metal block of mass 0.60 kg has dimensions 0.050 m x 0.040 m x 0.030 m.
The block is hung from a newton-meter. What is the reading on the newton-meter when the block is fully
submerged in liquid of density 1200 kg m™3?

Step 1 Calculate the weight of the block. This is the reading on the meter when the block is in the air,
before it is placed in the liquid.

weight =mg = 0.60 x 9.81 =5.886 =59 N
Step 2 Calculate the upthrust.
The volume of liquid displaced = 0.05 x 0.04 x 0.03 =6.0 x 107> m?3
mass of liquid displaced = density x volume = 1200 x 6.0 x 107°=7.2 x 1072 kg
upthrust = weight of liquid displaced = 7.2 x 1072 x 9.81 =0.71 N
Step 3 Calculate the final reading

The upthrust must be subtracted from the weight of the object, so the newton-meter reads 5.89
-0.71=52N.

Questions

7 a Whyis it difficult to hold an inflated plastic ball underwater?
b A submarine floats at rest under the water. To rise to the surface compressed air is used to push water
out of its ‘ballast’ tanks into the sea. Why does this cause the submarine to rise?
8 A boat has a uniform cross-sectional area at the water line of 750 m2. Fifteen cars of average mass 1200 kg
are driven on board. Calculate the extra depth that the boat sinks in water of density 1000 kg m™3.

9 Describe how to use a newton-meter, a micrometer screw gauge, a metal cube of side approximately 1.0
cm and a beaker of water to show experimentally that Archimedes’ principle is correct. The density of water

is known to be 1000 kg m™3.



A balloon of volume 3000 m™3 is filled with hydrogen of density 0.090 kg m™3. The mass of the fabric of the
balloon is 100 kg. Calculate the greatest mass that the balloon can lift in air of density 1.2 kg m™3.



7.4 Compressive and tensile forces

A pair of forces is needed to change the shape of a spring. If the spring is being squashed and shortened, we
say that the forces are compressive. More usually, we are concerned with stretching a spring, in which case the

forces are described as tensile (Figure 7.5).

b — -—— Compressive
forces

C = |—» tensile

forces

Figure 7.5: The effects of compressive and tensile forces.

When a wire is bent, some parts become longer and are in tension while other parts become shorter and are in
compression. Figure 7.6 shows that the line AA becomes longer when the wire is bent and the line BB becomes
shorter. The thicker the wire, the greater the compression and tension forces along its edges.
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Figure 7.6: Bending a straight wire or beam results in tensile forces along the upper surface (the outside of the
bend) and compressive forces on the inside of the bend.

It is simple to investigate how the length of a helical spring is affected by the applied force or load. The spring
hangs freely with the top end clamped firmly (Figure 7.7). A load is added and gradually increased. For each
value of the load, the extension of the spring is measured. Note that it is important to determine the increase in

length of the spring, which we call the extension.
We can plot a graph of force against extension to find the stiffness of the spring, as shown in Figure 7.8.
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Figure 7.7: Stretching a spring.
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Figure 7.8: Force—extension graph for a spring.

Hooke’s law

The usual way of plotting the results would be to have the force along the horizontal axis and the extension
along the vertical axis. This is because we are changing the force (the independent variable) and this results in
a change in the extension (the dependent variable). The graph shown in Figure 7.7 has extension on the
horizontal axis and force on the vertical axis. This is a departure from the convention because the gradient of
the straight section of this graph turns out to be an important quantity, known as the spring constant.

For a typical spring, the first section of this graph OA is a straight line passing through the origin. The extension
x is directly proportional to the applied force (load) F. The behaviour of the spring in the linear region OA of the
graph can be expressed by the following equation:

xx F orF =kx |

where k is the spring constant (sometimes called the stiffness or force constant of the spring). The spring
constant is the force per unit extension, given by:



spring constant = _foce

extension

k = E

The Sl unit for the force constant is newtons per metre or N m™'. We can find the force constant k from the
gradient of section OA of the graph:

k = gradient
A stiffer spring will have a larger value for the force constant k. Beyond point A, the graph is no longer a straight
line; its gradient changes and we can no longer use the equation F = kx.

If a spring or anything else responds to a pair of tensile forces in the way shown in section OA of Figure 7.7, we
say that it obeys Hooke’s law. A material obeys Hooke’s law if the extension produced in it is proportional to the
applied force (load).

The point A is known as the limit of proportionality. This is the point beyond which the extension is no longer
proportional to the force.

If you apply a small force to a spring and then release it, it will return to its original length (this is elastic
deformation.). However, if you apply a large force, the spring may not return to its original length; the spring has
become permanently deformed (this is plastic deformation.). The force beyond which the spring becomes
permanently deformed is known as the elastic limit.

The elastic limit is not necessarily the same point as the limit of proportionality, although they are likely to be
close to each other.

This use of the word ‘elastic’ in elastic limit is slightly different from the idea of an elastic collision covered in
Chapter 6. But the two ideas are related.

Question

11 Figure 7.9 shows the force—extension graph for a wire that is stretched and then released.
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Figure 7.9: Force—extension graph for a wire.




a  Which point shows the limit of proportionality?
b  Which point shows the elastic limit?

PRACTICAL ACTIVITY 7.1

Investigating springs

Springs can be combined in different ways (Figure 7.10): end-to-end (in series) and side-by-side (in parallel).
Using identical springs, you can measure the force constant of a single spring, and of springs in series and in
parallel. Before you do this, predict the outcome of such an experiment. If the force constant of a single spring
is k, what will be the equivalent force constant of:

*  two springs in series?
»  two springs in parallel?
This approach can be applied to combinations of three or more springs.

Figure 7.10: Two ways to combine a pair of springs: a in series; b in parallel.

12 Figure 7.11 shows the force—extension graphs for four springs, A, B, C and D.
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Figure 7.11: Force—extension graphs for four different springs.

a
b
c

State which spring has the greatest value of force constant.

State which is the least stiff.
State which of the four springs does not obey Hooke’s law.



7.5 Stretching materials

When we determine the force constant of a spring, we are only finding out about the stiffness of that particular
spring. However, we can compare the stiffness of different materials. For example, steel is stiffer than copper,
but copper is stiffer than lead.

Stress and strain

Figure 7.12 shows a simple way of assessing the stiffness of a wire in the laboratory. As the long wire is
stretched, the position of the sticky tape pointer can be read from the scale on the bench.

Why do we use a long wire? Obviously, this is because a short wire would not stretch as much as a long one.

We need to take account of this in our calculations, and we do this by calculating the strain produced by the
load. The strain is defined as the increase in length of a wire (its extension) divided by its the original length.

That is:

. - extension
strain original length

—_ X
€ T

where ¢ is the strain, x is the extension of the wire and L is its original length.

clamp metre rule Stif-_:k}f tape
\ / pointer pulley
wire
load

Figure 7.12: Stretching a wire in the laboratory. Wear eye protection and be careful not to overload the wire.

; — extension
strain original length
— X
2 oy

For example, if a wire of length 1.500 m is stretched and the length becomes 1.518 m, the extension is 0.018 m

s — 0.018 _—
and the strain = 2218, = 0.012.|



Note that both extension and original length must be in the same units, and so strain is a ratio, without units.
Sometimes, strain is given as a percentage. For example, a strain of 0.012 is equivalent to 1.2%.

Why do we use a thin wire? This is because a thick wire would not stretch as much for the same force. Again,
we need to take account of this in our calculations, and we do this by calculating the stress produced by the
load.

The stress is defined as the force applied per unit cross-sectional area of the wire. That is:

- normal force
stress cross-sectional area
- F
Y A

where o is the stress, F is the applied force that acts normally (at right angles) on a wire of cross-sectional area
A

— normal force

stress cross-sectional area
— F

o - A

The units of stress are newtons per square metre (N m™2) or pascals (Pa), the same as the units of pressure:

1Pa=1Nm32

The Young modulus

We can now find the stiffness of the material we are stretching. Rather than calculating the ratio of force to
extension as we would for a spring or a wire, we calculate the ratio of stress to strain. This ratio is a constant for
a particular material and does not depend on its shape or size. The ratio of stress to strain is called the Young
modulus of the material. That is:

Young modulus = Stress
strain
E = 2

€
where E is the Young modulus of the material, ¢ is the stress and ¢ is the strain.

The unit of the Young modulus is the same as that for stress, N m~2 or Pa. In practice, values may be quoted in
MPa or GPa. These units are related as:

1 MPa = 108 Pa
1 GPa =10°Pa

Usually, we plot a graph with stress on the vertical axis and strain on the horizontal axis (Figure 7.13).

It is drawn like this so that the gradient is the Young modulus of the material. It is important to consider only the
first, linear section of the graph. In the linear section stress is proportional to strain and the wire under test obeys
Hooke’s law.

Table 7.1 gives some values of the Young modulus for different materials.



Figure 7.13: Stress—strain graph, and how to deduce the Young modulus. Note that we can only use the first,
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straight-line section of the graph.

Material Young modulus / GPa
aluminium 70

brass 90-110
brick 7-20
concrete 40

copper 130

glass 70-80
iron (wrought) 200

lead 18
Perspex® 3
polystyrene 2.7-4.2
rubber 0.01

steel 210

tin 50

wood 10 approx.

Table 7.1: The Young modulus of various materials. Many of these values depend on the precise composition of

the material concerned. (Remember, 1 GPa = 10° Pa.)




Questions

13
14
15

16

17

18

19

List the metals in Table 7.1 from stiffest to least stiff.
Which of the non-metals in Table 7.1 is the stiffest?

Figure 7.14 shows stress—strain graphs for two materials, A and B. Use the graphs to determine the Young
modulus of each material.

Stress / 10° Pa
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L
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Strain / %

Figure 7.14: Stress—strain graphs for two different materials.

A piece of steel wire, 200.0 cm long and having cross-sectional area of 0.50 mm?, is stretched by a force of
50 N. Its new length is found to be 200.1 cm. Calculate the stress and strain, and the Young modulus of
steel.

Calculate the extension of a copper wire of length 1.00 m and diameter 1.00 mm when a tensile force of 10
N is applied to the end of the wire. (Young modulus of copper = 130 GPa.)

In an experiment to measure the Young modulus of glass, a student draws out a glass rod to form a fibre
0.800 m in length. Using a travelling microscope, she estimates its diameter to be 0.40 mm. Unfortunately, it
proves impossible to obtain a series of readings for load and extension. The fibre snaps when a load of
1.00 N is hung on the end. The student judges that the fibre extended by no more than 1 mm before it
snapped.

Use these values to obtain an estimate for the Young modulus of the glass used. Explain how the actual or
accepted value for the Young modulus might differ from this estimate.

For each of the materials whose stress—strain graphs are shown in Figure 7.15, deduce the values of the
Young modulus.
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Figure 7.15: Stress—strain graphs for three materials.

PRACTICAL ACTIVITY 7.2

Determining the Young modulus

You must be able to describe this experiment in detail. Learn how to draw the diagram in Figure 7.11 and how
to measure each of the quantities in:

E = fL
= (H)x(L)

Metals are not very elastic. Normally, they can only be stretched by about 0.1% of their original length.
Beyond this, they become permanently or plastically deformed. As a result, some careful thought must be
given to getting results that are good enough to give an accurate value of the Young modulus.

First, the wire used must be long. The increase in length is proportional to the original length, and so a longer
wire gives larger and more measurable extensions. Typically, extensions up to 1 mm must be measured for a
wire of length 1 m. To get suitable measurements of extension there are two possibilities: use a very long
wire, or use a method that allows measurement of extensions that are a fraction of a millimetre.

The apparatus shown in Figure 7.12 can be used with a travelling microscope placed above the wire and
focused on the sticky tape pointer. When the pointer moves, the microscope is adjusted to keep the pointer at
the middle of the cross-hairs on the microscope. The distance that the pointer has moved can then be
measured accurately from the scale on the microscope.

Second, the cross-sectional area of the wire must be known accurately. The diameter of the wire is measured
using a micrometer screw gauge. This is reliable to within £0.01 mm. Once the wire has been loaded in
increasing steps, the load must be gradually decreased to ensure that there has been no permanent
deformation of the wire.

A graph of F against x can be drawn and the gradient used to find an average value of H where F is the
weight of the load and x is the extension shown by the distance moved by the pointer.

2
The area A is found from A = % where d is the diameter of the wire.

The diameter should be measured at several points along the wire and the average value found. The length L
is measured from the sticky pointer to the point where the wire is clamped.




Other materials, such as glass and many plastics, are also quite stiff and so it is difficult to measure their
Young modulus. Rubber is not as stiff, and strains of several hundred per cent can be achieved. However, the
stress—strain graph for rubber is not a straight line. This means the value of the Young modulus found is not
very precise, because it only has a very small linear region on a stress—strain graph.




7.6 Elastic potential energy

Whenever you stretch a material, you are doing work. This is because you have to apply a force and the
material extends in the direction of the force. You will know this if you have ever used exercise equipment with
springs to develop your muscles (such as in Figure 7.16). Similarly, when you push down on the end of a
springboard before diving, you are doing work. You transfer energy to the springboard, and you recover the
energy when it pushes you up into the air.

We call the energy in a deformed solid the elastic potential energy or strain energy. If the material has been
strained elastically (the elastic limit has not been exceeded), the energy can be recovered. If the material has
been plastically deformed, some of the work done has gone into moving atoms past one another and the energy
cannot be recovered.

The material warms up slightly. We can determine how much elastic potential energy is involved from a force—
extension graph: see Figure 7.17. We need to use the equation that defines the amount of work done by a force.
That is:

work done = force x distance moved in the direction of the forceé

"

Figure 7.16: Using springs to help you exercise is hard work.

This equation only holds when the force is constant. When you stretch a spring the force varies; so how can you
find the work done?

There are two approaches. You can:

+ use the average force in the equation for work; this works well where the force—extension graph is a straight
line

* add together many small extensions, in each of which the force hardly changes; adding together lots of very
small extensions shows us that the work done is the area under the force—extension graph.



area =work done

4

Force

i

0 X
Extension

Figure 7.17: Elastic potential energy is equal to the area under the force—extension graph.

First, consider the linear region of the graph where Hooke’s law is obeyed, OA. The graph in this region is a
straight line through the origin. The extension x is directly proportional to the applied force F. There are two
ways to find the work done.

Method 1

We can think about the average force needed to produce an extension x. The average force is half the final
force F, and so we can write:

elastic potential energy = work done
elastic potential energy = fnalloree. x extension
E = JFx

Method 2

The other way to find the elastic potential energy is to recognise that we can get the same answer by finding the
area under the graph. The area shaded in Figure 7.17 is a triangle whose area is given by:

area = 1 x base x height |
This again gives:
-1
E = 1Fx|
The work done in stretching or compressing a material is always equal to the area under the graph of force

against extension.

This is true whatever the shape of the graph, provided we draw the graph with extension on the horizontal axis.
If the graph is not a straight line, we cannot use the Fx relationship, so we have to resort to counting squares or
some other technique to find the answer.

Note that the elastic potential energy relates to the elastic part of the graph (i.e. up to the elastic limit), so we can
only consider the force—extension graph up to the elastic limit.



There is an alternative equation for elastic potential energy. We know that, according to Hooke’s law, applied
force F and extension x are related by F = kx, where k is the force constant. Substituting for F gives:

elastic potential energy %Fx

= ;_XkXXX

= J1kx2
2kx

elastic potential energy = TFx

1 — 11y2
E =>Fx=Zkx
Questions
20 A force of 12 N extends a length of rubber band by 18 cm. Estimate the energy stored in this rubber band.

21

Explain why your answer can only be an estimate.

A spring has a force constant of 4800 N m™~". Calculate the elastic potential energy when it is compressed
by 2.0 mm.

WORKED EXAMPLE

4

Figure 7.18 shows a simplified version of a force—extension graph for a piece of metal. Find the elastic
potential energy when the metal is stretched to its limit of proportionality, and the total work that must be
done to break the metal.

20 4-om- A 0
= |
¥ 10 4 |
S |
L !
B C
0 | | | |

|
0 5 10 15 20 25 30
Extension /103m

Figure 7.18: For Worked example 4.

Step 1 The elastic potential energy when the metal is stretched to its elastic limit is given by the area
under the graph up to the elastic limit. We will have to take the limit of proportionality, the point
A, as the elastic limit. The graph is a straight line up to x = 5.0 mm, F = 20 N, so the elastic
potential energy is the area of triangle 0AB:



elastic potential energy = %Fx
= 1x20x5.0x107
= 0.05J
Step 2 To find the work done to break the metal, we need to add on the area of the rectangle ABCD:
work done total area under graph
= 0.05+(20x25x1073)
= 0.05+0.50
= 0.55J

22 Figure 7.19 shows force—extension graphs for two materials. For each of the following questions, make the
statement required. Also explain how you deduce your answer from the graphs.

a State which polymer has the greater stiffness.
b State which polymer requires the greater force to break it.
¢ State which polymer requires the greater amount of work to be done in order to break it.

Force

0

Y

0 Extension

Figure 7.19: Force—extension graph for two polymers.

What is the most important thing that you learned personally in this chapter?

Think of examples where having materials with high or low Young modulus is useful.

Make sure you know the formulae for stress, strain and Young modulus and can write them down in terms of
F A xandL.




SUMMARY

Density is defined as the mass per unit volume of a substance:

density = 72|

volume

Pressure is defined as the normal force acting per unit cross-sectional area:

pressure = normal force |

cross-sectional areal |

Pressure in a fluid increases with depth: p = pgh

Upthrust on an object in a fluid is given by F = pgV (Archimedes’ principle).

Hooke’s law states that the extension of a material is directly proportional to the applied force, provided the
limit of proportionality is not exceeded. For a spring or a wire, F = kx, where k is the force constant. The

force constant has units of N m~".

Stress is defined as:

stress = force oro =
cross-sectional area

>|T

Strain is defined as:

in = extension = X
strain = original length ore = L

To describe the behaviour of a material under tensile and compressive forces, we have to draw a graph of
stress against strain. The gradient of the initial linear section of the graph is equal to the Young modulus.
The Young modulus is an indication of the stiffness of the material.

The Young modulus E is given by:

E = stess = o (ynit: pascal (Pa)or Nm™2) |

strain

The area under a force—extension graph is equal to the work done by the force.

For a spring or a wire obeying Hooke’s law, the elastic potential energy E is given by:

E = 1FxorE = 1kx?




EXAM-STYLE QUESTIONS

1  Which force is caused by a difference in pressure? [1]
A drag
B friction
C upthrust
D weight

2 Two wires P and Q both obey Hooke’s law. They are both stretched and have the
same strain. The Young modulus of P is four times larger than that of Q. The
diameter of P is twice that of Q.

What is the ratio of the tension in P to the tension in Q? [1]
A 1
2
B 1
CcC 2
D 16
3 a i Define density. [
ii State the Sl base units in which density is measured. [
b i Define pressure. [1]
ii  State the Sl base units in which pressure is measured. 1
[Total: 4]

4  Sketch a force—extension graph for a spring that has a spring constant of 20 N m™"
and that obeys Hooke’s law for forces up to 5.0 N. Your graph should cover forces
between 0 and 6 N and show values on both axes. [3]

5 Two springs, each with a spring constant 20 N m™", are connected in series. Draw
a diagram of the two springs in series and determine the total extension if a mass,
with weight 2.0 N, is hung on the combined springs. [5]

6 A sample of fishing line is 1.0 m long and is of circular cross-section of radius 0.25
mm. When a weight is hung on the line, the extension is 50 mm and the stress is
2.0 x 108 Pa. Calculate:

a the cross-sectional area of the line [1]
b the weight added [2]
¢ the strain in the line [2]
d the Young modulus [2]

e the percentage and absolute uncertainties in the Young modulus if the
uncertainty in the extension is £1 mm. [2]
[Total: 9]

7 This is the force—extension graph for a metal wire of length 2.0 m and cross-
sectional area 1.5 x 10”7 mZ2.
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Describe an experiment to determine the Young modulus for a material in the
form of a wire. Include a labelled diagram and explain how you would make
the necessary measurements. Show how you would use your measurements
to calculate the Young modulus.

State the meaning of tensile stress and tensile strain.

A vertical steel wire of length 1.6 m and cross-sectional area 1.3 x 1078 m?
carries a weight of 60 N. The Young modulus for steel is 2.1 x 10" Pa.
Calculate:

i  the stress in the wire
ii  the strain in the wire
iii  the extension produced in the wire by the weight.

11 To allow for expansion in the summer when temperatures rise, a steel railway line
laid in cold weather is pre-stressed by applying a force of 2.6 x 10° N to the rail of
cross-sectional area 5.0 x 1073 mZ2.

If the railway line is not pre-stressed, a strain of 1.4 x 1075 is caused by each
degree Celsius rise in temperature. The Young modulus of the steel is 2.1 x 10"

Pa.

a

State and explain whether the force applied to the rail when it is laid should be
tensile or compressive.

Calculate:

i  the strain produced when the rail is laid
ii  the temperature rise when the rail becomes unstressed.

12 This is a stress—strain graph for a metal wire.

[7]
[Total: 9]
[2]

[2]
[2]
[2]
[Total: 6]

[2]

[3]
[2]
[Total: 7]
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ii  the area under the graph. [1]

b The spring has force constant k = 80 N m™'. The spring is compressed by
0.060 m, within the limit of proportionality, and placed between two trolleys that
run on a friction-free, horizontal track. Each trolley has a mass of 0.40 kg.
When the spring is released the trolleys fly apart with equal speeds but in
opposite directions.

i How much energy is stored in the spring when it is compressed by 0.060

m? (2]
ii Explain why the two trolleys must fly apart with equal speeds. [2]
iii Calculate the speed of each trolley. [2]
[Total: 8]
14 a  Liquid of density p fills a cylinder of base area A and height h.

i  Using the symbols provided, state the mass of liquid in the container. [1]

ii  Using your answer to i, derive a formula for the pressure exerted on the
base of the cylinder. [2]

b A boy stands on a platform of area 0.050 m? and a manometer measures the
pressure created in a flexible plastic container by the weight W of the boy, as

shown.
90
platform , 80 | | | manometer
area 0.050 m? weight W 70
60
E metre rule
' B . . showin
flexible. [\ e rowing
. \I distancesin
plastic
. | cm
container \ ‘)I
|- water
Figure 7.24

The density of water is 1000 kg m™~3. Determine:
i  the pressure difference between the inside of the plastic container and the

atmosphere outside [2]
ii  the weight W of the boy. [2]
[Total: 7]

15 This diagram shows water in a container filled to a depth of 0.50 m. The density of
water is 1000 kg m™3.






SELF-EVALUATION CHECKLIST

After studying the chapter, complete a table like this:

See topic... Needs more Almost there Ready to
work move on
define and use density and pressure 71,72
derive and use the equation Ap = pgAh 7.2
understand that upthrust is caused by a 7.3

difference in pressure and use the
equation F = pgV

understand tensile and compressive 7.4
forces, load, extension, limit of
proportionality, elastic deformation, plastic
deformation and elastic limit

recall and use Hooke’s law and the 7.4
formula for the spring constant:
k = F
X
define and use stress, strain and the 7.5

Young modulus

describe an experiment to measure the 7.5
Young modulus

determine elastic potential or strain 7.6
energy.







) Chapter 8
Electric current, potential difference and resistance

LEARNING INTENTIONS

In this chapter you will learn how to:

* understand of the nature of electric current

* understand the term charge and recognise its unit, the coulomb
+ understand that charge is quantised

+  solve problems using the equation Q =/t

»  solve problems using the formula / = nAve

+ solve problems involving the mean drift velocity of charge carriers
« understand the terms potential difference, e.m.f. and the volt

* use energy considerations to distinguish between p.d. and e.m.f.
+ define resistance and recognise its unit, the ohm

*  solve problems using the formula V = IR

*  solve problems concerning energy and power in electric circuits.

BEFORE YOU START

*  Write down what you understand by the terms current, charge, potential difference, e.m.f. and resistance.

*  Can you set up a simple circuit to measure the current in a lamp and the potential difference across it?
Sketch the circuit and swap it with a classmate to check.

DEVELOPING IDEAS

Electricity plays a vital part in our lives. We use electricity as a way of transferring energy from place to place
— for heating, lighting and making things move. For people in a developing nation, the arrival of a reliable
electricity supply marks a great leap forward. In Kenya, a micro-hydroelectric scheme has been built on Kabiri
Falls, on the slopes of Mount Kenya. Although this produces just 14 kW of power, it has given work to a
number of people, as shown in Figures 8.1, 8.2 and 8.3.




Figure 8.2: A metal workshop uses electrical welding equipment. This allows rapid repairs to farmers’
machinery.




Figure 8.3: A hairdresser can now work in the evenings, thanks to electrical lighting.

With an increasing need for small generating facilities at a town or even village level, can you suggest what
types of generator would be suitable in your neighbourhood? What are the advantages and disadvantages of
each type of generator?




8.1 Circuit symbols and diagrams

Before we go on to study electricity we need to introduce the concept of circuit diagrams. It is impossible to draw
anything but the simplest circuits as a detailed drawing. To make it possible to draw complex circuits, a
shorthand method using standard circuit symbols is used. You will have seen many circuit components and their
symbols in your previous studies. Some are shown in Table 8.1 and Figure 8.4.

The symbols in Table 8.1 are a small part of a set of internationally agreed conventional symbols for electrical
components. It is essential that scientists, engineers, manufacturers and others around the world use the same
symbol for a particular component. In addition, many circuits are now designed by computers and these need a
universal language in which to work and to present their results.

The International Electrotechnical Commission (IEC) is the body that establishes agreements on such things as
electrical symbols, as well as safety standards, working practices and so on. The circuit symbols used here form
part of an international standard known as IEC 60617. Because this is a shared ‘language’, there is less chance
that misunderstandings will arise between people working in different organisations and different countries.

Symbol Component name

connecting lead

—{ —_ cell

_{ b- _| — | battery of cells

fixed resistor

power supply

junction of conductors

crossing conductors (no connection)

filament lamp

voltmeter

ammeter

switch

variable resistor

microphone

loudspeaker

fuse

earth

AR B ¢lel e




Symbol Component name

alternating signal

capacitor

—_— e —
‘¢7 thermistor
)
—{—
_Ja.}_
7
_H—

light-dependent resistor (LDR)

semiconductor diode

light-emitting diode (LED)

Table 8.1: Electrical components and their circuit symbols.

What’s in a word?

Electricity is a rather tricky word. In everyday life, its meaning may be rather vague — sometimes we use it to
mean electric current; at other times, it may mean electrical energy or electrical power. In this chapter and the
ones that follow, we will avoid using the word electricity and try to develop the correct usage of these more
precise scientific terms.
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Figure 8.4: A selection of electrical components, including resistors, fuses, capacitors and microchips.




8.2 Electric current

You will have carried out many practical activities involving electric current. For example, if you connect a wire to
a cell (Figure 8.5), there will be current in the wire. And of course you make use of electric currents every day of
your life — when you switch on a lamp or a computer, for example.

In the circuit of Figure 8.5, the direction of the current is from the positive terminal of the cell, around the circuit
to the negative terminal. This is a scientific convention: the direction of current is from positive to negative, and
hence the current may be referred to as conventional current. But what is going on inside the wire?

A wire is made of metal. Inside a metal, there are negatively charged electrons that are free to move about. We
call these conduction or free electrons, because they are the particles that allow a metal to conduct an electric
current. The atoms of a metal bind tightly together; they usually form a regular array, as shown in Figure 8.6. In
a typical metal, such as copper or silver, one or more electrons from each atom breaks free to become
conduction electrons. The atom remains as a positively charged ion. Since there are equal numbers of free
electrons (negative) and ions (positive), the metal has no overall charge — it is neutral.

5+

wire

Figure 8.5: There is current in the wire when it is connected to a cell.

ions electrons
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Figure 8.6: In a metal, conduction electrons are free to move among the fixed positive ions. A cell connected
across the ends of the metal causes the electrons to drift towards its positive terminal.

When the cell is connected to the wire, it exerts an electrical force on the conduction electrons that makes them
travel along the length of the wire. Since electrons are negatively charged, they flow away from the negative
terminal of the cell and towards the positive terminal. This is in the opposite direction to conventional current.
This may seem a bit strange; it happens because the direction of conventional current was chosen long before
anyone had any idea what was going on inside a piece of metal carrying a current. If the names positive and



negative had originally been allocated the other way round, we would now label electrons as positively charged,
and conventional current and electron flow would be in the same direction.

Note that there is a current at all points in the circuit as soon as the circuit is completed. We do not have to wait
for charge to travel around from the cell. This is because the charged electrons are already present throughout
the metal before the cell is connected.

We can use the idea of an electric field to explain why charge flows almost instantly. Connect the terminals of a
cell to the two ends of a wire and we have a complete circuit. The cell produces an electric field in the wire; the

field lines are along the wire, from the positive terminal to the negative. This means that there is a force on each
electron in the wire, so each electron starts to move and the current exists almost instantly.

Charge carriers

Sometimes a current is a flow of positive charges—for example, a beam of protons produced in a particle
accelerator. The current is in the same direction as the particles. Sometimes a current is due to both positive
and negative charges — for example, when charged particles flow through a solution. A solution that conducts is
called an electrolyte and it contains both positive and negative ions. These move in opposite directions when the
solution is connected to a cell (Figure 8.7). These charged particles are known as charge carriers. If you
consider the structure of charged particles you will appreciate that charge comes in definite sized ‘bits’; the
smallest bit being the charge on an electron or on a single proton. This ‘bittiness’ is what is meant when charge
is described as being quantised.

1+

. _ electrolyte
negativeion —-__ | | -

—— positive ion

-9
A 3 J
Figure 8.7: Both positive and negative charges are free to move in a solution. Both contribute to the electric
current.

Questions

1 Look at Figure 8.7 and state the direction of the conventional current in the electrolyte (towards the left,
towards the right or in both directions at the same time?).
2 Figure 8.8 shows a circuit with a conducting solution having both positive and negative ions.

a Copy the diagram and draw in a cell between points A and B. Clearly indicate the positive and negative
terminals of the cell.

b Add an arrow to show the direction of the conventional current in the solution.
¢ Add arrows to show the direction of the conventional current in the connecting wires.
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Figure 8.8: For Question 2.

Current and charge

When charged particles flow past a point in a circuit, we say that there is a current in the circuit. Electrical
current is measured in amperes (A). So how much charge is moving when there is a current of 1 A? Charge is
measured in coulombs (C). For a current of 1 A, the rate at which charge passes a point in a circuitis 1 Cin a
time of 1 s. Similarly, a current of 2 A gives a charge of 2 C in a time of 1 s. A current of 3 A gives a charge of 6
Cin atime of 2 s, and so on. The relationship between charge, current and time may be written as the following
word equation:

charge

current = =
time

This equation explains what we mean by electric current.
The equation for current can be rearranged to give an equation for charge:

charge = current x time

charge = currentxtime
AQ [ At

The unit of charge is the coulomb.
In symbols, the charge flowing past a point is given by the relationship:

AQ = IAt

where AQ is the charge that flows during a time At, and / is the current.

Note that the ampere and the coulomb are both Sl units; the ampere is a base unit while the coulomb is a
derived unit (see Chapter 3).

Questions

3 The currentin a circuit is 0.40 A. Calculate the charge that passes a point in the circuit in a period of 15 s.



4  Calculate the current that gives a charge flow of 150 C in a time of 30 s.

In a circuit, a charge of 50 C passes a point in 20 s. Calculate the current in the circuit.

6 A car battery is labelled ‘50 A h’. This means that it can supply a current of 50 A for one hour.
a For how long could the battery supply a continuous current of 200 A needed to start the car?
b Calculate the charge that flows past a point in the circuit in this time.

a

Charged particles

As we have seen, current is the flow of charged particles called charge carriers. But how much charge does
each particle carry?

Electrons each carry a tiny negative charge of approximately —1.6 x 1071° C. This charge is represented by —e.
The magnitude of the charge is known as the elementary charge. This charge is so tiny that you would need
about six million million million electrons — that's 6 000 000 000 000 000 000 of them — to have a charge
equivalent to one coulomb.

Protons are positively charged, with a charge +e. This is equal and opposite to that of an electron. lons carry
charges that are multiples of +e and -e.

WORKED EXAMPLES

1 There is a current of 10 A through a lamp for 1.0 hour. Calculate how much charge flows through the
lamp in this time.

Step1 We need to find the time t in seconds:

At =60 x 60 = 3600 s
Step 2 We know the current/ = 10 A, so the charge that flows is:

AQ =IAt =10 x 3600 = 36 000 C = 3.6 x 10* C

2 Calculate the current in a circuit when a charge of 180 C passes a point in a circuit in 2.0 minutes.

Step 1 Rearranging AQ = /At gives:

| = ﬂ = Ch.aﬁ ‘

At time

Step 2 With time in seconds, we then have:

— 180 —
current | = 18 = 1.5 A |

Because electric charge is carried by particles, it must come in amounts that are multiples of e. So, for example,

3.2 x 10719 C is possible, because this is +2e, but 2.5 x 1071° C is impossible, because this is not an integer
multiple of e.

This reinforces the idea that charge is quantised; it means that it can only come in amounts that are integer
multiples of the elementary charge. If you are studying chemistry, you will know that ions have charges of te,
*+2e, etc. The only exception is in the case of the fundamental particles called quarks, which are the building
blocks from which particles such as protons and neutrons are made. These have charges of £ 1/;€ Or * 2/;e |

However, quarks always appear in twos or threes in such a way that their combined charge is zero or a multiple
of e.

Questions

7 Calculate the number of protons that would have a charge of one coulomb. (Proton charge = +1.6 x 10719
C.)

8 Which of the following quantities of electric charge is possible? Explain how you know.



6.0x107'9C,8.0x107"°C, 10.0x 1079 C



8.3 An equation for current

Copper, silver and gold are good conductors of electric current. There are large numbers of conduction electrons
in a copper wire — as many conduction electrons as there are atoms. The number of conduction electrons per

unit volume (for example, in 1 m3 of the metal) is called the number density and has the symbol n. For copper,
the value of n is about 102° m=3.

Figure 8.9 shows a length of wire, with cross-sectional area A, along which there is a current /.

cross-sectional area A

wire (length [)

electrons

current I

Figure 8.9: A current / in a wire of cross-sectional area A. The charge carriers are mobile conduction electrons
with mean drift velocity v.

How fast do the electrons in Figure 8.9 have to travel? The following equation allows us to answer this question:
I = nAvq

where n = the number density, A = cross sectional area of the conductor, v = mean drift velocity of the charge
carriers, g = the charge on each charge carrier.

Electric current:

I = nAvq

The length of the wire in Figure 8.9 is I. We imagine that all of the electrons shown travel at the same speed v
along the wire.

Now imagine that you are timing the electrons to determine their speed. You start timing when the first electron
emerges from the right-hand end of the wire. You stop timing when the last of the electrons shown in the
diagram emerges. (This is the electron shown at the left-hand end of the wire in the diagram.) Your timer shows
that this electron has taken time ¢ to travel the distance /.

In the time ¢, all of the electrons in the length / of wire have emerged from the wire. We can calculate how many
electrons this is, and hence the charge that has flowed in time t:



number of electrons = number density x volume of wire
= nxAx|

charge of electrons = number x electron charge

= nxAx|xe
. . N _ charge
We can find the current /| because we know that this is the charge that flows in time t, and current = e -
l=nxAx|x tﬁ |
Substituting v for :— gives:
| = nAve

The moving charge carriers that make up a current are not always electrons. They might, for example, be ions
(positive or negative) whose charge g is a multiple of e. Hence we can write a more general version of the
equation as:

I = nAvq

Worked example 3 shows how to use this equation to calculate a typical value of v.

WORKED EXAMPLE

3 Calculate the mean drift velocity of the electrons in a copper wire of cross-sectional area 5.0 x 1076 m?2
carrying a current of 1.0 A. The electron number density for copper is 8.5 x 1028 m™3,

Step 1 Rearrange the equation / = nAve to make v the subject:

— |
V= nAe
Step 2 Substitute values and calculate v:
v = 1.0

8.5x10%8x5.0x107® x1.6x10™"
1.47x10°m s
0.015 mm s

You do not need to know how to derive I = nAvq but it is interesting to recognise that the units are
homogeneous.

The unit of current (/) is the ampere (A).

The unit of the number of charge carriers per unit volume (n) is m™3.

The unit of area (A) is m2.

The unit of the drift velocity v is m s™'.

The unit of charge (q) is the coulomb (C).

All these are in base units except the coulomb and 1 coulomb is 1 ampere second (A s).
Putting the units into the right-hand side of the equation:

m3xm2xmsIxAs=A

This is the same as the left-hand side of the equation. Although this does not prove the equation to be correct, it
does give strong evidence for it.



This technique is often used for checking the validity of an expression and also to predict a possible formula.

WORKED EXAMPLE

4 A student knows that the power transfer in a resistor depends on two variables: the current and the
resistance of the resistor, but is unsure of the precise nature of the relationships.

Suggest the form of the equation.

Step 1 Identify the units of the terms:
power—watt (W)
current—-ampere (A)
resistance—ohms (Q2)

Step 2 Break these down into base units:
1W=1Js"11J=1Nm,1N=1kgms2
hence TW=1kgms?ms'=1kgm?s
1Q=1VA"T 1v=1JC"1J=1kgm?s?21C=1As
thus 1Q=1kgm?2s?[As] 'AT=1kgm?s2A2s"=1kgm?s3A2
The unit for current, the ampere is already a base unit.

Step 3 Write a possible equation linking power, current and resistance
P =K IPR% where p and q are pure numbers and K is a dimensionless constant.
The units on the right-hand side of this equation are AP x [1 kg m? s=3 A—2|d
The units on the left-hand side of the equation are 1 kg m? s~3

By inspection, we can see that the amperes do not figure in the left-hand side of the equation,
thus p must equal 2 to cancel the amperes on the right-hand side and q must equal 1. This

would leave both sides of the equation as 1 kg m? s=3.
Therefore we know that the equation is of the form:
P=KI’R

Note that this method does not give any information of the value of the constant K, although in
this case, from our choice of units, K = 1 and the equation becomes the familiar P = I°R.

Slow flow

It may surprise you to find that, as suggested by the result of Worked example 3, electrons in a copper wire drift
at a fraction of a millimetre per second. To understand this result fully, we need to closely examine how electrons
behave in a metal. The conduction electrons are free to move around inside the metal. When the wire is
connected to a battery or an external power supply, each electron within the metal experiences an electrical
force that causes it to move towards the positive end of the battery. The electrons randomly collide with the fixed
but vibrating metal ions. Their journey along the metal is very haphazard. The actual velocity of an electron
between collisions is of the order of magnitude 105 m s™*, but its haphazard journey causes it to have a drift
velocity towards the positive end of the battery. Since there are billions of electrons, we use the term mean drift
velocity v of the electrons.

Figure 8.10 shows how the mean drift velocity of electrons varies in different situations.
We can understand this using the equation:

— |
v nAe



. If the current increases, the drift velocity v must increase. That is:
vol
«  If the wire is thinner, the electrons move more quickly for a given current. That is:
|
V X N

*  There are fewer electrons in a thinner piece of wire, so an individual electron must travel more quickly.

* In a material with a lower density of electrons (smaller n), the mean drift velocity must be greater for a given
current. That is:

double the current,
double the speed

21 ' ” ’

half the area,
double the speed

smaller electron number
density, increased speed

Figure 8.10: The mean drift velocity of electrons depends on the current, the cross-sectional area and the
electron density of the material.

Questions

9 Calculate the current in a gold wire of cross-sectional area 2.0 mm? when the mean drift velocity of the
electrons in the wire is 0.10 mm s™'. The electron number density for gold is 5.9 x 1028 m™3.



Calculate the mean drift velocity of electrons in a copper wire of diameter 1.0 mm with a current of 5.0 A.

The electron number density for copper is 8.5 x 1028 m™3,

11 A length of copper wire is joined in series to a length of silver wire of the same diameter. Both wires have a
current in them when connected to a battery. Explain how the mean drift velocity of the electrons will
change as they travel from the copper into the silver. Electron number densities:

10

copper n=8.5 x 1028 m3
silver n=5.9 x 1028 m3,

It may help you to picture how the drift velocity of electrons changes by thinking about the flow of water in a
river. For a high rate of flow, the water moves fast — this corresponds to a greater current /. If the course of the
river narrows, it speeds up — this corresponds to a smaller cross-sectional area A.

Metals have a high electron number density—typically of the order of 1028 or 102° m™3. Semiconductors, such as
silicon and germanium, have much lower values of n—perhaps 1023 m=3. In a semiconductor, electron mean drift
velocities are typically a million times greater than those in metals for the same current. Electrical insulators,
such as rubber and plastic, have very few conduction electrons per unit volume to act as charge carriers.



8.4 The meaning of voltage

The term voltage is often used in a rather casual way. In everyday life, the word is used in a less scientific and
often incorrect sense — for example, ‘A big voltage can go through you and kill you.’ In this topic, we will consider
a bit more carefully just what we mean by voltage and potential difference in relation to electric circuits.

Look at the simple circuit in Figure 8.11. Assume the power supply has negligible internal resistance. (We look
at internal resistance later in Chapter 10). The three voltmeters are measuring three voltages or potential
differences. With the switch open, the voltmeter placed across the supply measures 12 V. With the switch
closed, the voltmeter across the power supply still measures 12 V and the voltmeters placed across the resistors
measure 8 V and 4 V. You will not be surprised to see that the voltage across the power supply is equal to the
sum of the voltages across the resistors.

Earlier in this chapter we saw that electric current is the rate of flow of electric charge. Figure 8.12 shows the
same circuit as in Figure 8.11, but here we are looking at the movement of one coulomb (1 C) of charge round
the circuit. Electrical energy is transferred to the charge by the power supply. The charge flows round the circuit,
transferring some of its electrical energy to internal energy in the first resistor, and the rest to internal energy in
the second resistor.

V=12V
O
O ©
12V
N
R=200) F=1010
T o
V=8V V=4V

Figure 8.11: Measuring voltages in a circuit. Note that each voltmeter is connected across the component.

+12 J
A/+ -
o ) Cr S
12V
1CY A1C
R=200 R=100
—F - F—
-81 -4 J

Figure 8.12: Energy transfers as 1 C of charge flows round a circuit. This circuit is the same as that shown in
Figure 8.11.




The voltmeter readings indicate the energy transferred to the component by each unit of charge. The voltmeter
placed across the power supply measures the e.m.f. of the supply, whereas the voltmeters placed across the
resistors measure the potential difference (p.d.) across these components. The terms e.m.f. and potential
difference have different meanings, so you have to be very vigilant.

The term potential difference is used when charges lose energy by transferring electrical energy to other
forms of energy in a component, such as thermal energy or kinetic energy. Potential difference, V, is defined as
the energy transferred per unit charge.

The potential difference between two points, A and B, is the energy transferred per unit charge as it moves from
point A to point B.

energy transferred — V = AW

potential difference = charge 2Q

This equation can be rearranged to calculate the energy transferred in a component:

AW =V AQ

energy transferred = potential difference x charge

AW

VAQ

A power supply or a battery transfers energy to electrical charges in a circuit. The electromotive force (e.m.f.), E,
of the supply is also defined as the energy transferred per unit charge. However, this refers to the energy given
to the charge by the supply. The e.m.f. of a source is the energy transferred per unit charge in driving charge
around a complete circuit.

Note that e.m.f. stands for electromotive force. This is a misleading term. It has nothing at all to do with force.
This term is a legacy from the past and we are stuck with it! It is best to forget where it comes from and simply
use the term e.m.f.



8.5 Electrical resistance

If you connect a lamp to a battery, a current in the lamp causes it to glow. But what determines the size of the
current? This depends on two factors:

* the potential difference or voltage V across the lamp — the greater the potential difference, the greater the
current for a given lamp

+ the resistance R of the lamp — the greater the resistance, the smaller the current for a given potential
difference.

Now we need to think about the meaning of electrical resistance. The resistance of any component is defined
as the ratio of the potential difference to the current.

This is written as:

otential difference
e= p =R =
current

resistanc

where R is the resistance of the component, V is the potential difference across the component and / is the
current in the component.

potential difference

resistance = p—
-V
R =+
You can rearrange the equation to give:
-V —
|==orV =IR

Table 8.2 summarises these quantities and their units.

Defining the ohm

The unit of resistance, the ohm (Q2), can be determined from the equation that defines resistance:

potential difference |

resistance = —orort |
The ohm is equivalent to 1 volt per ampere:
1Q=1VA"!
Quantity Symbol for quantity | Unit Symbol for unit
current / ampere (amp) A
voltage (p.d., emf.) |V volt \Y,
resistance R ohm Q

Table 8.2: Basic electrical quantities, their symbols and Sl units. Take care to understand the difference
between V (in italics) meaning the quantity voltage and V meaning the unit volt.




Questions

A car headlamp bulb has a resistance of 36 Q. Calculate the current in the lamp when connected to a ‘12 V'
battery.

You can buy lamps of different brightness to fit in light fittings at home (Figure 8.13). A ‘100 watt’ lamp glows
more brightly than a ‘60 watt’ lamp. Explain which of the lamps has the higher resistance.

a Calculate the potential difference across a motor carrying a current of 1.0 A and having a resistance of
50 Q.

b Calculate the potential difference across the same motor when the current is doubled. Assume its
resistance remains constant.

Calculate the resistance of a lamp carrying a current of 0.40 A when connected to a 230 V supply.

Figure 8.13: Both of these lamps work from the 230 V mains supply, but one has a higher resistance than
the other. For Question 13.

WORKED EXAMPLE

5

Calculate the current in a lamp given that its resistance is 15 Q and the potential difference across its
ends is 3.0 V.

Step1 Herewe haveV =3.0VandR =15Q.
Step 2 gypstituting in | = % |gives:
current | = 32 = 0.20A |
So the current in the lamp is 0.20 A.

PRACTICAL ACTIVITY 8.1



Determining resistance

As we have seen, the equation for resistance is:
-V
R I

To determine the resistance of a component, we therefore need to measure both the potential difference V
across it and the current / through it. To measure the current, we need an ammeter. To measure the potential
difference, we need a voltmeter. Figure 8.14 shows how these meters should be connected to determine the
resistance of a metallic conductor, such as a length of wire.

*  The ammeter is connected in series with the conductor, so that there is the same current in both.
«  The voltmeter is connected across (in parallel with) the conductor, to measure the potential difference

4“__“7

metallic
conductor

Figure 8.14: Connecting an ammeter and a voltmeter to determine the resistance of a metallic conductor in
a circuit.

Question

16 In Figure 8.14 the reading on the ammeter is 2.4 A and the reading on the voltmeter is 6.0 V. Calculate the
resistance of the metallic conductor.



8.6 Electrical power

The rate at which energy is transferred is known as power. Power P is measured in watts (W). (If you are not
sure about this, refer back to Chapter 5, where we looked at the concept of power in relation to forces and work
done.)

energy transferred — P = AW
time taken - At

power =

where P is the power and AW is the energy transferred in a time At.
Take care not to confuse W for energy transferred or work done with W for watts.
Refer back to the equation derived from the definition of potential difference:

- AW
V=i
This can be rearranged as:
AW =V AQ |

A

The ratio of charge to time, % is the current / in the component. Therefore:
P=vi

By substituting from the resistance equation V = IR, we get the alternative equations for power:

P=I1?RandP = ¥

KEY EQUATIONS

Equations for power:

P=VI
P=12R
— V2
P=%

WORKED EXAMPLE

6 Calculate the rate at which energy is transferred by a 230 V mains supply that provides a current of 8.0 A
to an electric heater.

Step 1 Use the equation for power:
P=VI
withV =230V and/=8.0 A.
Step 2 Substitute values:




P =8 x 230 = 1840 W (1.84 kW)

7 a A power station produces 20 MW of power at a voltage of 200 kV. Calculate the current supplied to
the grid cables.

Step 1 Here we have P and V and we have to find /, so we can use P = V/I.

Step 2 Rearranging the equation and substituting the values we know gives:

6
current | = & = 2198 =100 A
200x10

Hint: Remember to convert megawatts into watts and kilovolts into volts.

So, the power station supplies a current of 100 A.

b The grid cables are 15 km long, with a resistance per unit length of 0.20 Q@ km~!. How much power is
wasted as heat in these cables?

Step 1 First, we must calculate the resistance of the cables:
resistance R =15km x 0.20 Q km™' =3.0Q
Step 2 Now we know / and R and we want to find P. We can use P = I?R:

power wasted as heat,
P | 2R = (100) x 3.0
3.0x10'W

= 30kW
Hence, of the 20 MW of power produced by the power station, 30 kW is wasted — just 0.15%.

8 A bathroom heater, when connected to a 230 V supply has an output power of 1.0 kW.
Calculate the resistance of the heater.

Step 1

2

We have P and V and have to find R, so we can use P = V?

Step 2 Rearrange the equation and substitute in the known values:

i = V_2 = 230 2 =
resistance R 5 <500 53Q

Note: The kilowatts were converted to waltts in a similar way to the previous example.

Questions

17 Calculate the currentin a 60 W light bulb when it is connected to a 230 V power supply.

18 A power station supplies electrical energy to the grid at a voltage of 25 kV. Calculate the output power of the
station when the current it supplies is 40 kA.

Power and resistance

A current / in a resistor of resistance R transfers energy to it. The resistor dissipates energy heating the resistor
and the surroundings.. The p.d. V across the resistor is given by V = IR. Combining this with the equation for
power, P = VI, gives us two further forms of the equation for power dissipated in the resistor:

P=I2R

—Vv?2
P=x



Which form of the equation we use in any particular situation depends on the information we have available to
us. This is illustrated in Worked examples 7a and 7b, which relate to a power station and to the grid cables that
lead from it (Figure 8.15).

Figure 8.15: A power station and electrical transmission lines. How much electrical power is lost as heat in
these cables? (See Worked examples 7a and 7b.)

Questions

19 A calculator is powered by a 3.0 V battery. The calculator’s resistance is 20 kQ. Calculate the power
transferred to the calculator.

20 An energy-efficient light bulb is labelled ‘230 V, 15 W’. This means that when connected to the 230 V mains
supply it is fully lit and changes electrical energy to heat and light at the rate of 15 W. Calculate:

a the current in the bulb when fully lit
b its resistance when fully lit.
21 Calculate the resistance of a 100 W light bulb that draws a current of 0.43 A from a power supply.

Calculating energy

We can use the relationship for power as energy transferred per unit time and the equation for electrical power
to find the energy transferred in a circuit.

Since:
power = current x voltage
and:
energy = power x time

we have:



energy transferred = current x voltage x time
w IV At

Working in S| units, this gives energy transferred in joules.

Questions

22 A 12V car battery can supply a current of 10 A for 5.0 hours. Calculate how many joules of energy the
battery transfers in this time.

23 Alamp is operated for 20 s. The current in the lamp is 10 A. In this time, it transfers 400 J of energy to the
lamp. Calculate:

a how much charge flows through the lamp
b how much energy each coulomb of charge transfers to the lamp
¢ the p.d. across the lamp.

REFLECTION

Without referring back to your textbook, explain to a classmate the difference between potential difference
and electromotive force.

A common error is to think that the higher the resistance between two points, the greater the power output.
Explain to someone, without using mathematics, why this is incorrect.

As you look at this activity, what is one thing you would like to change?




SUMMARY

Electric current is the rate of flow of charge. In a metal, the charge is electrons; in an electrolyte, it is both
positive and negative ions.

The direction of conventional current is from positive to negative; because electrons are negative, they
move in the opposite direction.

The Sl unit of charge is the coulomb (C). One coulomb is the charge passing a point when there is a current
of one ampere at that point for one second:

charge = current x time (AQ = IAt) |

The current | in a conductor of cross-sectional area A depends on the mean drift velocity (v) of the charge
carriers and the number density (n):

| = nAvQ |

The term potential difference is used when charge transfers energy to the component or the surroundings. It
is defined as energy transferred per unit charge:

V =48 or AW =VAQ |

The term electromotive force is used when describing the maximum energy per unit charge that a source
can provide:

E =2% or AW =EAQ \

A volt is a joule per coulomb (1J C™).

Power is the energy transferred per unit time. There are three formulae to calculate power used according
to the quantities that are given:

P=VlorP=1%RorP =L

Resistance is the ratio of voltage to current:

R =

The resistance of a component is 1 ohm when the voltage of 1 V produces a current of 1 ampere.

Energy transferred in the circuit in a time At is given by the equation:
PV = % or AW =V AQ
W =V At







EXAM-STYLE QUESTIONS

1 A small immersion heater is connected to a power supply of e.m.f. of 12 V for a
time of 150 s. The output power of the heater is 100 W.

What charge passes through the heater? [1]
A 14C
B 80C
C 1250C
D 1800C
2 Which statement defines e.m.f.? [1]

A The e.m.f. of a source is the energy transferred when charge is driven through
a resistor.

B The e.m.f. of a source is the energy transferred when charge is driven round a
complete circuit.

C The e.m.f. of a source is the energy transferred when unit charge is driven
round a complete circuit.

D The e.m.f. of a source is the energy transferred when unit charge is driven
through a resistor.

3 Calculate the charge that passes through a lamp when there is a current of 150 mA

for 40 minutes. [3]
4 A generator produces a current of 40 A. Calculate how long will it take for a total of
2000 C to flow through the output. [2]
5 In a lightning strike there is an average current of 30 kA, which lasts for 2000 ps.
Calculate the charge that is transferred in this process. [3]
6 a Alamp of resistance 15 Q is connected to a battery of e.m.f. 4.5 V. Calculate
the current in the lamp. [2]
b Calculate the resistance of the filament of an electric heater that takes a
current of 6.5 A when it is connected across a mains supply of 230 V. [2]
¢ Calculate the voltage that is required to drive a current of 2.4 A through a wire
of resistance 3.5 Q. [2]
[Total: 6]
7 A battery of e.m.f. 6 V produces a steady current of 2.4 A for 10 minutes. Calculate:
a the charge that it supplied [2]
b the energy that it transferred. [2]
[Total: 4]
8 Calculate the energy gained by an electron when it is accelerated through a
potential difference of 50 kV. (Charge on the electron = -1.6 x 10719 C.) [2]
9 A woman has available 1 A, 3 A, 5 A, 10 A and 13 A fuses. Explain which fuse she
should use for a 120 V, 450 W hairdryer. [3]

10 This diagram shows the electrolysis of copper chloride.
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Figure 8.17

Calculate the charge passing through the ammeter in 3 minutes.
Calculate the number of electrons that hit the anode in 3 minutes.

The potential difference between the cathode and the anode is 75 V. Calculate
the energy gained by an electron as it travels from the cathode to the anode.

12 A length of copper track on a printed circuit board has a cross-sectional area of 5.0

x 1078 m2. The current in the track is 3.5 mA. You are provided with some useful
information about copper:

1 m3 of copper has a mass of 8.9 x 10% kg

54 kg of copper contains 6.0 x 1028 atoms

In copper, there is roughly one electron liberated from each copper atom.

a
b

13 a

Show that the electron number density n for copper is about 102° m™3,
Calculate the mean drift velocity of the electrons.

E xplain the difference between potential difference and e.m.f.

A battery has negligible internal resistance, an e.m.f. of 12.0 V and a capacity
of 100 A h (ampere-hours). Calculate:

i  the total charge that it can supply
ii  the total energy that it can transfer.
The battery is connected to a 27 W lamp. Calculate the resistance of the lamp.

14 Some electricity-generating companies use a unit called the kilowatt-hour (kW h) to
calculate energy bills. 1 kWh is the energy a kilowatt appliance transfers in 1 hour.

a

Show that 1 kWh is equal to 3.6 MJ.

(31
(31

[2]
[Total: 8]

[2]
[3]
[Total: 5]
[2]

[2]
[2]
[2]
[Total: 8]

[2]



b An electric shower heater is rated at 230 V, 9.5 kW.
i  Calculate the current it will take from the mains supply.

ii  Suggest why the shower requires a separate circuit from other appliances.

iii Suggest a suitable current rating for the fuse in this circuit.
¢ Calculate the energy transferred when a boy uses the shower for 5 minutes.

15 A student is measuring the resistance per unit length of a resistance wire. He takes
the following measurements.

Quantity Value Uncertainty
length of wire 80 mm 2%
currentin the wire | 2.4 A 0.1 A
potential difference | 8.9V 5%

across the wire

a Calculate the percentage uncertainty in the measurement of the current.
b Calculate the value of the resistance per unit length of the wire.
¢ Calculate the absolute uncertainty of the resistance per unit length of the wire.

[2]
(11
(11
[2]
[Total: 8]

11
11
[2]
[Total: 4]



SELF-EVALUATION CHECKLIST

After studying the chapter, complete a table like this:

See topic... Needs more Almost there Ready to
work move on
understand of the nature of electric 8.2
current
understand the term charge and 8.2

recognise its unit, the coulomb

understand that charge is quantised 8.2
solve problems using the equation AQ = 8.2
IAt

solve problems using the formula / = nAve 8.3
solve problems involving the mean drift 8.3

velocity of charge carriers

understand the terms potential difference, 8.4
e.m.f. and the volt

use energy considerations to distinguish 8.4
between p.d. and e.m.f.

define resistance and recognise its unit, 8.5
the ohm

solve problems using the formula V = IR 8.5
solve problems concerning energy and 8.6

power in electric circuits.







) Chapter 9
Kirchhoff’s laws

LEARNING INTENTIONS

In this chapter you will learn how to:
» recall and apply Kirchhoff’s laws

. use Kirchhoff’s laws to derive the formulae for the combined resistance of two or more resistors in series
and in parallel

* recognise that ammeters are connected in series within a circuit and therefore should have low resistance

* recognise that voltmeters are connected in parallel across a component, or components, and therefore
should have high resistance.

BEFORE YOU START

*  Write down the name(s) of the meters you use to measure current in a component and potential
difference across it.

*  Draw a circuit diagram showing a circuit in which a battery is used to drive a current through a variable
resistor in series with a lamp. Show on your circuit how you would connect the meters named in your list.

«  Try to draw a circuit diagram to measure the potential difference of a component and the current in it.
Swap with a classmate to check.

CIRCUIT DESIGN

Over the years, electrical circuits have become increasingly complex, with more and more components
combining to achieve very precise results (Figure 9.1). Such circuits typically include power supplies, sensing
devices, potential dividers and output devices. At one time, circuit designers would start with a simple circuit
and gradually modify it until the desired result was achieved. This is impossible today when circuits include
many hundreds or thousands of components.

Instead, electronics engineers (Figure 9.2) rely on computer-based design software that can work out the
effect of any combination of components. This is only possible because computers can be programmed with
the equations that describe how current and voltage behave in a circuit. These equations, which include
Ohm’s law and Kirchhoff’s two laws, were established in the 18th century, but they have come into their own
in the 21st century through their use in computer-aided design (CAD) systems.




Figure 9.1: A complex electronic circuit — this is the circuit board that controls a computer’s hard drive.

Think about other areas of industry. How have computers changed those industrial practices in the last 30
years?

Figure 9.2: A computer engineer uses a computer-aided design (CAD) software tool to design a circuit that
will form part of a microprocessor, the device at the heart of every computer.







9.1 Kirchhoff’'s first law

You will have learnt that current may divide up where a circuit splits into two separate branches. For example, a
current of 5.0 A may split at a junction or a point in a circuit into two separate currents of 2.0 A and 3.0 A. The
total amount of current remains the same after it splits. We would not expect some of the current to disappear,
or extra current to appear from nowhere. This is the basis of Kirchhoff’s first law, which states that the sum of
the currents entering any point in a circuit is equal to the sum of the currents leaving that same point.

This is illustrated in Figure 9.3. In the first part, the current into point P must equal the current out, so:

In the second part of the figure, we have one current coming into point Q, and two currents leaving. The current
divides at Q. Kirchhoff’s first law gives:

I1=I2+I3

I3

Figure 9.3: Kirchhoff’s first law: current is conserved because charge is conserved.

Kirchhoff’s first law is an expression of the conservation of charge. The idea is that the total amount of charge
entering a point must exit the point. To put it another way, if a billion electrons enter a point in a circuit in a time
interval of 1.0 s, then one billion electrons must exit this pointin 1.0 s. The law can be tested by connecting
ammeters at different points in a circuit where the current divides. You should recall that an ammeter must be
connected in series so the current to be measured passes through it.

Questions

1 UseKirchhoff’s first law to deduce the value of the current/ in Figure 9.4.

3.0A

Figure 9.4: For Question 1.

2 In Figure 9.5, calculate the current in the wire X. State the direction of this current (towards P or away from
P).



Figure 9.5: For Question 2.

Formal statement of Kirchhoff's first law

We can write Kirchhoff’s first law as an equation:

ZIin =ZIou’t |

Here, the symbol X (Greek letter sigma) means ‘the sum of all’, so X/;, means ‘the sum of all currents entering
into a point’ and X/, means ‘the sum of all currents leaving that point’. This is the sort of equation that a
computer program can use to predict the behaviour of a complex circuit.

Kirchhoff’s first law:

2lin =2l out |

Questions

3 Calculate %/, and X/, in Figure 9.6. Is Kirchhoff’s first law satisfied?

F