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Introduction &

L J

For the student :

Welcome to your new Physics textbook, Grade 70 Physics. Your textbook com@ﬁ:
Grade 10 Physics Student’s Portfolio and a range of digital resources s well as deepening
your understanding of key areas of Physics, this book aims to develop your g skills in

science. You will develop these skills in class, in laboratory practicals ilst conducting
research within and outside of class with your fellow students, An em is will be placed
throughout this course on your ability to present core concepts, resgarch and data effectively to

others.
L]

Glossary
A comprehensive glossary is included at the back of this tm

For the teacher Q

Written for the new Grade 10 Physics subject prog e in Kazakhstan, Grode 10 Physics
aims to meet the broad range of learning nhiecti&ut in the Grade 10-11 Physics subject
programme document. It focuses on develo leamers’ knowledge of and about science
through the four content and skill strands in the subject programme:

#® Understanding of core subject areas i si
® Research and experimentation in scie%y
® Communication in science

® Science and society @

Key features of the ten%k

# Learning outcomes %&rhf stated at the beginning of each module in student-friendly

language

® Activities and pra emonstrations allow students to build on their knowledge through
guided observation, tory practicals and research

® Diagrams fully labelled and are drawn in a simple style so that learners can

replicate them ea

® Questions are interspersed within sections of the text to offer teachers the opportunity to
use a ran ching strategies. There are regular opportunities for learmers to engage in
group work and pair work, discussion, giving of presentations and online research.

ry
Q
Q
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Student’s Portfolio

The Student’s Portfolio provides additional revision material
and further tasks. The Student’s Portfolio enables learners
to maintain a detailed record of laboratory practicals,
giving them space to reflect on the processes and results
of their work. In line with the textbook, it provides detailed
sample workings of all calculations they are required to
make.

Teacher's

A Teacher's. Book with full answers to
all guesti th the Textbook and
Student’s Portfolio and detailed worked

sﬂm%‘pf all calculations is provided.

r
zﬁ*ﬁh‘t‘?
- &
Digital resources ~NJ
Grade 10 Physics digital uurcé%%ur teachers will further enhance classroom learning. These
resources work in conjun ith the Textbook and Student’s Portfolio. The resources have

been designed to fullwintegrate with the Textbook to compliment lesson content. Following the

principles of the new

teachers to b

Further classroom discussion and participation is opened up through PowerPoint

pres ns, including a thematic presentation of information from the Textbook.
Expe t videos allow for a visual review of laboratory activities and can be used for
d nstration or summative plenary work.

PHYS Gr 10 Sa Contentaindd 5 @ BENE F2EEPM



Impact of modern physics

on society

commerce, music, fashion and cuisine to mention just a few. All of the arts an nities have
rmade a mark and so have the sciences. In some instances interesting dlﬁc% re initially
litthe more than curiosities, and no-one knew at the time what practical use they might have.

It is not possible to look in detail at how each of the incremental scientificdiscoveries have
brought us to where we are now, but we can look at a few examples,

Maost fields of human endeavour have impacted modem life in some way or ﬂ#m
=+

When Michael Faraday discovered how to induce electricity into a uctor using a magnet in
the 19th century he could not possibly have imagined that his disco would make it possible
for the entire world to have electrical lighting, not to mention wany other electrically

powered appliances in our homes, hospitals, factories, et\

Faraday’'s Law

The induced voltage in a coil is proportional to the t of the number of loops and rate at

which the magnetic field changes within the loo

@®
O

2 g

The discovery of the laseri thg latter part of the 20th century was initially thought to have
potential military appli . and resulted in some of the early work being classified as
top secret, but in tig las ave found applications in many different fields: alignment,

measurement, <o storage, communications and medicine to list just a few

L

Abmnormal
blood vessels

Dilated pupd
Contact lens

Laser seals off ruptured blood vessels
stopping further haemarrhages

Dhabetic Retinopathy
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IMPACT OF MODERN PHYSICS ON SOCIETY

More recently Muclear Magnetic Resonance Imaging (MRI), a technique that uses the magnetic
properties of hydrogen nuclei present in all water molecules has revolutionised the way in which
medical doctors can image soft tissue in the human body without causing any damage to the
patient. This has enabled them to diagnose and treat conditions which previously could only be
accessed through invasive and life-threatening biopsies. g

Even something as ‘simple’ and the blue light emitting diode ( LEE_:!sfi, which initially might have
simply looked like an addition to the already available red afid green diodes, has had a huge
impact on the efficiency of lighting all around the world “With'red and green LEDs it was only
possible to produce what the eye perceives as very y&llaw light, but the addition of the blue LED
made it possible to produce what the eye p-en:niurﬁ-as white light. This has revolutionised the
lighting industry and has reduced a lot of wasted energy. This was one of the considerations
which led the Mobel Foundation committee to ifSus% prize to the blue LED inventors in 2014.

of e fss dooded 1

2014 N{ia'ém PRIZE IN PHYSICS

ISamu Akasaki, Hiroshi Amano and
Shuji Nakamura

“for the imrention of efficient blive light-enitiiong dicdes which
Tras enabled bright ad energy-saoing white lght sources™

Frequérrﬂ"g-it is the development of different independent branches of physics which
suiiequently come together to facilitate totally new areas of technology. Applied branches of
phiysics such as semiconductor, optics, magnetism, and branches of theoretical physics such
a8 iampling theory, digitisation and packet switching have come together to make computing
and the intemet possible, and so revolutionise so many areas of human life that it is now nearly
impassible te imagine how we managed before they were invented!

BHYE Gr 10 58 trodsod 7 '@



IMPACT OF MODERMN PHYSICS OM SOCIETY

FHYE Gr 10 58 trousod 8

Each new discovery builds on the successes of previous ones. Isaac Newton famously said “If |
have seen further than others, it is by standing upon the shoulders of others.” It is the collective
scientific human endeavour, and the sharing of discoveries through conferences, journals and
private communications and visiting researchers that makes it possible to push the frontiers still
further.

What is digital electronics

A diode can control the direction in which a current
flows. Based on this idea many other digital electronic
devices were developed in the second half of the last
century. Indeed, in the last twenty-five years

huge improvements have been made in the
performance of these devices.

Valtage Analog

Sounds entering our ears can be represented by a
wave. This type of wave is an analeg signal, . Uﬂu& Time
represented in the diagram here. A digital signal is l

different, as you can see in the diagram below.

Digital signals, as you can see from the I’l s Lo
diagrams, are not smooth like analog signals.
Digital signals are simple “true-false’ or “on-off Voltage Digital

statements to represent information. Because'digital
devices recognise only one of two possible Sigmals, they Time
are less affected by unwanled electronic signals. !

Digital electronics has had a great impacten
society. You might call it a digital revglution,

What is meant _
by telecommunications?

Keeping in touch by telephonehas become easier,
cheaper and more reliablein recent years, The
popularity of mobile psineshas resulted in a greater
need for people to he skilleehin electronics and
computing. Many causses in electronics are offered

Optical fibres have rephr: old cables for phones and are much
more efficient

BEIE 106 PN



IMPACT OF MODERN PHYSICS ON SOCIETY

by universities and third-level colleges. More people
today understand and appreciate the wonders

of this area of Physics.

Many modem electronic devices become outdated
very quickly. Outdated devices are dumped or
recycled and newer devices are manufactured.
Earth’s natural resources are being used up in the
manufacturing process. The problem has also led
to a greater awareness of the need to recycle. The
copper in old wiring is very often recycled.

The internet

The internet is a vast, world-wide network of
computers all connected together.

The table shows how advances made in this area of
Physics has impacted on people’s lives.

Numbers of people using the Internet

At the end of Number of people
the year using the internet

1995 16 million 7
1999 248 million . :' internet is hike an infinite library
2003 719 million CA
iz "o What do you predict will be the
2006 Ui e o figure in the last row of the table?
v Research the number of people
The internet is an amazing library, with amalmost using the internet worldwide this
endless supply of information. The slud)i;lﬁ_{jcien ce year. How close was your estimate?

has been greatly facilitated by the igernet: you can
find information from others and shar&information
with others so easily. You can s_rpﬂ;ﬁhe historical development of science as well as keeping up
to date with recent discoveries. Sy~

g

| .
[

A The Large Hodron Collider (LHC) in CERN: the tunnel through
- which the particles travel has a circumference of 27 km
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T OF MODERN PHYSICS ON SOCIETY

In groups point to at least one major discovery in Physics that led to each of the following:
® Electricity

The Transistor

Flight

Space flight

MNuclear energy

Discuss the following statements:
Physics is essential for understanding chemistry. Without physics we cannot understand major
chemical principles.

Physics and chemistry are essential for understanding biology, Without physics and chemistry
we cannot understand major biology principles.

Mame three areas in the other branches of science where you feel this to be particularly true,

Measurements in Physics

S| units

As science developed from the late 1600s onwards, commmunication between scientists working
in different countries was often hampered by variati@min the units used. In France in the years
after the revolution of 1789, a number of leading scientists- such as Lavoisier and Laplace -
came together to develop what became known as th@metric system. Almost immediately after
seizing power a decade later, Napoleon passed a lawsfarmally adopting the new system, Its use
guickly spread throughout Europe.

In 19260, the General Conference on Weights angdveasures — an international group of
academics — revised and extended the metric system to include units for modern areas of study
such as electricity. It is now known officially as the International System of Units, or Le
Systéme international d’unités in French, and is usually referred to as the 51 systern, using the
French initials.

The 51 system is used throughoutsthe world, Even in the United States and Britain — almost the

only countries that still use the oldegimperial system at a government level - the 51 system is
used by scientists.

The importancesof an international system

which was laun
1998 to 5 r.he
climate. ately, due
to poor com I'L'I m-catmn.
belwecn NASA and
the mufa:turers, the
con _' r software for one
f_,coﬁt-'banenl used old imperial
:'_-I.I,I'IIT.S, whereas all other
. mponents used the Sl
Syilﬁ'n‘l. This caused the 330
million dollar spacecraft to
burn up in the atmosphere
and disintegrate.

BEIE 106 PN



IMPACT OF MODERN PHYSICS ON SOCIETY

The 5l system has seven base units, which are independent of each other. They are: N
@ The metre - m {measuring length)

® The kilogram - kg (measuring mass)

® The second - s (measuring time) *

@ The ampere — A (measuring electric current)

@ The kelvin - K {measuring temperature) q

® The mole — mol (measuring the amount of a substance)

& The candela - cd(measuring luminous intensity — brightness). 9

All athers are known as derived units and are based either directly or indirectly oV the seven

base units. For example, the Newton - the unit of force - is defined as the force requ to

produce an acceleration of 1 metre per second squared on a mass of 1 kilogga uch, it is
based on the units for length, mass and time (kgms).

Proportionality
In physics we make a lot of use of the mathematical concept of pm |Il}l‘. This is not a
difficult concept, but it is not one you will have encountered oﬂ% hs class.

b |

We say that two quantities are directly proportional to if the ratio of one to the
other is a constant.

One example of proportionality is the relalionsh'rp bet r's speed and the distance

covered by the car when moving at constant spee example, think about a car travelling
at 90kmh' on a long straight road. After 1 hour i ave travelled 20km and after 2 hours it

will have travelled 180km, and so on:

m 90 180 % 360 450 540 630

We say that the distance is directly pru@nal to the time. This can be written as:

Distance «~ Time

we double one, the other on 5; if we multiply one by ten, the other one is multiplied by

This means that the two measu nts are tightly linked without being equal to each other. If
ten, and so on. If we repre:nt thlEmmtinn on a graph, it will lock like this:

00

| A

£

‘é i /“'/
S A

100
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IMPACT OF MODERMN PHYSICS ON SOCIETY

This is not a coincidence: whenever two measurements are directly proportional,
will find a straight line through the origin when we graph one against the

To show that sini = sinr, for example, we graph one against the other and show that we get
straight line through the origin.

L J

Inverse proportions

A related concept is that of inverse proportions. This is when one measurement imgreases as
another decreases so that an exact mathematical relationship is maintained: fple, if we
double one, the other is exactly halved, and if we multiply one by 10, the%other is divided

by 10,

The easiest way of showing that two measurements are inversely pr is to invert one
and establish direct proportionality. For example, in Boyle's law we W for a gas, with
some conditions, pressure is inversely proportional to volume,

To do this, though, we draw a graph with pressure (F) on one axis%he inverse of volume
{ll-"} on the other. We get a straight line through the origin s w that:

Pl \
v

which amounts to the same thing as saying that prw volume are inversely proportional.

Percentage error

An important issue in considering the accuracy of anpexperiment is percentage error. All
experimental techniques are to some exten @. ed, but we can still be happy with a technigque
if it produces relatively small inaccuracies in ouffipal calculations.

@ It is vital to do everything we can to ma asurement errors as small as possible, but at the
same time we have to accept that we ca liminate errars completely. This is where
percentage error comes into considegation: as a general rule, we try to take large measurements
to keep the percentage error low.

The following example shows h his warks,
In measuring temperature, a th eter may only be accurate to within £0.5°C.
® |f we measure a chang%mperature of 5°C, the percentage error is:

ercentage error = ﬂ_j& x 100 = 10%
@ If we measured a cha in temperature of 20°C, the percentage error is:
Percentage error = 0.5 x 100 = 2.5%
20

Clearly, the easurement is more accurate, This is why we generally attempt to increase
the size of m ments, thus decreasing the percentage error.

Q
Q

Vi
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Learning objectives Q

® Apply equations of motion when solving problems (10.21.2°

@ Define kinematic values for falling bodies at an angle to the horizontal Jo.2.1

#® Investigate the trajectory of falling bodies at an angle to the horizontal | W_I

® Apply the law of conservation of momentum when solving problems 10.2.4

® Derive displacement and velocity formula; plot velocity time gra 7

® Define the magnitudes of forces empirically and experimentaly test t rce
composition law [10.2.3.3 |

® Find centre of mass of a perfectly rigid body and system nf‘nalemdies 6230

o

Infer cause-and-effect relationships when explaining dw'.c of equilibrium

£ N

Vectors and Scalars 'Q
Physics is a natural science. All of our theories and conce p end on our ability to clearly
understand what we mean by terms such as “acceleratio mf, ‘speed” and ‘force’, and

also on our ability to measure them. To do so, first to separate all measurements into
two categories: vectors and scalars,

! & \ectors have both magnitude and direc
® Scalars have only magnitude.

Most measurements that you come across c&e the world of science are scalars, Mass, for
example, is a scalar. It is measured in kiws and has no direction. Other scalar quantities are

length, volume, time, energy and elect arge,
Examples of vector quantities are ity, acceleration, momentum, force and weight. All of
ith

these have a direction associat ermn. A typical measurement of force, for example,
might be 10M east.

The distinction between scalars a ctors can be confused by the fact that we are sometimes
only interested in the ma% of a vector quantity. For example, you may come across
situations in which a figrce is given as, say, 15N without any direction being mentioned. It is
that this is not good practice. Even when it is not mentioned, a force
always has a directio it should, strictly speaking, be specified.

It can also be confusing that there are a number of situations in which there are closely related
measumﬁ 1:‘:1I which is a vector and one of which is a scalar. Speed, for example, is a

scalar. Itis s only in metres per second. The associated vector quantity is velocity, which
is measure tres per second and a direction, e.g. a speed could be 25ms", whereas a
velocity Weuld be something like 25ms™*

east.
Angther closely related pair is distance Ciistancs = 1350 ﬁ
isplacerment. Distance is a scalar
placement is a vector. In
figure 1.1, the woman is standing 12m Displacement = 12m west
from her car. Her displacement is 12m
west from her car. - Distance and displocement

FHYS Gr 00 Sa od Lisdd 13 @
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®
MODULE 1 VECTORS AND MOTION

One important difference between distance and displacement is that, with displacerment, weN
don’t take the path travelled into account. In figure 1.2, a cyclist journeys from school

along the route shown, When finished, he has travelled a total journey of 3 km, But his displace

is measured in a straight line and is only 2 km east.

2km & Q

BEN virocity equals displacement divided by time N
When first introducing the idea of velocity, we often say that itis s direction.
There are many situations in which this is a reasonable simplification of situation, but it is
not completely true. Stricthy, the definitions of velocity and speed %

@
Velocity = Dlsp::::unt sp A . ::::e

In the example of the cyclist discussed, if the cyclist complet journey in 1h, his average

speed is 3kmh', but his average velocity is 2kmh’ %

L J

Vector addition ,op
When adding vectors we are essentially Im@& how two or more vectors could be

replaced with a single vector, We want to large that single vector would be, and in
what direction it would point. It is easiest to pictlire this by looking at forces.

® If two forces, one of 5M and one of 10 in the same direction, they could be replaced
with a single force of 15 M, pushing in the e direction (see figure 1.3),

m# m [ @2& as... Tﬁﬂ
s

We say that the total fo Q given by: FT =10 + 5 = 15N, to theright.

If two forces, one of 5M a ne of 10N, push in opposite directions, they could be replaced
with a single force pushing as shown in figure 1.4,

...i5 the same as... =—#
5N

Vector subtroction
We FT=10-5 = 5N, to the right.
te that when the two forces were in the same direction, we took them both to be positive,
at when they were in opposite directions, we took one to be negative. This is something
ill see a lot of in our study of physics, and motion in particular. It is very important in every
situation to be clear about which direction you are thinking of as positive and which direction as
e negative,

14
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MODULE 1 VECTORS AND MOTION

Triangle law

If forces are at an angle to each other, we can add them
according to what is known as the triangle law. Let’s say an
object is being pushed by two forces, of 3N and 4 N, whose
directions are as shown in figure 1.5.

The object will move as if pushed by a single force of 5N,
whose direction is as shown in figure 1.6,

The 5M is found using a right-angled triangle. The longer side
is known as the resultant, and it represents the single vector
that would have the same effect as the other two vectors. It is
calculated according to Pythagoras’ theorem:

5% = 3 4 4 (see figure 1.6)

The angle between the different forces can be calculated using % 5

trigonometry. Here we can say: 2
=3

tan 8= 3

and therefore the angle @is 36.86°.

The resuitant force
This means that the object will experience a force of 5N at Q ESN
angle of 36.86° to the 4 N force, as shown in figure 1.6.

N

Experiment 1.1: To find the%uttant of vectors

Method

1 Set up the apparatus as shown in

figure 1.7. %
2 Mote the readings on the first two

newton meters {spring balances) (

and F,).

3 Mote the reading on the third
balance (F,).

Observations Q

According to Newton's , the -
reading on the thirdspring Ian:e {

de but

opposite in directio resultant of
the two upper bala
&
“ Spring balances
F3
Note
fr You can also calculate the resultant of the vectors, F_, using vector
addition. The two methods should give identical values.
F
Vector addition

PHYS Gr 10 58 Wod 1Lidd 15 @ BB 107 PN



MODULE 1 VECTORS AND MOTION

Sample Queﬂinn

A boat mowves across a river as
shown in figure 1.9, so that
the forward velocity is 12ms ™.
The river is flowing with a
current of Sms. In what
direction, and with what
velocity, would the boat cross
the river?

=Lample Answer) &

Resultant velocity of boat (v):
vl =5"+122=169

v, = 13ms”

'~
Q\ 12
Y

0 = tan'(3) = 22.6°

The boat would cross the river at 13ms"! angle
of 22.6% Q‘ m

1 Distinguish between the ¢
Which of these is a vector:

of vector and scalar.

s, weight, distance, speed, velocity, energy, electric charge,
acceleration?

3 In the situations shawn infigure 1.11, find the magnitude and direction of the resultant
force on each hIQ

3N
L
$ Question 3

A woman walks along the curve XY shown in figure 1,72, o EE N

{a) What distance has she travelled? “~,,:""""-|_E

(b} When she reaches ¥, what is her displacement from ‘n‘s
E x? sm -

[

5m "If'
16 W cveion 4

| PHYS Gr 00 5a od Lisdd 16
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MODULE 1 VECTORS AND MOTION

5 Afootballer runs from A to B along the path shown in figure 1.13 a total distance of 75m. N

He does 50 in 255, *

L J

O
3
&
N

MER Question 5 .
{a) What is his average speed on the journey?
(b) What is his average velocity? N
6 A square of side 100m is marked out on grass. If you wal e lines, starting at a
corner and heading north first and then east, what is yo lacement from your starting

point after vou have travelled 175 m?
7 A boat moves across a river so that the forward vel ms™". The river is flowing with

a current of 3ms~, as shown in figure 1.14. 5 on a diagram in what direction, and

with what velocity, the boat would cross the

_3msY

Question 7
8 A plane is flying east anQﬂﬁ its velocity (with respect to the air) as being 100kmh-'.
The wind speed is in the samedirection as the plane and is at 25kmh-'.
{a) What is ther locity of the plane?
(b} Anothe is flying west and also has an air velocity of 100kmbh-'.

r e
What i nt velocity?

Centre of Mass

Although gr ects every little part of an extended body of mass, its effect sometimes appears
to act at a paint somewhere near its centre, Consider a book which is resting on its side
close to edge of the table. As it is pushed slowly over the edge, it will reach a point where
gravit nly seems to cause the book to fall over the edge. It is not that gravity has changed,
but point at which gravity seems to be acting on the body has gradually moved beyond
thélgdge of the table. This point is called the centre of mass (sometimes the centre of gravity).

Id be noted that the centre of mass will not always be located close to the geometrical
centre of an object. This is especially true when the object is a compaosite of different density
materials. Consider a hammer for example. The centre of mass will be close to the hammer
head, and not half way down the handle. 1 7
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®
MODULE 1 VECTORS AND MOTION

A practical way to locate the centre of mass of an irregular object is to suspend it from any gi IN
point,, and also hang a string with a bob on the end to mark a vertical line from the sa

Once the object stops swinging, the centre of mass will lie somewhere along the vertical line

marked by the string. An example is given in the diagram below, where an irregularly shaped

1 Hang lamina 3 Hang lamina
from a point. from second
Pﬂiﬂt. g N

2 Mark the 4 Centre of Mass
vertical line. ' where lines ¢
u Locating the centre of mass of an

Method to find the centre of mass of a bject.

Motice that however the object starts, it will swinWﬁd forth until it settles with the centre

of mass directly below the pivot. This is called a 5 equilibrium.

It is also possible for an object to be in an e equilibrium. Consider a thin pencil

standing upright on a flat table with its point peinting upwards. With sufficient care it is possible
® to make the pencil stand even though it re of mass is directly above its support. Experience

teaches us that a very slight jolt, or even t puff of wind will cause the pencil to fall over

onto its side. That is why we call it a table equilibrium,

Another type of equilibrium is a non-determinate equilibrium. Consider a solid sphere
resting on a flat surface. The ce miass of the sphere is located exactly at the geometrical
centre of the sphere, and this wi exactly above the point at which the sphere is supported
by the flat surface beneath j e sphere is in equilibrium, but if it is pushed it will roll without
falling because as it rolls, its of mass always stays above the point of contact that is

supporting it, Q
(b) : (©)

The position of the centre of mass relative to the pivot determines whether an object will fall
over or return back to its original position, Provided the centre of mass remains vertically above
the width of the base, the object will try to fall back on to its base.

18
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MODULE 1 VECTORS AND MOTION

When we stand, our centre of mass is somewhere close to our spine and will be directly above N
our footprint. if we lean forward we exert additional pressure on our toes, but the centre of

mass will still be somewhere inside our footprint, If we lean further forwards, our centre of mass

will move to lie in front of our toes {and outside our footprint), and unless we quickly move one
foot forwards, we will fall forwards. (Our body will find a position where its centre of mass is "
close as possible to the floor!) Q

When we walk we always maintain the centre of mass of our bodies somewhere above

between the base marked out by the extent of the range of our feet. If we don't, we ¢

In general objects are at their most stable Cenire of mass ®aeotre of mass

when their centre of mass has found its lowest

position, A book can stand upright on a shelf

for a long time, but its most stable position is Q

to lie flat on its side.

The stability of engineering structures and %

vehicles is an important consideration.

Whenever possible, engineers design systems

such that the centre of mass is as low as Heavy engine de base

possible. " mass of @ bus and a wide
bas stability

The way to ensure an object is as stable as
possible it to give it a low centre of mass, and a wide baw:antre of mass of a bus can be
lowered by ensuring that all the massive components (e gear box, fuel tank, chassis, etc)
and put as low as possible.

Motice that there is often a conflict between artistic a | and engineering considerations. A
flower vase normally has a narrow base and a wi ening at the top. This makes it suitable for
flowers to be supported with their heads spread so that their beauty can be seen, but it

also makes the vase very easy to tip over! %

Resolving forces and ca@}ating the components of forces

Forces are by their very nature in\ri%uantities. It requires a trained mind to notice where the
forces are acting, in what direction, and what their likely magnitudes must be. We will limit our

analysis to systemns where the f re in equilibrium such that the resultant force is always zero.
In the figure 1.18 two peo rting a

weight by means of a ro ed between A 4
them. It is clear that is in tension, "‘:J J

and that both per
but hot does the ma

be pulling equally,
e of the tension

>

compare to the size of the weight? In order to o

find answers tafguestions like these, we must Two people support a weight by

balance al[‘&a, resolving their vertical means of a rope

and horizo mponents, 3

F

Before ing to some practical examples notice that the

force e thought of as having two components F and F, )

In the diagram 1.19 F, = Fcos 6, and F = Fsin 8. F,

is understanding we are ready to tackle some practical p
ples. P B x

Resohving a force into two
perpendicular components
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0 Gompicuesion) T8
H.__-.-.‘;'_
A mass of 15 kilograms is suspended by a string from a hook in the

ceiling. It is pulled sidewise by a horizontal force such that the : £
string from the hook makes an angle of 30 degrees relative to the -
vertical. Calculate the magnitude of the force pulling to the right,
and the tension in the string. 1

] =) a2 - .-
[ (Sample Answer ) IR I i
In order to solve this question we need to resolve and balance the oth

wvertically and horizontally.
Vertically:  downwards = mg, upwards = T, cos 30°, so % T, cos 30°

Horizontally: to theright=T,  totheleft = T, sin 30%
From the first equation we can immediately calculate Kten%.

=T, sin 30°

2

T,=mg /[ cos 30°
T,=15x10/cos30° =173 N

Once we have calculated T, we obtain T, using t@d equation.

T,=T,sin30°=87 N

g

1-51 Sample Question) )

and their cables are making diffe gles to the o .

Two cranes are jointly lifting a 5 toE (5000 kg) weight,
horizontal. Calculate the tensions i

the two cables. @ |
2 g=10 ms?
[ (Sample Answer ) 21
We will follow the sa thodology.
Vertically: ards = mg, upwards = T, sin 45° + T, sin 307,

where the nd R denote the left hand crane and the right hand crane.

in 45% + T, sin 30°

50 T,cos30%=T T, cos 45°
Motice thabkin this case we cannot solve one equation first, and then use the result to
sol second equation. These are simultaneous equations with two unknowns.

to eliminate one unknown from both equations first.

Rearranging the second equation we obtain:
‘$= T, (cos 45° [ cos 30°), now we replace T, in the first equation with this.

Q

PHYS Gr 00 Sa od Lisdd 20

g =T, 5in 45" + T (cos 45° [ cos 307) sin 30°
This reduces to mg = T, (sin 45° + cos 45° tan 307)
{remembering that sin 30° / cos 30° = tan 307),
T, = mg /(sin 45" + cos 45° tan 30°) = 5000 x 10 / (sin 45° + cos 45" tan 30°) =44 829 N
T,=T (cos 45° [ cos 30°) = 44 829 (cos 45° [ cos 30°) = 36 602 N
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MODULE 1 VECTORS AND MOTION

1 A heavy landscape picture in an art museum has a mass 50 kg and is supported with a
rope attached to both ends as shown in the figure. Calculate the tension in the rope. :

s

2 A barge B is pulled along by two boats A and C. The two ropes bﬁweﬁau and the
[

barge make angles of 30 and 45 degrees respectively with respect to th on of travel
of the barge. Boat A is pulling with a force of 5000 M.,

"s

u Question 2 Q
(a) Without calculation, try to decide whether Boat pulling with a greater, smaller or
equal force than boat A.
(b) Calculate the force with which boat C is plling and see if you were right!

(c) Calculate the drag of the barge B. Q

Linear motion %
The area of physics we call mechanics 1% lot with moving bodies. You will probably recall
the relationship between dlstance. and time;

Dlstanct
This equation is useful when we ealing with bodies that are travelling at a constant speed,
or where we are only mt n their average speed. However, if we need to take acceleration
into account, we require t equations.
The equation tion

Acceleration and I.;e.facity

e Accelar&he rate of change of velocity.

This n of acceleration is wider than the general meaning of the word in conversation.
You will notice, for example, that it refers to a change of velocity rather than speed. Because
includes a direction, this means that an object can travel at a constant speed and still be
ating, if it changes direction, A car turning a corner, for example, is accelerating whether
or not it changes its speed.
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acceleration we can find a way of calculating its value:

h

—— Derivation .
Acceleration is the rate of change of velocity, i.e.:
Acceleration = Change of velocity

or o Q
v—u
aim *

t
We can rearrange this to give: N

al = v=-u
or
& l:

In terms of the linear motion of a body with uniform acceleration, from the definition of N

¥ = u+at

Here we are using a set of symbals with which you will beco riliar:

u = initial velocity \
v - final velocity (or velocity after a time, )

a — acceleration Q

5 — displacement
[ - time

You might notice that we rarely talk about eration’ in physics. Instead, even when an
object is slowing down, we talk about its a ation - but we take the acceleration to be

negative, This is connected to the fact that accelgration is a vector quantity.

.\f & A positive acceleration mean ject's velocity is increasing.
® A negative acceleration means bject’s velocity is decreasing.

- peed from 10m s west to 30ms' west over a period of 10s.
What is i ation?

[ (Sample Anﬁwer

¥ +Et

2 + a(10)
30-10

R T

& = 2ms? west
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E5) (sampleQuestion)

A car is travelling at 10ms' west and, over a period
of 75, slows down and turns around so that it is
travelling at 7 ms' east. What is its acceleration?

or

10ms" west, v=7ms' east
u + at

10 + a7}
=/=10
7

-2.43ms" west

2.43ms" east

1 Define ‘acceleration’.

A car is travelling east and increases its velocity fr

45, What is its acceleration?

3 Acaris travelling at 20m s~ west and, over a pefiog
travelling at 10m s east. What is its accelefdtion?
4 A car begins from rest and with an acceler,
537

of 10s, turns around so that it is

of 10 m s west. What is its velocity after

5 A car begins from rest and accelerates@ns 2. How long does it take to reach a speed of

100 kmh'?
6 Abird is flying at 8ms”' south an

5o far we have concentrated on t

However, for a moving object, the dis

equations show how distance i§

With constant acceleration, b

b |

' Derivation
Average vel =4 ; ¥
Also, by definitiof:
A velocity = —:
Theref
= (average velocity) (time)
UtV ,
2
= U+u+at t
2
$= ut+ % at?

FHYS Gr 00 Sa od 1iedd 23

%rﬂt&s at 5ms? north. What is its velocity after 1057

hwinnship between velocity, acceleration and time,
ce travelled is also important. The following two
ted to the other key variables for moving objects:

1
s=ut+— o
2

average velocity in any motion will be given by:

w = + 2as
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& Derivation
v =u+al

Square both sides: e
v o= ¥ + 2uat + a’tf
= ¥ + 2a(ut + yat’) Q
v o= '+ 2as Q

&
Another equation that can be useful relates the average velocity of an object, time involved

and the object’s displacement: Q
U+ v
= t

2
These equations are very useful in any situation in which we are 10@ at moving bodies,
and you will see a great deal of them in your studies. Because e variables used, they are

sometimes referred to as the UVAST equations. \

1 Sample Question

A bicycle is travelling at 2m s east and accel 2ms for 5s.
{a) What distance does it travel in that time?
(b) What is its velocity after 557
[ (Sample Answer
Um2 vey.ae? smi f=d %
[a}s:uh-%ul‘" (b v= u+at
= 2x5+3x2x5 QI = 242x5
= 35m = 12ms’' east

{a) What is the magnitude of its acceleration?
{b) How I8ng does it take to do this?

-

Sample Answr-:r

=0, v=18 a=0 5=20t=1

(a) v = v + 2as (b v =w+aot
é 182 = 0% + 2a (20) 18 = 0+ 8.1(t)
187 E o B
a:z{m}=5.1ms? fi= 3_1—2.225
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5‘"‘ J
) (SampleQuestion) _____ IS

A plane lands at a speed of
240kmh and travels 2.6 km
alang the runway before
stopping.

(a) What is the average
magnitude of its
deceleration as it stops?

(b) How long does it take to
do this?

C (Sample Answer ) N
u = 24kal:;; 'Q
N

= 240 x 3600 = a6.67 ms!
u = 6667, v=00=0 s5=2600,t=1t
{H}P"=U’+Eas ( = i 4+ at
%= (66.67) + 2a (2600) = 66.67 - (.85t
78.4s

L
66.677 ¥
a=-"000 =-0.85ms? Q

19' Sample Questian‘__:

An object starts from rest and acgelerate
in this time? &
L (Sample Answer )
u=0,v=v,a=3*s=*¢l
s$= ur+lzar-’
012{}4-%&‘

600 m &

at 3ms for 20s. How far does it travel

%,

e
= -\'\'f.}

) youleolery) )

1 @fﬁns travelling at a speed of 20ms™ west. For a period of 53, it accelerates at a rate of
f'f 3ms Zin the same direction. What distance does it travel in this time?
e'IM speed of a car increases from 3ms' to 26 ms' over a period of 8s,
b »(a) What is its acceleration?
{b) What distance does it travel in this time?

o4
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3 Ower a distance of 5m, the speed of a bicycle increases from 2ms" to 5ms. U

(a) What is the magnitude of its acceleration in this period?
{(b) How long does this take?

4 A truck is travelling at 80km h=1 and decelerates at a rate of 3ms?.

{a) How far does it travel before it comes to a rest? : .

(b) How long does this take?
5 Abird flying at 3m s west is given an acceleration of 1ms™' east.

(a) After 55, what is its velocity?
(b) How far has it travelled in that time? *

6 A caris travelling north at 25ms™' and accelerating at -5ms~. N
(a) After 735, what is its speed and direction?

(b) How far is it from its starting point? "Qﬁ

7 A skateboarder starts from rest and accelerates to a speed of 15m r a distance of
20 m. What is his acceleration?

8 In good weather cars travel on a stretch of motorway aLan a@e speed of 105kmh'.

It takes them 30min to cover the distance between two ekits. On a wet day, the average
speed falls to 80kmh'. How much longer does the jaurmey 7

Measuring velocity and accelerati
You should be familiar with at least one method of mgasuring velocity and acceleration, The use of
both ticker-tape timer and light gates is shown in E%em 1.2,

R

Experiment 1.2: Meas ent of velocity and
acc@ ration
Using a ticker-tape timer
Hammer
Method to measure uelucft@ Timer || Ticker tape rﬁ-
1 Set up the apparatus as nin e W W
figure 1.26.
2 Push the vehicle so it moves along m A ticker-lape tirmer
the track at a mns%@cim As this
happens the tape is pulled through
the timer. %
3 After the vehicle has stopped, remove {ﬂ.rls}
the pa mine it. It will look
something gure 1.27. REZR ricker tope

a mark is made on the paper by the hammer. To calculate the velocity (or
rk out the length covered by, say, 11 marks on the paper (i.e. 10 "spaces’). This
ponds to a time of (10 = 0.02) = 0.23, To find the velocity, use the formula:

Velocity = Distance (1)

Time

PHYS Gr 10 5s Wod 1ead 28 @- BB 10T PM



MODULE 1 VECTORS AND MOTION

Method to measure acceleration

it fall, 50 that the vehicle accelerates ———t : ==
along the track. _ 3 T,
2 After the vehicle has stopped, remove &!. '
the paper and examine it, It will look
something like figure 1.28. WEZ] vicker tope, showing acceleration Q
&
Results \
The value of the time, ¢ = (the number of spaces between dots) = (0.02). 5 § ree

travelled. It is measured from the middle of each section, as we are taking the ge speed
over each of these sections. To find the acceleration, we use the formula: %

Vo
=3 ¢

(derived from v = o + 2as). ¢

Using light gates
Method to measure velocity and acceleration
Push the vehicle along the air track, so that it passes thwch of the light gates. As it passes

through the gates, the light is blocked by the vehicle, ime that it takes to pass is recorded
electronically by the timer (see figure 1.29).

Results

As we know the length
of the card and the
time it takes to pass
the first light gate, we
can calculate the initial
velocity, u, using the
formula:

-l
us= l

This procedure can be

repeated to measure the il
velocity at the second gate,
The acceleration ¢ ulated using the formula:
ia=l
25

A
We have looked at two methods of calculating velocity and acceleration
in experiment 1.2. There are other methods, many of which make use of
modern electronic devices known as data-loggers. These provide very accurate
& measurements and are a great way to carry out the experiments involved. However,
they are difficult to cover in a textbook because the operation of each device is
specific to the manufacturer’s instructions. '
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Falling bodies N

Exactly how falling bodies behave is *
something that scientists have studied

for many centuries, Greek philosopher - —%
Aristotle (384-322 BC) believed that =

heavier objects will always fall faster than Qﬂ

lighter ones. This can often seem to be the

case, but the difference is caused by air yﬁ
The acceleration coused

resistance. If we drop a flat piece of paper m &

to the floor alongside a heavier object such as a pen, the pen will always hll round first

because the paper experiences more air resistance. However, if you p the paper, so
that air resistance is reduced while the weight is not changed, and the pen and paper

gain, they will hit the ground at the same time
Italian physicist Galileo Galilei (1564-1642) saw the faults in qnsto@nderstanding. He
argued that, when we can ignore air resistance, all objects fal e same rate. He famously
demaonstrated this by dropping various objects from the w wer of Pisa.

Calileo argued that his experiments showed that a
hammer and a feather would fall at the same rate i
absence of air. This experiment was famously carried ou

centuries later by American astronaut David Scutt@)

on the Apallo 15 mission to the Moon,

English physicist and mathematician lsaac (1642-
1727) was born in the same year in which Ga died,
and he carried on with much of Galileo's aerk and finally
developed a theory of gravity. For now concentrate

on the key part of Galileo's work: thatall objects fall at the
same rate, This means that they all %-e same

acceleration. This is usually referrgd to as the
acceleration caused by gr d is denoted by the

letter . Its value is generally taken to be 9.8,

Y
* Acceleration cau%w‘m g=98ms".

Projectiles
Think about le that is designed to fire a
bullet forw: t gxactly the same time as

it drops a bullet vertically. On level ground, 'F_ e ,
which bullet will hit the ground first? | =
Thea is that - as long as the bullet

is fi izontally and the person firing Level ground

thig rifle is on level ground - both bullets
it the ground together. This is another

ortant way of understanding Galileo’s W Al bodies fall a the same rate

work. Just as it is true that all objects will
fall at the same rate regardless of their weight, it is also true that all objects will fall at the same
rate regardless of whether or not they are maving forwards.

The bullet that is fired forwards will travel a greater distance before hitting the ground,
However, while travelling forwards, it also falls with the acceleration caused by gravity.
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Falling bodies and the equation of motion

All of the mathematical work covered in the previous section of this module applies to falling
bodies, where the acceleration is that caused by gravity. It is important to remember here that
acceleration is a vector quantity and so its direction matters. This means that we have to
distinguish between the acceleration of those bodies that have been thrown upwards and
slowing down, and those that have been allowed to fall and are gaining speed. Generally,
take the acceleration to be positive when an obiject is falling (and gaining speed) and

when it is rising (and slowing down).

MODULE 1 VECTORS AND MOTION

v

Sy
Sample Questiﬂn

A stone is dropped from the top of a cliff 100m high.
{a) With what speed does it hit the ground?

(b) How long does it take to reach the ground?

o ﬂ, V=¥ a=g= 9.8-, i= Tﬂﬂ, t={

[ (Sample Answer )

(a) v =u+2a8
0?+2x98x100

v
(b) v

u+ at
44.3 = 0 + 9.8(1) i %
= to equal
_ 44,3 eq
t = 9.8 =4.52s m‘]_ I

1960
44 Ims!

a ball horizontally so that it is moving at 35ms-'. How far
it reaches the batter, a distance of 18 m away?
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[ (Sample Answer )

Horizontal: Vertical:
u=35v=350=0,5=18 =1t u=0v=v,a=g=98s5=5t=051 &
= 1 e
5-ut+-2-=:rt" s-ut+an
18 = (35)t + *i"(ﬂ}l“ = 0x0.51 + %{9.3}{0.51}‘
18 = 1.27m
= E=0.515

™
The ball has fallen 1.27 m. N

la Sample Question

A bullet is shot vertically upwards with a velocity of 15m s %t 15 the greatest

height reached?
y w u at highest point
[ (Sample Answer ) 2

u=15v=0 g=-—98 s5=Hh t=¢ 0
Vv o= W+ 2as
02 = 152+ 2 (-9.8)h Q
15¢
h = m-‘il-‘lam %
1.35

A bullet is shot forwards at 400ms" at a

height of 1.7 m and ground. At the

same time, a similar js dropped to

the ground from‘the same height. ﬁ__.

(a) The two b it the ground at the
sam , but how long does it take
for 1 so?

{b) How far dtes the bullet fired from the -

ifle trayel forwards in this time?

{Sample Answer )

$U=U,V=V,ﬂ=9.5.i=l.:ﬂl=! (b u=400, v=400,0=0,5=35,

1.7m

= utsLor t=059
1 5= ur+§~m‘*
1.7 = 0(t) + 5(9.8)¢° - 400 (0.59) + 0
I = 0.59s% = 236m
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Furvuutﬂtry

1 Astone is dropped from a tall building and takes 4.1 s to hit the ground. What is the

height of the building?
2 A stone is dropped from the top of a cliff. Q

{a) With what speed does it hit the sea, 120m below?

(b) How long does it take? g
3 A stone is thrown upwards with a velocity of 2Z2ms |, What is the greatest height
4 A stone is thrown upwards from a height of 1.8 m with a velocity of 21.4ms K

{(a) How long does it take to reach its greatest height?

(b) What is its greatest height? Q
(c) How long does it take to fall to the ground?
5 A bullet is fired upwards with a velocity of 400ms-. @
{a) What is its greatest height? .
(b} How long would you expect it to fall back to the height fr ich it is fired?
6 A bullet is shot forwards horizontally at the same time as a gipilar bullet is dropped to the
ground from the same height. Which bullet will hit the gm%? Explain your answer,

7  Aball is dropped from a height of 1.5m. How long it'fake to hit the ground?
8 A ball rolls off the edge of a table of height 80cm.

(a) How long does it take to strike the floor?
(b) If it hits the floor at a distance of 1.5m, hurizt@lmm the table, with what speed

was it initially rolling? Q
Distance-time graphs AT @®

Graphs are often used in science to help us to Q
studly various situations. They are of parli:uw

in physics to represent the motion of a bod

way of doing this is to use the y-axis to sent
the distance a body has travelled, whulz@ the
rap

x-axis to represent time. The resulti lets -
us see at a glance whether the hu oving Time
forwards or backwards and wh it is speeding This distonce-time graph répresents the
up or slowing down. motion of a body traveliing at constant
The graph in figure 1.37 e distance a speed. The speed is the slope of the graph
car has travelled from a p%r point on a road.

You can see that it is@enstantly maoving away from

that point, and thati ng so at a constant rate (or speed).

Velocity-time graphs

Velocity

We can also e y-axis on a graph to represent /
the velocit object while still using the x-axis to
represengitime. In the graph shown in figure 1.38, the :
veloci nstantly increasing. Because the graph —t— Area under the graph
has a ht line, we can see that the acceleration "
is stant. The area between the curve, or line, and Time

xis also holds meaning — it tells us the total

ce travelled. This can be explained using the In this vetocity-time graph, the slope
mathematical technique known as integration, which I the aoceleration. Tive area nder ife
: % graph is the distance travelled

some of you will study in maths class, 3 1
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Sample Question qi\’

The graphs in figure 1.39 represent the motion of a car along a road, with the
distance measured from a fixed point on that road. L

{a) Which graph represents a car that is motionless?
(b) Which graph represents a car that is slowing down?

() Which graph represents the car that is travelling the fastest? Q

VV"TV‘Q’

t Qfo

,\"'\r
L__(Sample Answer JRRERNG
Y

{a) Graph c represents a car that is motionles
{b) Graph b represents a car that is slowin
(<) Graph d represents the car that is tr

g the fastest.

Sample Question)

The graphs in figure 1.40 represen
road.

{a) Which graphs represent g!at are slowing down?
(b} Which graphs repres at have constant acceleration?
() Which graph repre car that has stopped?

(d) Which graph re:QTs car that initially accelerated before suddenly braking?

L4
e
EToompie nsuer)

E (a) Graphs b and c represent cars that are slowing down.

wvelocity of various cars along a stretch of

(b) Graphs a and e represent cars that have constant acceleration.
{c) Graph e represents a car that has stopped.

(d) Graph d represents a car that initially accelerated before suddenly braking.
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{Foryoultoltr

1 The graphs in figure 1.41
represent the motion of

a car along a road, with
the distance measured
from a fixed point on
that road.
{a) Which graph
represents a car
thI:t is motionless? “ s
(b) Which graph represents a car that is speeding up?
(c) Which graph represents the motion of a car that is towards thﬁl point?

2 A cyclist begins a journey and travels as indicated
by the graph in figure 1.42. After 105, a car passes
the same point on the road.

(a) After how many seconds does the car catch
up with the bicycle?
{b) What is the speed of each of the vehicles

during the journey?
3 A skateboarder begins a journey and slowly 0
increases in speed before stopping. She then P e |
returns to her starting point at a constant sp 0 5 10 15 20 25
Represent her journey on a sketch of a distance-

time graph
4 The graphs in figure 1.43, represent the u@ of m Question 2
various cars along a stretch of road.
(a) Which graphs @
represent cars that

a b c d e
are speeding up? v @ v . p G r
(b) Which graphs ‘ ‘: IL/ l/_\ I_. |4
represent cars that
have constant t ’ : J t
acceleration? % Guiéstion 4
() Which graph

represents a c%as stopped?
(d) Which graph représents a car that initially accelerated before suddenly braking?

5 A bicycle be rest and accelerates at 2mis™ until it is travelling at 20m s,
(a) After how seconds is it travelling at 20ms'?
(b) Represent its motion on a graph and, from the graph, find the distance travelled in
thi e,

Vectorr lution

If a pe shes a heavy box along the floor
they ten, for convenience sake, do so at

anangle to the floor. The man in figure 1.44
&ing the box with a force of 100N at an

of 30°. However, the box doesn’t mowve
in the direction in which the man is pushing it.
Instead, it moves horizontally along the floor.

33
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Using trigonometry we can find out how much of the u
force that the man creates is actually pushing the box (Fu)

forwards along the floor, This is called the resolution . <
of vectors. We draw a line to represent the 100N, and o

make this the hypotenuse of a right-angled triangle, as {"E.h v)
shown in figure 1,45, ‘*«HQ
~

The horizontal side of this triangle represents the
horizontal component of the force (£ ), and the
vertical side represents the vertical component of m "‘”""’“%ﬂm'g; ;

the force (F). We can find their lengths - and therefore the magnitude ofwn:es - using
trigonometry:

sin 30° = Opposite F,

~ Hypotenuse ~ 100 ;
F. =100 sin 30" = 50N . %

Adjacent F,
Hypotenuse — 100

cos 30° =

F, =100 cos 30" = 86.7 N

This means that the man is creating a single force U tly equivalent to creating two
separate forces: one of 86.7 M horizontally, and the gther of 50N vertically. The 86.7 N is the
force that actually pushes the box forwards, The hias an effect: it is pushing the
box down onto the ground, increasing friction and ing it mare difficult to push the box
forwards.

What is clear is that it would be more efficient tapush the box directly forwards along the
ground, None of the effort required to ¢ 100M would then be wasted, and the friction
would be minimised. Most of us would do this instinctively when pushing a heavy weight.

Anather way of resalving vectors into@nmpanents arises when we study objects that are
not on level ground. The cyclist in figur
1.46 has a total weight of 400N @ on
ground at an angle of 157 to the horizontal.
Her weight pushes w:rticallv% towards
the centre of the Earth, as you would
expect, but she isn't a ove vertically

downwards, so the weigh ad causes
her to roll down t i €an again use
trigonometry to calculate what component

of her weight'is eperating along the
direction in Moves.

We draw a downwards armrow to represent

the direétion in which the cyclist’s weight operates, the length of which represents the
rma { her weight, or 400N, We then draw a right-angled triangle so that this line is the

hypo e. The smaller angle in the triangle is 15% the same as the angle between the ground
the horizontal,
omponents of the cyclist's weight parallel to the ground (F ) and perpendicular to it (F )
are again found using trigonometry:

Q
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- eo_  Opposite F, &
aln: b Hypotenuse ~ 400 #,Jif *y
F, =400 sin 15° = 103.5N T
. @
o _ _ Adjacent _-'I_ \
cos 15° = Hypotenuse ~ 400 ll's Q
400
F. =400 cos 15° = 386.4N F\
II a
It is often easiest to see the significance of the resolution - Q
*

of vectors when we are dealing with forces, but it should
be remembered that any vector can be resolved into N
two or more components.

Sampl.e Question ))

A heavy object is pushed along a horizontal
: Fiy

floor with a force of 500M, at an angle of 25° to
the herizontal. What are the horizontal and .
vertical components of this force? -

H“—u..
L (Sample Answer Q L VI
sin 25° = E%'ﬁ %

F, = 500 sin 25° = 211.3N g 3

F
¢ = =l
F, = 500 cos 25" = 453.2N

s

Sample Question)

A woman walki s crosses a road of width 35m, at an angle of 45° to the
side of the road, in figure 1.49.
(a) What is the component of

hier velogity parallel to the

side oad? i 1
(b) Whatlis the component 7 aihie
endicular to the side \
&mad? ﬂi___i____
{ @

long will it take her

E to cross the road?
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[ (Sample Answer )

(a) v, = 4cos 45° =283

= 2.83ms’
(b) v. = 4 sin 45° = 2.83ms"
() 5 = ut+alf
35 = 2,B3t+%(ﬂ}t'
35

bim 283 - 12.37s

Sample Question

A hill is at an angle of 20°. A bicycle is
moving down the hill with a velocity of ‘\Q
25ms. Resolve this into horizontal and b

vertical components.

= Gampe answer i)

v, =255in20° = 8.55ms" %
v, =25 cos20° = 23.49ms" %

at is at an angle of 18° to the
horizontal.
) What is the component of the bicycle’s
weight parallel to the ramp?
b) What is the component perpendicular to it?

Q
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(a) W, =120sin18° = 37.08N

(b) W, =120 cos18° = 114.13N o6 |/

Find the horizontal and vertical components of a 450N force agting at'an angle of 60° to
the horizontal.

2 Arope is used to pull a sleigh along horizental, snow-cove aund. The force created
by the rope on the sleigh is 1500M, and the rope is at an angle af 20° to the horizontal.
(a) What are the horizontal and vertical component arce?

{b) s the vertical component of the force making it easi harder to pull the sleigh?

3 Find the horizontal and vertical components of
the velocity of the bullet shown in figure 1.55 as it

leaves the barrel of a rifle at 380m s, e
4 What are the horizontal and vertical compo - 30°
*to

of the acceleration of 5ms~ at an angle of Ei @

the horizontal?

5 A bicycle is accelerating down a hill with an
acceleration of Sms, The hill is at an of 25°
to the horizontal. Resalve this into horizoftal and
vertical components. QJ m el

6 A skateboarder has a weight of 65 nd is on a ramp that is at an angle of 22° to the

horizantal. &
{a) What is the component of the skateboarder's weight parallel to the ramp?

(b} What is the compo erpendicular to it?
7 A stone on a roof has a we f 2.4 M. The roof is at an angle of 35° to the horizontal.
What are the com ts.of the stone's weight parallel and perpendicular to the roof?
Momentum

b |

The momentum of a body is defined as the product of its mass and velocity:

® A
AT000kg c&'ng in traffic at, say, 5 ms-" would have a momentum of 1000 = 5= 5000 kgms-".
An artillegy shell of mass 12.5 kg travelling at 400 m 5~ would also have a momentum of 5000 kgms™
(1 2,5& The two are very different objects and very different situations, but they have this in
nothing else: you wouldn't like to be standing directly in the path of either of them.

com

omentum is a vector quantity. Its unit is kgms'.

31
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Sample Question

<

What is the momentum of a bullet of mass 5g travelling at 380m s east?
o

[ (Sample Answer ) °>
Momentum, p = mv
= 0.005 = 380 = 1.9kgms' east Q
.N

Conservation of momentum

Momentum is a very useful concept when we are studying the way @Mﬁﬁerﬁnt bodies
collide with, or push against, each other. In such situations, as Iuni :s there are no external

forces affecting the two bodies, we can say that momentum is co - This is known as the
principle of conservation of momentum. &

N

The principle of conservation of momentumn states that al momentum of two
bodies before an interaction is equal to the total momentum after the interaction,
provided no external forces are acting on the sys

In many cases, our use of this principle involves a@mptions about external forces. When
two balls on a snooker table collide, we usually ass that momentum is conserved and we
ignore the fact that friction between the bal @ d the table must have some effect, and that
this would be an external force. This is a reasdiable compromise as long as we look at the total
momentum immediately before the cuIIis':: and immediately afterwards. In the very short time

in between, friction would have a very 5 ect.

of conservation of momentum. We rmeasure the momentum of the Kicker's foot
immediately before the collision that of the ball immediately afterwards, but it is impossible
to ignore the external forces inv : the kicker's legs and whale body are playing some sort of
role, and they are having fa%?reat an effect for us to ignore them.

In the case of somebody kicking a fml, however, we wouldn't attempt to use the principle

The principle of conservation ofmomentum can be treated mathematically using this equation:

mu, + mu, = my, + m.y,

where:
M — Mass
u - veloci fore the interaction
v = veloci the interaction

A bullet of mass 259 travels at a speed

200ms" and strikes a wooden block m=25¢q
mass 1 kg that is free to move. The - il
ullet is embedded in the black, and 200 ms-1 _
& after the collision the two move e g'kg
together. What is their combined

velocity?
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L (Sample Answer

Momentum before = Momentum after OR

Povian = Poter
(MU, + (MU = (MY, s =
(0.025 x 200), ., + (1 x 0),, =(1.025v),_. o

m = 1.025%
1.025v =5 “_.= 1 ®
B - Ny
v =77gz5 = 4-88ms”

It is important to realise that conservation of momentum is not only useful W&re looking
at collisions. It also applies when two bodies push against each other and f in opposite

directions, This is the case when a bullet is fired from a pistal, for exam p1 rehand, the total
momentum is zero, Afterwards the momentum of the bullet - with Ws and high velocity
- and the gun = with high mass and low velocity = will be equal \? de but opposite in

direction. The total of the two is still zero.

85 (SampleQuestion) )

A pistol of mass 360 fires a bullet of mass 7.5q at «Q What is the recoil
velocity of the pistol?
L (Sample Answer Q

Poeiore = Paiter

0 = 0.360v + (0.0075)(400) % F i =
3 - v o= 800 m 5!

= 0360 = -8.33ms?! @
The pistol moves at 8.33ms ", in the Plerters

opposite direction to that in whi
the bullet moves.

As seen in sample question 3.22, r%il velocity
is the term we use to desghi e speed of the
rin

Alrer

pistal immediately after fir is movement
has to be contrell ser, and if they are
not properly prepared, itican easily injure them.

Bigger guns that fire larger bullets or shells can
have a very Iarcu-l velocity, and it can be very
hard to co 1...‘ hem. The recoil of cannons on
ships in the 1700s could be big enough to tear
the can from its bearings and to cause very
serio ge. Modern artillery guns often use  [UIEEEN The recoi velocily is small where there is no
powerful springs built into the gun itself to absorb e

t ﬂ-. oil to avoid damage.

Wk actors fire pistols in movies, they are usually fiing blank cartridges. These contain
gunpowder but no actual bullet. Because of this they have a much lower mass than a reqular
cartridge, and the recoil velocity is much less than it would usually be. This allows actors to treat
the firing of a pistol rather casually.
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) 4 |
Experiment 1.5: To demonstrate recoil '\%v
Method
1 Inflate a balloon without tying the end and hold it between .

your fingers at arm’s length. = e Q
2 Let go of the balloon.

3  Maote how the balloon flies around the room, . ,S
O
Observations N

The initial momentum of the balloon is zero. After release, the

air pushed out of the balloon in ane direction will have the same total momentum
total momentum as the balloon pushed in the other direction. As s conserved
momentum is a vector quantity, the total momentum irnmediate?@

before and after release remains at 2ero. &

Ny )

N

Experiment 1.4: Verification ﬁe principle of
cnnseruati@f momentum

Method

1 Set up the apparatus
shown in figure 1.61.

2 With the second
vehicle stationary,
give the first a gentle
push. After collision
the two vehicles
combine, using
magnets, and move
off together.

3 Mote the times [, a
t,. From these find

the initial veloci®), u SRR
and the final Eth

4 Calculat entum before the collision, p, . = m,u, and the momentum after the
collision, m, +mJ)w.

5 Repeat several times, with different velocities and different masses. Record the results.
¥

Res and Conclusions

You find that the results consistently show that p,_, = p__, thus confirming the

§sewation of momentum, ‘j
i )Y ticker-tape timer could also be

® The air track reduces the effect of friction. used for this experiment.
® |t is important to measure the velocities

immediately before and after the collision, to
offset the slowing down due to friction.
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oltry, _47

What is meant by the term ‘momentum‘?

What is the unit of momentum?
What is the momentum of a car of mass 1050kg travelling at 80 kmh'? %
[

Which has a higher momentum, a car of mass 1100kg travelling at 22ms”', or a bull
mass 30g travelling at 190ms'?

5 Two cars are travelling in the same direction on a straight road. One has mass o kg
and is travelling at 18ms™" north, The other has a mass of 950kg and is travaWt
22ms™ north. What is the total momentum of the two cars?

6 A cyclist, whose total mass including her bike is 6Bkg, is travelling at 1 ; applies her
brakes and slows down to 5ms'. What is the change in her momentum?

7  What is the principle of conservation of momentum?

8 A bullet of mass 45 g is travelling horizontally at 400m s and tnl:es%ch of wood of
mass 5 kg, which is at rest. If the bullet becomes embedded ln}
velocity immediately after impact?

9 A car of mass 900kg travelling at 20ms™' collides with anothe of mass 1050kg that is
initially at rest. If the two cars stick together and travel jn ame direction as the first car
wias moving, what is the initial velocity of the wreckage!

10 A pistol of mass 6004 is at rest. It fires a bullet of mﬁhnﬁmnta"}v at velocity 390ms".

oW ko=

lock, what is its initial

What is the recoil velocity of the pistol?
11 A red snooker ball is at rest when it is struck by the ye ball, of identical mass, moving

at 5cms'. The two balls then move along e line in which the yellow ball was
moving. The red ball has an initial velocity of 3 ', What is the initial velocity of the
yellow ball?

12 A rocket of mass 10000kg is travelling ton@
in space at 3kms". It fires a mass of 5 gas

as shown in figure 1.62, with a velocit

800ms". z ,-\\
(a) What is the total magnitude% ..tL — b b
v=800ms"

momentum of the gas? |

(b) What is the magnitude momentumof T 209 L/'
the rocket after the is ejected? (lgnore
the loss in mass of ket.)

rocket after t emitted?

(€) What is the maaitude he velocity of the m Question 12

&
Q
Q
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Module 2 Forces

Learning objectives Q

® Create possible algorithms for solving problems for bodies in m
under the action of forces (10.2.21

® Explain the meaning of inertial and gravitational mass (W!ﬂ
® Explain the curve of gravitational intensity and potential of the material

® Use the law of universal gravitation in problem-solving (Y2 4 |

Galileo and Newton . %

When Galileo Galilei attended university as a young man w}me
ded

16005, he initially studied medicine, which then would have 1

philosophy and ethics as well as what we now think ience and
mathematics. When he leamt about physics, much of t rent
knowledge was based on the work of the ancient hilosophers
such as Aristotle (384-322 BC) and Archimedes (284-212 BC). Some
of this was of great value and is still studied , but much of it was
flawed: Aristotle, for example, believed th ier objects will always

fall faster than lighter bodies. faalont]

Calileo saw that this was untrue and arg%at = in the absence of air resistance - all bodies
fall at the same rate. You will already have learnt about this. However, a key part of his work
was not just this new knowledge, it %s whole approach to how we should learn about the
world and deepen our understanding. Fe believed that we should always test our ideas out
with experiments and that we s@ be open to changing our ideas once we saw the results of
those experiments.

So when Galileo dropped a&:nball and a musket ball from the Leaning Tower of Pisa, he
wasn't just establishing th of how these objects fall. He was also helping to establish the
scientific method: tha@ur ideas should be subject to test and verification. This approach
gradually led to the gplitting of science from the world of philosophy. This process continued
after he died and atly advanced by the work of Isaac Newton (1642-1727).

Mewton bui what Galileo and others had done, and much of what are called ‘Newton’s
laws’ were understood before him. However, he developed the mathematical
technigques that allowed these ideas to be clarified and, crucially, verified.

&
Ne ‘s laws of motion

MNewton's laws of motion were laid down in his great work, Philosophiae Naturalis Principia
emnatica (often called simply the Principia), which was first published in 1687,

1 A body will continue in a state of rest or of uniform velocity unless an unbalanced

external force acts upon it
sfk 2  The rate of change of a body’s momentum is proportional to the force that causes
it and takes place in the direction of that force
3 If body A exerts a force on body B, then body B exerts an equal but opposite force
on body A.
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Newton's first law, in particular, owes a lot Movernent w

to Galileo.
- &
Many of us are happy to accept that

moving objects slow down and stop
because of friction. And similarly, we know
that when we reduce friction objects can
travel further, However, we often struggle WEE Friction causes moving abiects to stop

to accept the obvious conclusion of this, Q
which is Newton's first law: that in the absence of friction a moving object would trave
forever. In many ways, the genius of Galileo and Newton was to recognise the o

Put in other words, the first law tells us that, just as it is true that an object ill rermain
at rest unless a force makes it move, it is equally true that once an object is moving, it will keep
moving unless a force makes it stop.

You may notice this in a car. If the car stops suddenly, you feel yoursglf bein parently pushed
forward. In fact, what is happening is that you are continuing to travelag a constant speed, until
the seat belt forces you to stop, as described by the first law.

The first law is central to space travel. Spacecraft require
large quantities of fuel to take off from Earth and to
effectively escape the Earth’s gravitational pull, but once
they have done so they can switch off their engines.
Typically they travel at speeds of several kilometres per
second, and will continue to do so indefinitely: in t
absence of friction and air resistance, there is no f

space to cause them to slow down and stop.

The second law is crucial to making sense of all ton's
work, In it, he defined what exactly he mea “farce’.
This allowed force to be measured, which rr%that all of
his other theories could be tested and md.

Apollo 13 travelled over
500000 krm with almast no
fued in 1970, In the absence
of air resistance, no fuel was

The second law can be used in combin with the law
of gravitation to predict exactly howtlong it should take
Earth - and each of the planets - to travel around the Sun.

4 Py | + 5 needed
Because these ‘predictions’ m e reality with great
precision, it means that we can he laws of motion, and gravitation, to be true.
F=ma ‘ t“
From the second | see that force is proportional to the rate of change in a body's

momentum. That is, foF@body of mass m, changing from a velocity u to one of v,

\ Derivatio o

Fios my

soF

5 {asa= F;H -}
o F = kma

is is the formula that is used to define the unit of force, the Newton, we can choose a value
far k., and we choose the value of 1, so:
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The third law is seen in effect in the use of seat belts. When

a person is thrown forwards, the belt expands slightly, which
extends the time over which the person slows down, This
decreases the value of a, the acceleration, and with it reduces
the value of F, the force on the person.

From the second law, we can take a definition of force:

\__ A force is anything that causes or tends to cause an
acceleration.

&%

Experiment 2.1: Verification that ??R!geleratiun is
proportional tu’f&;;e (i.e. a=<F)

: S -
I ] u——w;tes
Air track Card | | - - 2 "
i )
Pump
alms 2
% Weights
f (torce. F) B 4 straight line through
the arigin verifies that
@ occeleration is proportional

W) experimental apparatus ! to force

Method
Set up the apparathwn in figure 2.5.
Set the weights {F) and release the vehicle from rest.

Calculate the i locity, u, and the final velocity, v

Find the acteleration, using a = mir

Remow 14M disc from the slotted weight, attach it to the vehicle, and repeat.
Continue fora number of values of F, and record the results.
Draw a graph of F in N against a in ms~,

] B oLn b W g =

Re and conclusions |

aight line through the origin shows that, for a constant mass, the acceleration is
rtional to the applied force. (The mass of the system is given by the slope of the line.)

Accuracy

® The weights are transferred between the string and the vehicle to keep the total mass
constant. They must be stuck onto the vehicle so that they will move with it.

® The air track reduces friction, improving accuracy.
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9 (SampleQuestion) )

A mass of 12kg is made to accelerate at 3ms-%. What is the magnitude of the force
acting on it?

L (Sample Answer )
F = ma & Q
=12x3 N

= 36N

&zl Sample Question *

A force of 150 N acts on a body of mass 18 kg. 'Jlﬂ'natusﬂ'le

L (Sample Answer } ‘*0
F = ma 0

E Q

10 -833ms %

1=
]

What is the force acting on it?

A car of mass 1050kg a:celer:&fmm rest to a speed of BOkmh-' over 9s.

v =u+at

_ 80x1000s .
v _W%.ZZWN
22.22=0+9g

220 _

third law is both widely known and widely misunderstood. The common statement
ery action has an equal but oppaosite reaction” is a valid way of expressing this law, but it
portant to know when using it that the word “action” here has a very specific meaning: that
one body is creating a force on another. Because this is easily misinterpreted, we tend to avoid
the use of the word ‘action” altogether in modem books,
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We encounter the third law all the time. Indeed, it is such an integral part of our daily lives that U

it is easy to miss it. If you push against a wall, you clearly create a force (see figure 2.7).

will create an equal force in the opposite direction, pushing back on you. If you push very h
it is unlikely that the wall will fall, but it is very likely that you will be pushed into an upright
position. This is the effect of the ‘reaction’, the force created by the wall. : -

—_—

Farce an wall

T S —"
Force on rocket

The thi hwwlmchﬂpmpumm
towave's the rear of the rocket
bt oppaosite, force forwards.

m-
WMmamm

Experiment 2.2: To demégstrate Newton’s third law

Metheod 1 @
1 Connect two newlton
meters (spring balances),

as shown in figure 2.9.
2 Pull on one of the

5N
balances and note the

readings on both.
Observations -Wﬂmm'imm

5N

The two spring balances
always show identical readings, as the forces are exactly . A
equal in magnitude, although opposite in direction. L o J-'
Method b R Mg
1 Inflate a balloon and hold the end between your e 2 !

fingers, before letting go. e
2 0O the balloon as it flies around the room (see

A0).
; WEELR Mewton's third low
rvations

force created by the balloon on the air, forcing it through the narrow opening, is equal in
magnitude to the force created on the balloon by the air, propelling it forward. Note that this
is similar to the forces created during rocket propulsion in space travel.
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Downward a %
force Normal reaction 4
: ' When one object rests on another it w
t is important to remember that each is
Upward creating a force on the other. If a boo *
farce is sitting on a table, as shown in the

figure 2,11, it creates a downward for
on the table, and the table crea
equal, but opposite, upward f the

WXL orma reaciion book. This is the normal ré
If you stand on the groung, yo weight

el
5

is acting downwards, and this causes you to create a downward force on
same time, the Earth is creating an upward force on you.

Again, this is the normal reaction. The force that we are aware of when \%k about cur
own weight is in fact the normal reaction, not the weight itself, Thisds obviols when you think
about it: if you jump off a height, your weight doesn’t disappear I|.'v.rI'IiIv.?:%%anﬂ_ falling, but you
are unaware of any force acting on your

body until you hit the ground, when the m'__m“ e craletates

normal reaction makes itself felt. : person dowmward; person
Motlontess lift ea-.rmt feek lighter

It is also the normal reaction that creates
the reading on a weighing scale and
allows us to, indirectly, measure our own
weight,

The normal reaction has an effect in lifts
(see figure 2.12). If a lift is motionless, or
maving at constant velocity, your weight

creates the force acting on the floor,
which is equal to the normal reaction. If
you were standing on a weighing scalew The effects of the normal reaction in a lift

the reading would be equal to your

weight. If the lift accelerates upwa%wever, the normal reaction is greater than your weight,
and this causes you to feel temporarily heavier, a sensation that would be matched by an
increased reading on the scalestSimilarly, if the lift accelerates downwards, the normal reaction

is reduced, the reading on the st : reduced, and you, briefly, feel lighter.

id. At the

When astronauts are in orl ard the International Space Station (155), they are about 400 km
above the surface of the Eart w This height is enough to reduce their weight, but only by a

A wery small amount, They feel weightless,
however, because of the absence of the
normal reaction.

Their situation is a little like being in a lift
that is falling freely at the acceleration
caused by gravity. If you can imagine
yourself in such a situation, you would be
able to float about inside the lift as if you
were weightless. Remember that when a
lift accelerates downwards, you feel lighter
3 for a moment because the normal reaction
Astronouts on the IS5 experience o feefing is reduced. S0, when the lift is in freefall,

something similar to being in a freefalling lift. Orbit  the normal reaction is reduced to zero.
is often described o3 being in perpetual freefall”

4]
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Sample Question

A man of mass 70 kg is standing on a weighing scales in a lift. When the lift is

motionless, the reading on the scales is 686 M. What is the reading when the lift is: »
(a) Travelling upwards with a constant velocity of 4 m s

(b) Accelerating upwards with an acceleration of 2 m 52

(c) Travelling downwards and slowing down with a deceleration equal to @P

&

[ (Sample Answer ) ‘\v

(a) Constant velocity, so no acceleration. The reading on the s
Weight = 70 = 9.8 = 686 N
(he feels heavier):

(b} Accelerating upwards, so the reading on the scales is
Weight = 686 + (70)(2) = 826 N

(€) Accelerating downwards, so the reading on the ml%reased (he feels lighter):
Weight = 686 - (70){(1.5) =581 N

Friction is a force that tends to oppose relative on. It is encountered whenever one body
slicdes, or attempts to slide, across the surface of aw It is both beneficial and problematic:
one the one hand, without friction we could walk or drive but would instead slide about the
world; on the other hand, friction inc mse% machinery and reduces efficiency.

b\ Goryoutor

T State Mewlon's first law,

2 If a cyclist is trmllinggnnsmnt speed (say, 6 ms), is there any net force acting on
him?

3 A parachutist is fa%ilh a constant speed of 2ms'. Her weight is 90kg. What is the
total upward fo on her?

4 State Newton$ secondlaw.

5 State Newton's third law.

6 Amas 5kg is made to accelerate at 8 s, What is the magnitude of the force acting
on it?

7 Aforce of T50N acts on a body of

s 18%g. What is the acceleration?
8 &1 mass 900kg is simultaneously  Force from

riencing two forces, as shown in i"?;'; R I :ﬁ;ﬁ;ﬁf
figure 2.14. What is its acceleration? = 1100 N
‘éA car accelerates from rest to 27 ms!
due north in 6s. Its mass is 1250kg, BT Question 9
What is the net force acting on it?
é 10 A bullet of mass 30g is travelling at

280m s~ when it strikes a tree. It travels 9cm into the tree before coming to rest. What is
the average force created by the tree on the bullet?
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11 An arrow has a
mass of about
65q. If a bow
could create forces
of 400 M on this
arrow when the
string was pulled
back by 70cm,
with what speed
would an arrow
leave the bow?

12 A catapult-type ]
device is used on aircraft carriers to accelerate aircraft from O0ms' to 60ms¥in a distance
of 80m. What force does this create on an aircraft of mass 14 I.'l::lnneaI

13 A woman of mass 60kg is standing on a weighing scales in a lift. Wherithe lift is
maotionless, the reading on the scales is 588 N. What is the readiWen the lift is:

(a) Accelerating upwards with an acceleration of 3ms? ‘\
(b) Travelling upwards with a constant velocity of Sms™_

(€) Travelling downwards and slowing down with a ‘deg

{d) Falling with an acceleration equal to F.Ems*b

Gravity

Remember that in his third law of motion Mewton at
whenever one body creates a force on another, second
body will also create an equal but opposite forc a pen

pen has weight, and you know already that a force
created by the Earth. But if the Earth is cﬁatin a force on the

in front of you and think about the forces a-:b:’ g an it. The

pen, where is the other force, predicte ewton’s third

law, that must match it?
The answer, surprising in some way&mat the pen is also

creating a force on the Earth, Qr;:e pen is pulled down to the Earth, the Earth is pulled

Both the Earth and the
pen expertence a force

upwards towards the pen, an forces are exactly equal in magnitude, although
opposite in direction.

This can be hard to acce remember that while the two forces are equal in size, they need
not be equal in effe pen, with a mass of a few grams, is clearly going to fall downwards
due to this force, . by contrast, with a mass of & = 10" kg, is not going to move much
as the result of such a tiny force.

The idea that ges dtcur in pairs, and that this idea applies even to gravity, is the essence of

Mewton's la vitation:

\ Me s law of gravitation states that the force of attraction between any two paint
directly proportional to the product of the masses, and inversely proportional
o the square of the distance between them;

Grmymg

F= 3
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determined by the masses of the bodies and by the distance between them.

Twe masses, each of 1kg, sitting on a table in front of you are attracted to each other by
gravity, just as they are attracted downwards towards the centre of the Earth. However, we Qave

discovered that the force between them is very, very small.
Cravitational forces are generally small unless very large objects - such as the Earth er
= 0nan

planet - are involved. The gravitational force created by the Earth - or other pla@

This law tells us that all objects with mass create gravity, and the size of the gravitational lon:i isN

object is what we call its ‘weight’. This is due to the size of G, the gravitationaljgonstant, which
is usually given as 6.7 = 10-""Nm? kg2, &

We use the concept of centre of gravity when finding the distance between bjects and
calculating gravitational forces. For large spheres such as the Earth, w; that we measure

all distances from the centre of the Earth.
Isaac Newton & :

Isaac Mewton lived from 1642 to 1727. He showed n 'm:lr the farming
life into which he had been born and was sent to sc% university instead,
where it was hoped he might take religious orders a to provide for
himself. Instead he dedicated himself to his sltﬂ%@me the central figure
in the scientific revolution, making contribution many areas of science and
mathematics that are covered throughout this%

Mewton was an intense and difficult figure, He hadew friends and never married.
He was deeply uncomfortable with any f criticism and tended to hold a
grudge against anybody who questioned k. At the same time, he was
jealous of other scientists and often q led with his contemporaries. It is even
possible that he was only driven to p his great work on gravity by the fear
that others would make similar d%ries and would take the credlit,

He spent many years away from his@fore successful scientific studies working on
such matters as alchemy andﬂing the Bible with great intensity. He seems to
have been a devout but uno % Christian, who never took holy orders. He also
served in Parliament for riod and in later life he was appointed to run the Royal
Mint - the British institution respensible for the printing of money.

Inverse qlﬁlaws

Newton's | gfavitation is an example of an inverse square law. This means that the forces
created are in y proportional to the square of the distance between them. Mathematically:
1
o?
The other laws that follow a similar pattern, describing for example the forces created
through magnetism and electricity. Finding a link between them all is one of the great quests
dern physics. Einstein spent the last few years of his career attempting to find such a link,

L J F o

others have tried since, but no one has so far succeeded in finding one.
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£ Gamplequestion) )

What is the gravitational force created by two masses of 1 kg, placed 50cm apart?
L (Sample Answer )
Gmm 5
i =@l

(6.7 x 10™(1)(1)
= 2

(0.5 218
= 2.68 % 100N NQ’
=23 (Sample Question
What is the weight of a man of mass 80kg, when he is sundinw surface

of the Earth?
- Musm&Jix 10°m
L (Sample Answer ) ﬂ-ﬁxmﬂhg

Gy
F=—& Q
_ (6.7 x 107)(BO)(6 x 10%9) o
(6.4 x 10%):2 %
= 785.16MN

EX) (Sample Question)
T ’

A woman has a weight of 600 N ﬂisurﬁ&m of the Earth. What weight would
she have on a planet with a radius t times that of the Earth, and a mass twice

that of the Earth?
: Ll
L (Sample Answer ' m. = mass of Earth
m., = mass of woman
On Earth: r. = radius of Earth
F= G’:"f’“ = 600

On other plapet:
G

=133.33N ﬂ
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Henry Cavendish Nky
Creek philosophers found a way of

measuring the circumference of the Earth, .
using astronomy, as far back as 300 BC. Over %

time, that measurement has become more

mass of the Earth?

British scientist Henry Cavendish (1731-1810)

devised an experiment in 1798 to establish

the mass of the Earth. He used a balance in

which two lead balls hung from a 2m-long m i wmus
arm. Gravitational attraction caused the

balance to swing towards another pair of heavier lead balls. Th gth of this

force could be measured by measuring how far the balange rotated.
In modern terms, this allowed us to find a value for G, the Mticmal constant.

and more accurate, But how do we know the ‘Q

1 State Newton's law of gravitation. - 13} )
If a ball is kicked into the air, the Earthicreates a == Radius of Earth m 6.4 » 10° my
force on the ball that acts downwards. Aceg Mass of Earth = 6 x 10* kg
Mewton's third law, an equal but o ite force is
also created. What is this force, anmat object does it act?

3  What is an inverse square law?

4 A can of coffee has a mass of 4 hat s its weight?
5 A person has a weight of ?@fn Earth. What is their weight on another planet, with

a mass three times that of rth, and a radius twice that of the Earth? (Try to do the
question without using/the given values for the mass and radius of the Earth.)
6 Two objects, each of m Okg, are situated 2m

apart in space. e |
(a) Whatis theQﬁmal force on each of =) Radius of Moon= 1.7 = 108 m
them? Mass of Moon = 7 x 10% kg
(b) What %\ion wiould this create on either Radius of Mars = 3.39 x 10 m
f the'masses? Mass of Mars = 6.46 = 10 kg

(€) ofig would it take until the objects

7 A neutron star has a mass about the same as that of our Sun, 2 x 10%kg, and a radius of

5 -:}Irﬁ. If an object of mass 10 kg were on the surface of the star, what gravitational
ould it experience?
8

ubble Space Telescope has a mass of 11 600kg. What is its weight when it is:
(a) On Earth
{(b) In orbit, at a height of 600km above the Earth?

Q
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Weight

MNewton's law of gravitation offered mathematical support
to theories that Galileo had developed years earlier. In
particular, Galileo had argued that, when we can ignore air
resistance, all objects will fall at the same rate. He had done 1
experiments to show that this was true, but Newton's work . ')
offered further verification. We can see how Mewton did
this if we think about a body of mass, m, on the surface of
the Earth (with mass M) (see fiqure 2.20).

The weight of the body is how we describe the force QEEDN 4 body of mass m o
acting on the body and pulling down towards the centre
of the Earth. There are two separate ways that we can look at this force math ally.

Firstly, we can use Newton’s law of gravitation, which gives us: %
&

" Derivation ¥
F_ﬂMm

H!
However, the weight is also a force, so we can also ulct@mlu& of the weight
using Mewton's formula, F = ma. This gives us:
F=mg 0

Equating these two, we can see that:
GMm

g ®

If we simplify this, we get: %
oM
o= %

This equation shows us that, as Galileo %’redicted, the acceleration of a falling body does
not depend on the mass of the tm:&:l nly on the mass and the radius of the Earth.

We usually take the value of g to be 9.8m s, but this figure is not a constant, as its value is
dependent on the value of R, t ius of the Earth, which is itself not a constant.

centre of the Earth than y Id be at sea level, and the value of g is therefore a little smaller.
Also, remember that the is not a perfect sphere, but that it is slightly flattened at the
poles, and bulges the equator. This means that the value of g is lower on the equator,
where it is 9.78m s tis at the north or south pole, where it is 9.83ms2,

This means that if you are nS to high mountain, for example, you are further from the

It is also important w‘note that the weight of a body is given by:

W=mg
This is really a rewriting of F = ma, but because weight is such a key measurement, we often use
this versi f the formula.
Also, n see from the equation that a body is almost never truly weightless. Although

when it is far from any planet the value of g = and therefore the weight = may be very small,
i ever be zero. In a spacecraft in orbit, both astronauts and shuttle are caught in what

tially perpetual freefall. The astronauts appear weightless, but the acceleration due to
gravity in those orbits is actually close to its value on the surface of the Earth {generally, it is
about 8.7 ms?).

53
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Experiment 2.3: Measurement of g (by freefall)

Method
1 Set up the apparatus as shown in L ]

: o _ Electromagnet
figure 2.21. The millisecond timer
starts when the ball is released and Swi

stops when the ball hits the trap-door,

2 Measure the height, b, as shown,
using a metre stick.

3 Release the ball and record the time,
t, from the millisecond timer.

4 Repeat three times for this height, h.
Take the smallest time as the correct
value for ¢

5 Repeat for different values of h.

Results and Conclusions
Calculate the values for g using the

equation:
1
= E gﬂ
Obtain an average value for g.
Alternatively, draw a graph of h against £
(figure 2.22). g = 2{slope)

Accuracy %
#® The shortest of the three times is@

taken as t, as various factors can de -

the falling of the ball, but no £t

should speed it up. A piece mer m Height against ¢*

between the ball bearin d the

electromagnet will hdpﬁe a quick release.
@ Larger values of b \Qase the percentage error.,

A ‘

£ (anpleQuestion) )

&
; the acceleration due to gravity on the surface of the Earth?

!

Sample Answer :

|
"~ Radius of Earth = 6.4 x 10°m

_Gm Mass of Earth = 6 x 102 kg
@ G=6.7 x 10" N m? kg?
_ (6.7 x 1071)(6 x 10%)
(6.4 x 10°)

=981 ms?
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Sample Question) ) _4‘\’

What is the acceleration due to gravity on the International Space Station, about
400 km above the Earth?

T (Somple Answer ) O
5 .

g=_._
a? Nr
_ (6.7 x 10'"){6 x 102%)

= (6Ax10F+ 4% 10°F
= 8.69 ms?

1 Calculate the acceleration due to gravity on the Moo ’@ g, given that the mass of the

Moon is 7 x 10* kg and the radius of the Moon is 1.7 x 10%m.
Gm

2  Show how to derive the formula g = =7
3 Geostationary orbits are all positioned at a hei f 35 900 km above the surface of the
Earth. What is the acceleration due to gravi()q;t height?
4 The Andromeda Galaxy has a mass of 6 = 10" kg.
{(a) What is the acceleration due to gravi%ted by that mass on our galaxy, the Milky
Way, which is 2 x 1022 m away?
(b) What is the total force on the Mi%a}r, which has a mass of 7 = 10* kg, towards
the Andromeda Galaxy?
5 How far from the centre of the Ewuld you have to be for the acceleration due to
gravity to be equal to 1 m 527
high above the surface of the%

is this?

6 Figure 2.23 shows the E 3.85 x 108m
the Moaon, a distance of 3, 10# T TN
: Moon
m apart. At what di rom the et Futoon
Earth does the accelera due to Earth
gravity create the Earth equal
that created oon?

7 The distance fromthe centre of the
Moon to the centre of the Earth is
385 = . The Earth has a radius
of 6.4 m. The Moon creates

a gravitational force on Earth and
h n acceleration caused by
ity, gm. What is the difference

in the values of g, at the two points
own in figure 2.247

Moon
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Gravitational Field Strength away from the Earth’s surfagce U

The gravitational field strength decreases as the inverse square of the distance from the ce

of gravity of the mass that is causing the gravitational field around it. Mormally we only consid
the gravitational field around the largest object (the Earth or the Sun), but every mass creates a
gravitational field around it.

The strength of the gravitational field also decreases as we tunnel deep underground €,
once underground, some of the mass is attracting upwards. At the centre of t , there
is as much mass attracting downwards as there is upwards. 5o the gravitationa strength

drops to zero.

The figure shows how the gravitational field 9-
strength varies both below and above the radius

of the Earth. Only very close to the radius of the

Earth the gravitational field strength is equal to g

(~9.81 m 5-7). At twice the Earths radius the b |

gravitational field strength drops to g/4, and 9 | I

decreases more and more as the distance is ' \m R 28, 3,

increased. ion of the gravitational field
rength inside and outside the Eavth

the journey. As the journey progresses it become and easier for the rocket to accelerate

away from the attraction of the Earth.
Close to the Earth’s surface we say that grz%: potential energy Ex = m g h where m is the

mass, g is 9.81 ms~ and h is equal to the Eéight ve sea level. However, when we consider
T

This shows clearly why the most difficult part of Iwg a rocket into space is the first part of

much greater differences we can no lon this definition. Instead we define gravitational
potential energy as being zero at infinj may seemn like a strange thing to do, but large
distances away from anywhere [app&tely infinity) are what is outer space has most of; 5o
most of outer space has a potential of : = i
Compared to the potential a L:Nm away from \ gravitational field strength g

L I

the Earth, the gravitational pote oser to
Earth is negative. That mea%t a mass that is
inside the Earth's gravitational field has an "energy

debt’. By that we mea
additional energy if it is

the Earth's gravitational field. ' radial displacement r
Another way &f loo at this is to say that the ' P —
potential a int inside a gravitational field is U= 0 at infinity
the amount o that the gravitational force has

done in order to bring an object all the way from u

infinity gdp to the point where it currently sits.

Mat ally the gravitational potential is equal vy | gravitational potential U
to the negative of the slope of the gravitational
strength, This is shown clearly in the figure

Mathematically we say:
GM GMm
‘é i r’m U= =

The force is directed in the opposite direction to which the distances are measured. The
potential is always negative, it is only zero at infinity.

Relationship between the gravitational field
strength and the gravitational potential
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Module 3 Circular and Simple

harmonic motion

Learning objectives q

@ To apply the basic equation of gyredynamics in different forms in Q

problem-solving (10236
# To define a radius of path curvature, tangental, centripetal and *
complex acceleration of a body when in curvilinear motion II}IE.IISEN

#® To investigate physical measurements characterizing translaki
rotational motions | 10.2.2.7 |
erital

#® To determine the moment of body inertia through the ex
method (10,228

@ To use Steiner's theorem to calculate the moment ofipertia
material bodies (10.2.2.5] &

® To apply conservation laws when solving calculatio

experimental problems (16,241 c

Circular motion

There are many situations in which we see

a moving object follow a circular path.
Examples include an object tied to the end of
a string, a planet in orbit, the rotating drum
of a washing machine or the wheel of a car.
These are all very different, but there are very
simple mathematical rules that they all obey |
regardless of the exact process that causes
them to follow a circular path. In this p f
the module, we look at the maths guvem
circular motion.

Wird turbines, one of many examples of objects in
circutar motion

Linear and angular vel

We can measure the velocity of a ject travelling in circular motion in two very different
ways. The linear veloc asured in the same way as it would be for an object following a
straight-line path. Essentially, linear velocity (and speed), v, is found using the formula;
Distance
Speed = —
o Time

ar

] ]
V= —
edé :
For an obj wing circular motion, the distance travelled, |,

forms thglarc of a circle, as shown in figure 3.2.
Inste asuring the distance the object moves every second,
however, we could also measure the angle, & through which it
m every second. This is known as the angular velecity, usually
d by the letter w and measured in radians per second, rads™.
lculate it, we use this formula:

57
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Linear velocity (v) and angular velocity {w) are
connected. Think of a string being rotated in a
circle onto which two objects have been
attached at different points, as shown in figure
3.3, Both objects are moving through the
same angle each second, and therefore have
the same angular velocity. However, the object
at the end of the string is travelling through a

k!
1
e
greater distance every second and, therefore, . h, T

has a larger linear velocity than the object \ b _& /
closer to the centre of the string. The greater \ ¥
the radius of the motion, the greater the linear b -
velocity tends to be, ~ . S

Connecting v and o m I""’ mwamm@

The connection between linear and angular velocity can also w mathematically:
We know that linear velocity follows this formula: \

angle in radians at its centre by this formula:

ri
Substituting this into the above formula:

\- Derivation Q
= F @
i
-t @
But as m= —f We can ther%s.ay:

¥ = f{D
Period :

Objects travelling in dicular motion repeat the same motion over and over again. With any

]
VF=s—
'
However, from your studies of maths, you also knbheae of a circle, [, is connected to the

situation fi it can be useful to measure how long exactly it will take for one complete
motion, or be completed. This is time is known as the period of the motion.
We can do this by rearranging the formula for angular velacity, which gives us:
’ 8
t=—
@

When an object travels through one complete circle, the angle through which it has moved is
ians. This means that the period, T, of a particle in circular motion is given by:
i
"o
We can also talk about the frequency of the motion. The frequency of a circular motion
measures the number of full rotations, or circles, travelled in one second. It is measured in hertz.
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|ust as is the case when we analyse wave motions, the frequency and period of circular motion
are related to each other:

.
st

£2) (Sample 0 ,

An object is in circular motion with an angular velocity of 9rads ' and a radius
of 20cm. What is its linear velocity? *N

= ample Answer) ~<;,

¥ = fi
=9 x0.2
=1.8ms"!

sampteouestmn

A bicycle wheel of radius 45 cm spins so that it comple ree complete
rotations each second.

(a) What is the frequency of the motion?
(b) What is the period of the motion?

(<) What is the linear velocity of the oh}ecf?

L (Sample Answer )
{a) Three rotations per second is me@%ﬁ; i.e. f=3Hz

(b) r=~}._u_0335

= {0.45:{%
= 8.57ms"’

(Winyl records were the main method by which people listened to music,

‘single’ had a radius of 8.9cm and spun at 45rpm (revolutions per minute).
é What was the period of its motion?
)

What was the linear velocity of a point an its edge?
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[ (Sample Answer) %

{a) f = 45 revolutions per minute, so revolutions per second: ®

=

S O
1
f
2

1
T = = 075 =1.335 Q
(b) T==£E ‘a
2n

e ] =1
50 W= T =733 4.72rads
¥V =
= (0.089)(4.72)
= 0.42 ms-1 .

1 What do we mean by the term ‘angular velw e

2 What is the relationship between angular ve and L i
linear velocity? Fa

3 An object is in circular motion with an rvelocity / e e

of Srads™ and a radius of 15¢m. What is its linear [} i =
velocity? I J' 15em

4 A wheel of radius 50cm rotates so that a point on \ ;
its surface is travelling at 4ms @l is the angular \ re

velocity of the wheel? \
5 Astring of length 60cm is@ spun in a circle with LY 4

an angular velocity of 6gads™. It has two weights — -

attached to it, one at % nce of 15¢em from the

centre and one at the edge, as shown in figure 3.4. m s

What is the lineag ’% of each of the weights?

6 What do we mean bytive ‘period” of a circular molion?

7 Astandard vi ord has a radius of 15cm and spins at
33rpm figupe 3.5). What is its angular speed?

&8 (a) spins about its axis once each day. Given that

th s of the Earth is 6400 km, what is the linear speed
of an object placed on the equator due to this metion?

(b} The Earth also rotates about the Sun once each year. The
istance to the Sun is 150 million kilometres. What is the

speed of the Earth due to this motion?

&ripetal acceleration
ry moment while an object is travelling in a circle, its direction is at a tangent to that

E circle: for example, if a weight is tied to the end of a piece of string and is rotated in a circle and

then released, the weight will fly off at a tangent to the circle, However, as the object travels in
the circle, its direction constantly changes. Remember that velocity is a measure of both speed
and direction. This means that an object travelling in a circle may have a constant speed but,
because its direction is always changing, it cannot have a constant velocily.
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Remember too that acceleration is the rate of change of velocity, and this means that any object N
with a changing velocity (including an object travelling in a circle) has an acceleration. We refer
to the acceleration of an object travelling in a circle as centripetal acceleration.

Acceleration is a vector quantity and, therefore, must always have a direction. The direction of

2 . ; : L
centripetal accelerations is always towards the centre of the circle. c

“—/ Centripetal acceleration is the acceleration of an object in circular

\* |
maotion. Its direction is towards the centre of the circle. 10 Thm@e

' The value of the centripetal acceleration is related to both the linear and
and angular velocity of an object, and to the radius of motion, raction.

using the formulae;
& N

Centripetal force ;Qm
We know from Mewton's second law, and the formula F= ma, t enever there is an

acceleration, there must also be a force. The force e;pn’-rrw an object in circular motion is
known as the centripetal force.

> |

~ Centripetal force is the force on a body in cimul%m. Its direction is towards
the centre of the circle. % e

un%nrﬂln:rﬂf

%

* As F = ma, we can say that the centripeta& is given biy:
F=m d F = mraf’

F

It is important to remember th ﬁ force that ensures an object travels in a circle is a
centripetal force, This means that wiien a weight is tied to the end of a string and is rotated

at speed, the tension in t%; is the centripetal force. And when a disk drive spins in a
computer, the centripetal f is created by the electric motor. And when a planet rotates
around the Sun, or ite rotates around the Earth, the centripetal force is created by gravity.

These situations differ each other in many details, but the mathematical formulae we have
looked at in this module apply to all of them.
L

$Ed of 15ms™". What is its centripetal acceleration?

61
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[ (Sample Answer ) N%V

Q

a

i
o s

‘=18.75ms? %

]

.

One section of a roller-coaster involves a circle of radius 9m. A car
300kg travels at 10ms™" on this section. What centripetal forc it
experience? *

[ (Sample Anﬁwer

=30D:¢T=3333N

‘; >
Fo=mi . Q
N

Forvoultoltry)

1 What is meant by ‘centripetal %‘faliﬂn‘?

2 What is the direction of centripetal acceleration?
3 What is meant by "centri fgrce’?
4

If an object travels in a :'n:le with a constant speed, does it have an acceleration? Explain

YOur answer,

5  Acaris travelling d a circular bend with a radius of 20m. It has a constant speed of
22ms'. What is %:mtiun?
hi

achine has a radius of 25c¢m and spins at 1200rpm during its

6 The drum of awas
spin cycle. ‘%
(a) What is its @ngular velocity?

s@ mass of 1.5kg, what is the centripetal force involved?
g is tied to the end of a string and is spun in a circle of radius 60cm, as
shown in figure 3.6,

{a} If it angular velocity is 9rads”, what is its linear e
elocity? T =
The mass is released at point A, when it is 1.25m above ! \
b
¥

ground level and travelling vertically upwards. On a I.‘
é diagram, show what path it then follows. What is the \ % i 3
greatest height that it reaches? ] r
B A model plane is being flown attached to a string that can \\, e
withstand up to 180N of tension. The mass of the plane =
is 7504g, and it travels at 15ms™. Assuming the string is mqmmm 7
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Satellites u

As we have seen, there are many different processes by which an object can be made to travel *
in a circular path. A satellite is any object travelling in orbit around another object. Examples

are the motion of the Earth and the other planets around the Sun, the movement of the Moon
around the Earth, and the movement of the many thousands of artificial satellites that have
been placed in orbit around the Earth owver the last few decades. All of these are maintain

their circular paths because of the effect of gravity.

This means that for satellites, the centripetal force is created Q
by gravity. And it also means that the formulae we have .

L J

to describe gravitational forces, from MNewton's law, must

agree with the formulae we derived for centripetal forces. Satellite;

# mass = m

Period of satellites I

Think of an artificial satellite of mass m travelling in an orbit
of radius r around the Earth {(which has mass, M), as shown
in figure 3.7.

When an object is in orbit, the centripetal force it !
experiences is created by gravity. This means that the force
can be described either by our formula for the centripetal
force, or our formula for the gravitational force. The two
must be equal.

-‘J Derivation Q ®
GMm _
e %
Also, remember that in terms of the peﬁt%nf a motion:
2n

iy J
GMm _  [2%);
i ’“’( T ]

= F = M

GMm
Or, simplifying: Q
4r'r
T=—cu ¢ t'

This is a very interesting result. If we arrange it to just look at the variables, it can be further

simplified as: .

This gi the relationship between the peried of a satellite and the radius of its motion. It is
very | t historically, because it fits in with Kepler's law.
Kepler had studied the motion of the planets for many years (see the box on Kepler opposite)
had finally arrived at exactly this mathematical relationship between the period and
s of their motions.

A satefite in orint around the
Eorth
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When Newton could then do the maths shown here and prove that his gravitational law fit 'dw
in exactly with what Kepler had already established, and with the observed motion of

the planets in the solar system, it meant that his equations could be trusted. They had sur-

vived the crucial scientific test of being verifiable by experience.

Another way of looking at the motion of a satellite is to think of its speed rather than i riod.

As we have argued above, the centripetal force is equal to the gravitational force: $

GMm v
B e QY
Simplifying this equation yields: *
o M N
r
The values of G and M will not change, so this equation tells us that th city of an abject

travelling in circular motion about the Earth is controlled only by th&radius of its motion. This is
very important for space engineering. @

Think about a situation in which astronauts in a space shuttle’; iven the job of making
repairs to a satellite situated a few hundred metres ahead oﬁn catch up with the satellite,
most of us would instinctively fire up the rockets to make&mle go a little faster, But the
problem with this is that it will push the shuttle out %P:e orbit, away from the satellite.

Both equations for the motion of satellites show that th ity of a satellite can be controlled
only by the height of its orbit: to increase velocity, atellite must reduce r— that is, it must
move closer to the Earth - and to slow down it m e further away.

ards towards the Earth a little, where the
shuttle will then quickly catch up with the
nd carry out the repairs.

What the astronauts need to do is to move d
reduced value of rwill vield a larger value for v
satellite, and then it can return to its urigiwi

Johannes Kepler @

The names of Micolaus Coperni 1473-1543) and
Galileo Galilei (1564-1642) a s throughout the
waorld. In the popular imagifation they are the men who
established that the Earth is the centre of the universe,

but instead that it is about the 5un. Both deserve

credit, but in many &nmtml figure in the story

should be Iuhanmnepler

Copernicus was mathematician and astronomer
h

is death, published a book called On the
stial Spheres, in which he outlined Johannes Kepler (1571-1630)
the planets are in orbit around the
Sun. His ideai slowly spread around Europe and became the basis of a new understanding
of astrogomy. However, his theory did have flaws: because he believed the orbits had to be
pe es, his maths did not guite fit the reality of the motion of the planets.
Ga rves credit for the development of the telescope and for his astronomical
rvations, particularly the discovery of the moons of Jupiter. His famous battles with the
of the day, though, have perhaps helped to obscure the work of Kepler.
pler was a German scientist and mathematician. He studied the wonderfully precise
observations of the planets made by Danish astronomer Tycho Brahe (1546-1601), and
combined them with the work of Copernicus to produce mathematical formulae that
described with great precision the motions of the planets. This work then provided Newton
with a basis on which to build his famous theory of gravity a generation later.

FHYS Gr 00 Sa lod iedd 64 @ BEIE 1016 PN



®

MODULE 3 CIRCULAR AND SIMPLE HARMONIC MOTION

Geostationery satellites N

The first artificial satellite was launched by the Soviet Union in 1957, It stayed in orbit for *
three months and did nothing but constantly broadcast a series of beeps, which could be

picked up frem Earth.

Since then, many thousands of satellites have been placed in orbit, with many purposes. T
can help with weather forecasting, spying missions, space exploration and communications.

The most obvious connection most of us have with communications satellites is the H@
te

L J

dishes used on many homes to provide TV programmes, These dishes all point to the ar
satellite from which they receive a signal. For this reason, it is important that the llite stays in
the same place from our perspective here on Earth,

To do this, the satellite has to move with the Earth, constantly staying above, on the
Earth’s surface and moving through one complete orbit every day. Such satellite known as

geostationary satellites. %

To match the spin of the Earth, these satellites must be above the equator and must have a
period of exactly one day. Following on from the maths we've alreadm this means that
they must all have the same radius of
motion and travel at the same speed:
they are all at a height of approximately
36000km above the Earth's surface, and
they travel at close to 3kms™.

The need for these satellites to share an
orbit can lead to disputes, which are
generally dealt with through an agency
that is part of the United Mations.

(a) What is the radius of orbit of a I|

geostationary satellite? 1)
(b) How high above the Eanh's‘&'ce ~ Mass of the Earth = 6 x 10™'kg

is this? Radius of the Earth = 6.4 » 10°m

(<) At what speed is it trave

Fd
(@) P=Arr
T=24h = 864008
GMTE &
4

e
’ &r"}(s « 10%)(864007)
i
reid 23 « 10" m
( 107 — 6.4 x 10°
=3.50 % 10'm
= 36000km

) vi M (67X 101N6 X 10%) _ 95534

v=3083ms’
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1 Mame three scientists who contributed to our understanding of planetary motion, &
What is the period of a satellite that is in orbit around the Earth, with a radius ﬁn‘ghun

of 6.6 x 10°km? W)
3 (a) Whatis the period, in seconds, of a satellite that completes seven m%m orbits

of the Earth every 24 hours? ‘33-‘;.'-1

(b} What is the radius of its motion? & L

4 A satellite is placed in orbit 600km above the surface of Jupiter. Iuplterﬁlisa raclius of
7.1 x 10"m and a mass of 1.9 x 10*" kg. What is the period of t llite?

5 The International Space Station (155) is in orbit at a height of @me the Earth’s
surface. P
(a) What is the period of the space station’s motion? -‘E’.' 'f"-’*
(b) How many orbits will it make of the Earth in a 24-hour pe'iﬁ:d?

6 (a) What is the period of a satellite that is in orbit arouﬁ% Earth and whose radius

of motion is twice the radius of the Earth? *""'3?-_-;\

o]

(b) What is its speed?  ,
7 Venus has a mass of 5 = 10%kg. It rotates ver}fmﬂ??apﬂut its axis with a period of
243 days. -
(@) What is the pericd of an cbject in geost.iﬁmgry orbit around Venus?
(b} What is the radius of its motion? - f
{5- =
o, 4*;.'
Moments of inertia in rntatlbﬁal motion
Just as mass has inertia, and a force is n to cause a mass to accelerate (and we say

F = ma), mass also has a moment of ;]ertla and a torgue is required to cause a mass to
increase its angular speed. In fact th HE many other similarities between linear motion and
rotational motion; many of the e ations looks similar, except that the symbols and meanings
are different. Look at the table B&?

et
Table 1.1 Similarities between the equations of linear motion
and rotational motion

straight-line motion | rotational motion
displacement Ax Ag
vefu-c* v w

celegation a 5
ing m |
F- ingrtia x acceleration F (force) T (torque)
ﬂe\hsi MNewton’s second law ZF = ma Ir=lo
W work W= F Ax W= 148
kinetic energy Ke=1/2 mv? Ke=1/2 lor
momentum p=mv L= ley
impulse Fat=Ap TAl= AL
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Motice that the inertia for linear motion is simply the mass, but the moment of inertia is given the N
symbol I. This is to reflect the fact that the ease or difficulty with which something can be made
spin round depends not only on the mass, but on the distribution of that mass. The further away

the mass is situated from the axis about which it is to rotate, the harder it is to cause it to spin.
L

o—r-. I=mr
m
I m @ :
-é”' R N
rz | = Zmir? = muri® + mars + murd + ...
fi i
m-r Q
L] :
dm N
rotation axis \
“ Distance from retational axis Q

Distribution of masses about the a@of rotation
determine the moment of inerti

Steiner's Theorem

' ®
!J The moment of inertia of an object about an %ng through its centre of gravity
is equal to the sum of each mass element multiplied by the square of its perpendicular
distance to the axis about which it will

The moment of inertia of a rigid body @spect to a specific axis is defined as :

& 1=[rdm

where ris the perpendicular dQ:f the element of mass dm to the axis.

To calculate the moment of jnert put the origin of the coordinate system at the location of
the axis as shown in figur*

-
A
R ' |

E EREN Moment of inertia of an object about an axis

I=lot M{%}E =M+ fmi? = Tmi?
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The diagram above represents this in visual form. The calculation of the moment of inertia urN
various mathematical shapes is generally quite mathematical, and beyond the scope of thi

Some of the more common shapes are shown in the figure below. Notice that the object wi

largest moment of inertia (for its mass) is the hoop rotating about its symmetry axis. That is
because the hoop has all of its mass at the largest possible distance from the axis of rﬁtiunﬁ'

solid cylinder or Hoop about ' Rod about
disc, symmetry axis symmetry axis Solld sphare

'C'e'nt"&? Q
1
IIEMRJ f-MR" IS? ;=W
-4

E I = .2 MLJ
Solid cylinder, Hnnp about Rod aboul
central diameter  diameter shell end
Maoments of inertia for various shapes when made
to rotate about different axes

1 A solid cylinder and a sphere w\ae amass of 2 kg '\I
te

and a radius of 5 cm. Calcula moment of inertia |- A
in units of kg m?. " Use information from the
2 A constant torque is applie&n axis running diagram above.

perpendicularly throughl the midpeoint of a solid rod,
and it causes the rotati accelerate at a rate of 5 rad/s. At what rate would the rotation

accelerate if the a tation was about one end of the rod?
3 Acircular flat di stant thickness has a mass of 2.0 kg and a diameter of 60 cm.
nt

What is its m ertia? If a disc 30 erm diameter were to be cut out concentrically
from the ori sc, what would the moment of the inertia of the annular disc be?
{Hint: mo nt of inertia of the original disc is equal to the sum of the moments of
inerti e $maller disc and the larger annular disc).

The moment of body inertia

Aco t way to measure the moment of inertia of a flywheel experimentally, is by causing
it to spirrby means of a weight attached by a string wrapped round its axle as shown in the

below.
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3%

Experiment 3.1: To measure the moment of inertia *,
of a flywheel

@
Method G-clamp Q
1 Set up the equipment as shown in the
diagram.
2 ‘We will assume that the bearings of
the flywheel are of such good quality
that the frictional losses are negligible.
However, it is possible to take that into .
account later.
3 Measure the diameter of the spindle
around which the string will be I
wrapped, so that the linear velocity v I
of descent of the mass is related to the |
angular velocity m of the fiywheel by
the expression v = e r, where ris the
radius of the spindle. mlti'::@'
Calculation apparatus to measure the moment
We will assume that the bearings of the inertia of a fywheel
flywhee| are of such good quality that the
fricticnal losses are negligible. However, it is possible B take that into account later.
It is necessary to measure the diameter of the $pi around which the string will be
wrapped, so that the linear velocity v of descent of the mass is related to the angular velocity
m of the flywheel by the expression v = w %«e ris the radius of the spindle.
Rather than calculate torque and the acceleration (which is a little more difficult to do), it is
easier to use the principle of the com@m of energy. Equate the potential energy lost with
the linear and angular kinetic energy.
mgns= E + E &
2 2
Where m is the mass of the %. hanging from the spindle, h is the total height the mass
will fall by, v is the final velocity ofthe falling mass, /is the moment of inertia that we are
trying to find, and w is angular velocity of the flywheel,
The final velocity be astimated assuming that the acceleration has been approximately
constant during | gf the mass on the hanger, This would mean that the distance h is equal
te the average vel multiplied by the time taken for the mass to reach the ground. This
time is fairly
easy to mea us#‘ug a stopwatch. So we say pal t = h . Uis the initial velocity, and that is
ZET0. s
In this way it ible to calculate all the terms needed to calculate the moment of inertia of the
flywh
A stimate of the moment of inertia of the flywheel can be calculated by adding a
nstant K to the right hand side of the main equation, to represent the work done against
ion of the bearings while the string travels the entire distance. This frictional loss will
ain fairly constant even if the mass on the hanger is doubled.
The experiment can be repeated a number of times with different masses on the hanger. Each
descent will take a different time. In this way it should be possible to eliminate K.
4
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Simple harmonic motion

Lock at figure 3.14. The weight attached
to the end of the spring is constantly
oscillating up and down, The end of the
metre stick has been pushed down and
released so that it also repeats the same
maotion over and over. In a comparable
way, the prongs of a tuning fork also
vibrate when struck, repeating the same
maotion many times.

These are all examples of what we call
simple harmonic motion (SHM).
Other examples are the swinging of a
pendulum, including a child's swing, and - to an extent
= the rise and fall of the tides in a harbour.

Any linear motion that is repeated over and over again is/
likely to be SHM, but to qualify as such it must satisfy a
simple mathematical test: at any point the acceleration;
a, of the object must be proportional to its dtsplacee
5, from an equilibrium position.

Mathematically, we say that:
Q= =5 OFR
where of is a constant.

a particle is proportional to its distance (s) from
an equilibrium position, and towards t sition, is simple harmonic motion (SHM}.

Look at the example of an oscillating%

spring shown in figure 3.16. he
weight is initially pulled down a

released, it always mowves towards the
central, or equilibrium, positio e

further the spring is fro equilibrium
position, the greater it ration. This
is why we can say that for SHM the

acceleration is alwd&rportiunal to the

displacermen

I
P,

%

"

The reason f inus sign in
the formula is that the acceleration and

displacement @re both vector
quantig d will both
the ave a direction. For

ERER 4 spring exhibits simple harmonic motion

a downwards
5 upwards

downwards, and when the
displacement is downwards, the
acceleration is upwards.

a upwards

st s downwards

EBER 4t any point, acceleration (a) is proportional to displacement (s)

10
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Period of simple harmonic motion
Any repetitive motion has a period, T. We have seen this
concept already with waves and with circular motion,
and there is a connection between the period of circular
and simple harmonic maotions,
Look at figure 3.18. In it we are looking from above
and can see a car driving along a circular path. As this is
circular motion, the period of its motion is given by:

2x

-

@

where @ represents the angular velocity of the car.

Mow look at figure 3.19, in which we are locking at the
sarne maotion from the side. Now all we see is the car
moving backwards and forwards along a straight line.
The car, or at least what we can see of it, would now
be following SHM. However, the period has not
changed.

The period of SHM therefore follows exactly the same
formula as that for circular motion:

72" from the side, this is SHM
o
The car is only one example, but there is always a %;lﬂn between P "jiﬁf:-
the two types of motion. Figure 3.20 indicates a handlejfotating in Q » ®

circular motion on a wooden disc; you can also shadow on the
screen created by the light source, The shadow is fallowing SHM and has
the same period as the handle on the disc. /;

Light Rotating
dise
-.Ij,': u The shadow
~ The reason w” is used as the nt in the undergoes SHM

equation a = —w’s is related to onnection

between circular and siQOmic motions.

What is ‘simple hafmonic motion’ (SHM)?

What is mgant By the ‘period’ of SHM?
What&t by the term “equilibrium position” when we are talking about SHM?

Give mples of bodies that move with SHM.

Q
Q

11
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5 The spring in figure 3.21 is exhibiting SHM. At position A, the value of 5 is 3cm, which i U
its maximum value, and the acceleration is 15cms™.

TN Quesion
(a) What is the value of w'? Q
(b} What is the acceleration at point B?
{€) What is the acceleration at point O, the equilibrium po@
6 A swing is oscillating with a period of 2.85. What is the Watinn when the
displacement of the swing's seat is 20cm from equilibrium?
7 The weight on the end of a spring is demonstrating S

(a) If the acceleration of the weight is 3ms™ its displacement is 12cm, what is the
pericd of the motion?

{(b) What is its frequency? 0

Simple pendulum
A simple pendulum is an arrangement like thatshown in figure

@ 3.22, where the weight (or ‘bob") re swings from left to
right and back again.
if you move the string through a small nd release it, as indicated,

it will move back towards the centre position (which is the equilibrium
position). The greater the disp!acﬁfmm the equilibrium pasition, ~ o -

the greater the acceleration will en the bob is released. When
the bob moves through the equilibrium position, its velocity will be at g
a maximum but its acceleration will be zero. -

mj sirriple perndharn
These are all characte SHM. But remember that for the

motion of an objectgo be cafsidered SHM, it must satisfy the equation a = - @'s. A detailed
analysis of this degiation is beyond the scope of this book, but it can be shown that as long as
h which the string mowves is small {less than 107, say,) the formula does apply,

and the si ulum can be considered an example of SHM.
The period of a pendulum will follow the formula we've already seen:
& T= E
@
H we can also carry out a more detailed analysis of the
period of the pendulum. Indeed, this analysis is almost as old as science itself.

Q

12
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Galileo used to attend mass in the Cathedral of Pisa.

On Sunday mornings in the summer, it could become
uncomfortably hot and the two large doors of the cathedral
were often left open to create a slight breeze. This meant that
a large lamp hanging over the altar would begin to swing
backwards and forwards like a pendulum. Galileo began to
wonder about its motion and noticed, over time, that the
period was a constant,

If the pendulum was swinging through a very small angle, it
was also moving very slowly. IF it moved through a larger angle,
it also moved with greater speed. In both instances, the period
(the time for one full swing) was the same. This later became
the basis of the grandfather clock, and of metronomes, which
are used by musicians to keep a steady rhythm in music.

We now know that the period of a pendulum is not absolutely
constant, It depends on two things: the length of the
pendulum, [, and the value of g, the acceleration caused

by gravity:
I
T=2x «F Q
q

This allows us to devise an experiment in which we can r% the acceleration due to gravity

{see Experiment 3.2).
: @

Experiment 3.2: Inuestl un of the relationship
betw eriod and length for

a si pendulum and calculation
ofé.,'

Method ‘ 2 Split cork

1 Place the thread of a pghdulumibetween
two halves of a split shown in
figure 3.24,

2 Set the pendu ing through
a small angle (<10%)Measure the time  for
30 complete t:s«c:llatmns Divide this time ¢

by 30 to he p-erlndu: time, T. Pendulum bob

i Record nd T (the length is from the
centre o ity of the bob to the bottom pas
of theicork). = ,

4 R r different lengths, [, of the e L
pendulum,

D |

13
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4V,
v
Results and Conclusions Py Yoyt
Draw a graph of I/m against T°/s* (see figure 3.25). ttm | R 4
Accuracy - [ﬂi;pbj

® The split cork ensures that the pendulum swings
evenly in all directions.
#® Longer lengths will reduce the percentage error :
in measuremnents of the length. - 72 j:
® Take acceleration due to gravity on Earth, g, to

i ]
equal 9.8ms™. [ 3.25 [ gr%minﬂ T

iy
i
¥

(

-""'1-\}"'
| i,

o

~NY

y (Eovouieolery) )

1 The oscillation of a pendulum cannot |

always be considered simple harmonic :nﬁ'r.ipn. Which of the 1 Take acceleration
I situations in figure 3.26 would qualifi.as SHM? due to gravity on
- Earth, g, to equal

9.8ms”.

o S

2 Ifa pendulumﬁa&p period of 0.8 s when it moves with
SHM, what is its length?

3 A pen-;h:-ILuﬁ has a period of 1.13 on Earth. What would its
period Beian'the Moon, where the acceleration due to gravity
is one-sixth'that of Earth?

4 The swing in figure 3.27 is hung from the sharply rising branch of
ayiree, One of its ropes is 2.5m in length, and the other is 2.8 m.

(@) y Explain why the two sides will never swing evenly.
(b} What is the difference between the periods for the two
b ropes of the swing?

5 A pendulum of length 30 cm is swinging with a period of

0.8 s. Is it on Earth?

Question 4
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Hooke's law and Elasticity ‘\’

Any material that can return to its original shape after being stretched or deformed is said to

be elastie. We tend to think of very stretchy things such as rubber bands when talking about
elasticity, but there many different materials that are elastic. It is possible to slightly bend a L
metre stick, for example, but when you let it go, it will return to its original shape. That me

that it is, to some extent, elastic. There are many plastics with similar

properties. A spring is a device that is designed to maximise elasticity,

and the most common type of spring is that made from coiled metal,

as shown in figure 3.28.

An English scientist, Robert Hooke, studied elasticity in general, and

springs in particular, and devised a law that describes how they

operate. When the weight at the end of a spring is pulled down

and then released, it will move upwards - towards the equilibrium

position. Hooke noticed that the greater the extension on the Splil'lt_th A metal spring
the greater the restoring force that brings the spring back towards itsl&y

original length. These two measurements are proportional, \

Robert Hooke Q
Robert Hooke (1635-<1703) was a scientist, mathematician and

architect. He was such a skilled experimentalist that he wﬁ
appointed as first curator of the Royal Society in London i 1

just as that society was becoming the centre of wo ence,
bringing together such scientists as Newton and publicising
their work.

In 1665 he published the Micrographio. This wa k in which he
used his skills as an artist to draw pictures t he had observed
using microscopes and telescopes. The boo a phenomenal
success, allowing pecple for the first ti see that small insects, for
example, had body parts in some way rable to those of larger

creatures. ‘
Hooke's work on springs and pendulums came as he tried to design a

more accurate watch, or ti han was then possible. This was

not only a matter of convenienc a key part in allowing sailors to measure how far east or
wiest they had travelled a ;

As an architect, Hooke p key role in rebuilding London after the Great Fire of 1666.

He also wrote a important articles about gravity, and had clearly come close to
developing a full th ilar to that later published by Newton. It seems likely, in fact, that

Mewton published his work mainly to deny Hooke the credit that would go with the discovery.
&

5, of ring, provided that the elastic limit is not breached:

g o

& Huﬂki'E law states that the restoring force, F, on a spring is proportional to the extension,

15
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The elastic limit is the point at which a spring loses

its elasticity. With a small spring it is fairly easy to extend it gﬁh{f‘?ﬂ_ o
to the point at which the coils will not pull the spring back “*-'41;;
to its original length when it is released, like the spring R s S

shown in figure 3,31, This spring has passed its elastic limit. I : ion\l:sil

m A broken spring has exceeded its elostic fimit ‘ -:-:'

The constant, k, is sometimes referred to as the
spring constant. It has units of Nm™.

A spring with a large value for k indicates a

stiff spring, one that is difficult to extend or
compress, whereas a spring with a small value for
k indicates that it is very weak, and can be easily
extended or compressed.

Hooke's law and simple
harmonic motion F e
Remember that for an object to have SHM, it '
o must be moving so that the formula @ = sis
being followed. We can show that a spriﬂ;g’ffiut
obeys Hooke’s law must also exhibit sijple
harmonic motion: )

st Derivation

£y .
If: F =$ (Hooke)
ks

it follows that:

ERFR Mony pieces of playground equipment use
springs that are based on Hooke's low

50
and:

From thie-above we can also derive a useful relationship between w, k and m:

k
oo, Gemplequestion) )

A "% Ifaforce of 12N is applied to a spring, it creates an extension of 3cm.
(a) What is the value of the spring constant?
(b) What would the restoring force on the spring be if the extension were 8cm?

16
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L (Sample Answer )

(@) F=—ks (b) F =-ks
S [ =1 =400 = 0.08 =-32N &
k_ﬂ_ﬂ3 = 400N m !

3.&‘ Sample Question

The force would be 32N, and the direction would be opposite to that of the

displacement. A spring has length 20cm and when a mass of 125q is attached

to it, its length increases to 22 cm.

{a) What is the spring constant?

{b) The spring is then stretched to a length of 24cm and released. is. the
maximum acceleration of the mass? Wf%
F=ma

m=0.125kg N’
F=(0.125)(9.8) = 1.225N \'
L (Sample Answer ) ﬁo
e S
E

s = 8125 _ 490Nm kg
1.275 0.125
2
s 002 =61.25MNm = —s

% = (490)(0.02) = 9.8ms? @

State Hooke's % 1
What is meant byaie term “elastic limit'? ) Take g to equal 9.8ms™.
3 Would you expect the spring constant for the springs in a

car to beiate? or less than the spring constant for the springs used on a typical bicycle?

4 Aspri riences an extension of 7cm and has a spring constant of 285N m™". What is
the re force on the spring at that point?
5 A sgring experiences a restoring force of 25N and an extension of 10cm, when a weight
is attached to it.
What is the value of the spring constant?

(b} Whatis the acceleration of the spring when it is stretched by another 5 em and released?
é machine for strengthening the muscles in one’s hand uses a coiled spring. If a force of 90 M
is required to compress the spring by 2cm, what force is required to compress it by 5cm?
7 Acaris hauling a 100 kg trailer, to which it is attached by a spring. The spring constant is
2100Mm'. If the car accelerates at 0.25ms™, by how much will the spring stretch?

11
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Learning objectives Q

® To describe the relationship between temperature and average
kinetic energy of translation motion of molecules (16311

® To apply the model of ideal gas (10.315 .

® To apply the basic equation of the molecular-kinetic theory in

problemn solving (10.3.1.3 Q

Heat and Temperature .

Muost people would agree that boiling water is hot and water is cold. However, the
concept of what is hot and what is cold is not as clear as it might seem. If we were to be served

a cup of coffee at, say 60°C, we would be annoyed s 5o cold, whereas if we were to
order a soft drink and find it served at 30°C, we would find'it unpleasantly warm.
Clearly, the everyday concept of hot and cold is f gue o be of any use in science. We

need to define the terms much maore precisely.

To understand ex’&m wie mean when we talk about heat, we have to also consider
another closely connegted concepl - that of temperature. Temperature is a concept so tightly
linked to it is difficult to separate the two, but it is very important to do so.

Heat energy

Every consists of a large number of atoms, or molecules, which are constantly in motion.
Ina the particles are locked in place but still vibrate; in a liquid the particles move about,
jgling against each other; and in a gas the particles fly about, colliding with each other and

e walls of their container (see figure 4.2). In all of these cases the particles are endlessly in
ion, and therefore they always have kinetic energy.
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MODULE 4 TEMPERATURE

The three states of matter i Q
- ~

Think about a kettle full of water that has been brought to the boil. If we cou the
individual molecules of water inside, we would see that they were all mmin%aster
than when the water was at a lower temperature. This movement corresponds talthe increase
in temperature, and it is always the case that when the temperature of a @ntreams, the

particles within it are moving or vibrating mare quickly. &
Greater speed means greater kinetic energy, and as there has been an'i se in kinetic energy
it follows that there has been in increase in the total energy he water. We often refer

to this increase as the heat energy involved,

‘ Heat is the addition or removal of energy from a hcdShE way that it either

increases or decreases the temperature of the body.

Temperature
The kettle that we talked about above would copfain a very large number of molecules, or @
particles, and the hotter the water, the faster th rticles would be moving. Mot all of

the particles would be travelling at the sam ed, however, An individual particle might

be involved in a head-on collision, which st mioving almost entirely, for example, but a
moment later could be hit by another icle in such a way that it suddenly travels at high
speed again. It is still the case, though, e hotter an object becomes, the faster the

particles within it tend to travel.
Basically, temperature is a measu the average kinetic energy of the particles within

a body.
A simple, but valid, way of putti is is to say:

40 The temperature of is a measure of
how hot it is.

2 Ry
To summarise this, we can say that heat is related Jalty Y1

to the total eErgyof the particles in a body, The container on the right holds more particles

whereas tem re relates to the average and therefore more heat energy
kinetic of the particles within a body.

The two gontainers of gas shown in figure 4.3 are at the same temperature: the average kinetic
energy particles in each is the same. However, the container to the right is larger and
conl ore particles. It therefore contains more energy, or more heat.

Q

19
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MODULE 4 TEMPERATURE

Measuring temperature U

To measure temperature directly we would need to look at a very large number of indhiw
atoms or molecules within an object and measure their kinetic energy. This is impossible, so to
measure temperature we must do so indirectly. This involves the use of what we call L
thermometric properties.
\1 A thermometric property is any property of a body that changes measurabl
temperature.

&
Examples of thermometric properties are: N
@ The length of a column of liquid in a tube

#® The resistance of a wire or a thermistor Q

@ The electromeotive force {emf) of a thermocouple

® The colour of some substances %

- L]

The pressure and)or volume of a fixed mass of gas.
To establish a temperature scale we need two fixed tem tumnts, and a device with
which we can measure a thermometric property (i.e. a ther ter). The length of a column
of mercury in a glass tube is often used. Once a the r has been graduated {marked), the
temperature can be measured by checking the leng column of mercury,

The most commonly used temperature scale is the ius, or centigrade, scale. It is based on
two easily replicated and fixed points of reference, iling point and melting point of water,

and gives these a value 100°C and 0°C, re ely. All other temperatures are compared to
these two.

Experiment 4.1: To ﬂu&te and use a
the i

Method

1 Take a mercury thermometer and
place it in a container ang ice.
hark the level of th id, [, inside
the thermometer.

2 Take the same rger and

place it in bml*ﬂ Mark the
level of thesliquid, ¥, .

Bunsen
burner

3 Placet meter in a beaker of m Experimental apparatus
water from the tap. Note the level of
the quupd,;‘, iem)
;1“ -

Re

Yau can then find the temperature of the
r from the tap using a graph (see
4.5). Alternatively, you can mark
the space between the | and I, marks o

into 100 separate paints, and then read
the temperature from the scale.

Graph o find the temperature of
the water
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MODULE 4 TEMPERATURE

A standard thermometer u

Experiment 4.1 is based on the assumption that the liquid inside the thermameter will rise at *y
a constant rate as the temperature rises. This may not in fact be the case, but no matter what
thermometric property you use, and regardless of what process you follow, there will always ®

be some similar assumption involved. Because of these variations within thermome

properties, different thermometers do not necessarily give the same reading a

the same temperature. This is not just a case of inaccuracy. It is inherent in the design of

the Celsius scale and is a problem even with highly accurate thermometers. Because %e

must designate one thermometer to be a standard, i.e. a thermometer against which others

are measured. Whatever temperature our standard thermometer reads is taken to w correct

temperature.
For reasons of simplicity, in schools the standard thermometer is usually tak@he rercury

thermameter.

Another way of calibrating a thermometer is simply to compare it to ano ermometer. This
has the obvious flaw that the new thermometer can never be more accurate®han the original,
but in many practical situations, great accuracy is not required and t od has the benefit

of simplicity. \

Experiment 4.2: Calibration cu f a thermometer
using the Ighordtory mercury
thermometeg'as a standard

Method , 2

Multimeter
1 Set up the apparatus as shown Rt {used as an
in figure 4.6. Start with the i [ [ . ohmmeter)
water in the beaker cooled to L h
about 10°C. i Glycerol
2 Record the temperature T, ®
in °C, from the mercury Water Metal cail
thermometer and the
carresponding resistance
ohms, from the chmmeter: "
i Allow the temperaturefof the bff;
glycerol to increase t T——
10°C and again/fecord - L}
the temperat e m Experimental apparatus
corresponding resisfance.

4 Repeat the proc%dure several times,

Results onclusions

Plot a ggaph of resistance, R, against temperature, T. To measure temperature using the metal

cail, re the resistance and find the corresponding temperature from the calibration curve.

curacy }'.
lycerol has the benefit of creating a good thermal contact (% The same procedure can
the metal: bubbles do not tend to form on its surface as be followed to calibrate
the liquid heats up, which would happen with water. any thermometer.

o 81
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MODULE 4 TEMPERATURE

Absolute zero and the Kelvin 5cal_e N

Most people struggle with the concept of absolute zero when they first encounter it. Wh*
should there be a coldest temperature? Why is it possible to be at -260°C but not at -280°C?

can seem at times as if an artificial barrier is being created. L
When you consider the scientific meaning of temperature, however, it is obvious thmt
have a lowest possible value. Remember that temperature is essentially a measure of etic
energy of the particles inside a body: the faster the particles mowve, the higher t perature,
and the slower they move, the lower the temperature. It fnllnws from thns tha the
particles within a body stop moving, and therefore, have

no kinetic energy, that the temperature must then be Absolu ﬁ Zer0 is =273.15°C.
zero. This is what we mean by absolute zero.

In reality, this temperature is never reached, and when we get cluse to it ‘matter behaves very
strangely indeed - solids, liquids and gases no longer exist.

Some of the confusion caused by the concept of absolute zeg is r ue to the nature of the
Celsius scale. It is convenient to use the freezing point of watewaerence point and to label
this as 0°C, but it does mean that we have to be happy to talk about minus temperatures,
There are few comparisons in science. We don’t often talk a negative lengths, for example,
or negative masses. It would be very confusing if i

However, it is necessary to have another scale for measul temperature, which takes zero to
be the lowest possible temperature and compares igher ternperatures to that. We do this
with the kelvin scale of temperature, which is t that scientists usually use.

we had bwo entirely different systems, it has

d be the same as 1 degree Celsius (1°C). This
different on the two scales, a change of,

To avoid the extra confusion that would en

been agreed that the size of one kelvin (1

means that although the actual temperatuge wil
ﬁEi

say, 20K is equal to a change of 20°C.

For example, imagine a body of wat C: this is at 333 K. Mow imagine the water heated
up to 90°C: this is now at 363 K. Th%r has been heated by 30°C (30-60). On the kehvin
scale, it has also been heated by &{ 63-333).

‘, The 51 unit of temperatu the kelvin (K). In practice, the Celsius scale is used.
Conveniently, a change of a change of 1°C, and the two are connected by the formula:

Q T(K) = T(°C) + 273.15

1
i p whkgeat accuracy is not essential, the "0.15" is often omitted and
the is given as:

T(K) = T(°C) + 273
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MODULE 4 TEMPERATURE

Sample Question) ) ﬁ,é ,

Translate these temperatures to the kelvin scale: 10°C, =100°C, 153°C, 300°C.

L (Sample Answer ) Q
10°C = 10 + 273 = 283K Q
-100°C = -100 + 273 = 173K .

153°C = 153 + 273 = 426K
300°C = 300 + 273 = 573K

@

10K.

Sample Question

Translate these temperatures to the Celsius scale: 273K, ziif: 10

ample Answer JRN

273K = 273 - 273 = 0°C
215K = 215 - 273 = -58°C Q
100K = 100 = 273 = =173°C

10K = 10 - 273 = -263°C %
o mm@m_

What is meant by the te

What is a thermometric p ? Give three examples.

What is “temperatu

What are the two fix ints used to create the Celsius scale?

What is the Celsius value of absolute zero?

Translate eac e temperatures to the kelvin scale: 100°C, 0°C, =173°C, 357°C.

Translate each of tRese temperatures to the Celsius scale: 250K, 10K, 273K, 373K.

Why do § need to have a standard thermometer?

N B W=
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MODULE 4 TEMPERATURE

The two graphs in figure 4.7 show measurements taken with a mercury thermometer and N
a resistance thermometer. Figure 4.8 represents both thermometers in a container

at an unknown temperature, Use the figures shown to find the temperature indicated
each thermometer. If we rule out inaccuracy as an issue, why do you think the two
thermometers might still disagree like this? What can we do to resolve the pmbE? -

M Rasiits 60 chms|
& Eroury 5 née
R thermometer  thermo o
o) O =
———f—
5T —
E5Scauas|
50 fe=r- 0 1 ) L )]
s
2 0 Wire coil
0 100
T(*C) & [ = 6cm
10 The table below shows the measurements for the th of a column of alcohol in a
thermometer, compared to the temperature rea ken with a mercury thermometer.
Draw a graph to represent these readings an the graph to say what the temperature

of the liquid is in figure 4.9,

I / cm (alcohol) 7 ] 11 12 13 15

PHYS Gr 00 Sa lod dindd B4

I = 14cm

@ BEIE 1010 PN



Module 5 /Liquids, Solids and

Gases

Learning objectives Q

® Describe and apply the model of an ideal gas (10.3.1,57 Q

® Apply the ideal gas law in solving problems (10.3.2.1 | L]

® Investigate pressure and gas volume relationship at constant temperatuWID

® Investigate gas volume and temperature relationship at constant p (10523

® [nvestigate pressure and temperature relationship at constant vol iy R

& Apply gas laws when solving calculation problems (10.3.2.5

® Understand that air contains invisible water vapour and that th%mum
amount of water vapour that air can contain depends on temper (T0L3AT

o

Understand the underlying cause that gives rise to surface tw and the
definition of surface tension in mathematical form [10. 592
® Distinguish between crystalline and amorphous and unde d some of the visual

clues that may indicate which type a particular ly to be (10.3.1.2)
® Understand the definition of Young's modulus [10.3.4.3
® Describe laminar and turbulent flow of liquids a (10251
® Apply the continuity equation and Bernoulli's when solving experiment,

calculation and qualitative problems (10,2
® Apply Torricelli formula when solving ent, calculation and qualitative

problems [10.253
#® Define factors that influence the rﬂul@;perinmt and suggest ways to
improve it (16.254

Particles in Solids, Liqu@and Gases

Particles in a solid:
& are closely packed, and tightly bo to each other. As a result,

solids have a fixed volume fixed shape,
& constantly vibrate; this is movement that they are capable

of, because they are tightly bound.
@ vibrate, on heating, more until, at the melting point,
they break free f each other and a liquid is formed.

When a solid melts, usually an increase in volume of between
5% and 30%. This is be€ause, in a liquid, the particles are usually

more loosely arganged than in a solid.
Particle4§ liquid:

& are stillclose together
® C one another easily - as a result, liquids can flow, and do not have a fixed shape.

TI:'!E volume of a liquid at a particular temperature is fixed, because of the forces that hold its

s together. On heating, the particles move with greater speed and, at the boiling point,
escape completely from the other particles, and a gas is formed,
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MODULE 5 LIQUIDS, SOLIDS AND GASES

x
mﬂmlg i a gas
When a liquid changes to a gas, there is a very large increase in volume. uhmple, when
10 em® of water boils at 100°C and at a pressure of 101,325 Nm-2, t 00 cm?® of water

ed

vapour are formed. This happens because, in a gas, the particles are s by relatively large

distances. The particles of a gas: %

® are relatively free of each other, and so a gas has no fixedghape oF volume at a particular
temperature

® move very rapidly and in a random manner, cullidinw: other and with the walls of
their container,

Because gas particles are separated by relatively Iauﬂea gases are easily compressed,
ir is

unlike solids and liquids. For example, if 100 cm?® of jected to a tenfold increase in
pressure, its volume is reduced to 10 cm? {appm»@},

Three types of particle can make u s, liquids and gases. What are they?
Why does a solid usually expand,on melting?
Why does a liquid have a fixed e at a particular temperature?
Why does a liquid not have a fixed shape?
Why does the volume of a et much smaller when it changes to a liquid?
Why are gases easily compressible?
Why are solids nat ea&npressihle?
sed

What effect has in ressure on the volume of a liguid?

o3 W -

Diffusion

There is strong experigpental evidence for the existence of particles. Diffusion experiments
provide so this evidence. Diffusion is the spontaneous spreading out of a
substanc due to the natural movement of its particles.

Diffusion af gases
Diffusi gases may be easily observed. For example, if a gas tap is turned on in a laboratory,
and for a little while, the smell of the gas is soon noticeable throughout the room, even

§ absence of draughts. This happens because the particles of the gas move rapidly and

mly throughout the room.
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MODULE 5 LIGUIDS, SOLIDS AND GASES

Demonstration Fm.@em J 1 ‘\)

Diffusion of smoke in air

Equipment needed Graduated cylinder le
Brown paper ]
Matches 1
Frocedure Q

b

NB: Wear your safety glasses.

1 Get a smouldering piece of brown
paper. Waler
2 Observe and describe the movement
of the smoke,
3 Explain why the smoke moves in this Potassium mafdanate(Vll) solution
way,
S e BER oittusion of manganate(Vil) in water
Diffusion in liquids
Diffusion in liquids is much slower than diffusion in gases. ess, diffusion in liquids
can be easily observed. For example, if a layer of potassium ma ate(Vll) solution, which
is purple, is carefully placed under water in a graduated (Figure 5.4}, the purple
colour slowly spreads throughout the liquid, due to di the potassium manganate(VIl)
particles,
Ink diffuses in a manner similar to potassium man ) solution. )
Demonstration b
Diffusion of ink in water %
In this demonstration, diffusion in a quwbsemd.
Chemicals needed &
Blue ink Dropper
Equipment needed ; /
Beaker *
Pipette
White paper
Procedure " =
NBE: Wear glasses.
1 Three- ill a beaker with water.
2 Using a pipette, carefully place some blue ink
un e water at the bottom of the beaker.
3 ackground of white paper, describe _
nd draw what you see. D ofk
w to stand overnight. u Diffusion of ink in water
ng a background of white paper, describe
and draw what you see.
& Explain in terms of particles what has happened,
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MODULE 5 LIQUIDS, SOLIDS AND GASES

Gas Laws: Boyle’s Law and Charles’ Law U

Boyle's law *’
) .

1
' Boyle’s law states that, at constant temperature, the pressure on a fixed mass of &

inversely proportional to its volume.

When you picture a mass of gas as being made of many thousands of millions articles
moving at speed and coelliding with each other and with the walls of a container, s law
can seem a statement of the obvious. To appreciate the historical significaWhe law, and
to appreciate Boyle's achievement, it is important to realise that he was operating at a time
when the presence of atoms, as we now know them, was not at all ] nd that, air itself
had hardly been studied and the discovery of oxygen was still decades in'e future. In fact, it
is largely due to Boyle and his contemporaries that we now know h about the nature of
matter.

&
If you look at figure 5.6, each diagram represents a situation ir%h the same mass of gas is
held in a container. As the particles move about, they collidg with each other and with the walls
of the container, which creates pressure on the walls,

When the left-hand wall is pushed in (shown in the on the right), the same number of
particles, moving at the same speed, is now trapped in aller space. Therefore, those
particles collide with the walls more often, and th@m& increases. A decrease in volume
leads to an increase in pressure,

Boyle's law goes a little this. Boyle did not just say that a decrease in volume would
cause an increase | ure. He said that the two were inversely proportional. This means
that if we were to halye the volume, the pressure would double, that if we were to multiply
the volume ree, the pressure would be divided by three, and vice versa: the relationship
between the ould be mathematically precise.

The easiest way to write this in mathematical form is to say that the pressure is proportional to

the invegse of the volume:
X 1
P v
re:
P — pressure

¥ - volume
& Alternatively, we can say that the product of pressure and volume must be constant:

PV = constant

88
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MODULE 5 LIGUIDS, SOLIDS AND GASES

Effects and applications u

® Boyle’s law is seen in effect in a bicycle pump. If you hold your finger over the end of the
pump as you push in the handle, you can feel the pressure increase as the volume decreases.
@ The carbon dioxide bubbles that appear in soft drinks are usually formed low down in the .
drink and rise to the surface. As they rise, they increase in volume, due to the diminishi
pressure. Q
@ Helium balloons released into the atmosphere to study effects in the higher parts of the
atmosphere are only partially inflated when they are released. This is because the @
grows as the balloon rises and the atmospheric pressure decreases. If fully inflated, th

balloons would burst before they reached a high altitude,

Experiment 5.1: Verification of Boyle's Ia%

Method @

1 Using the apparatus as shown in
figure 5.7, seal the cylinder so that no air  screw groove \
can enter or leave.
2 MNote the volume and pressure of the air
inside.
3 Use the piston to reduce the volume by a
fixed amount.
4 Again, note the pressure and volume. Piston  Volume scale
Because the volume is likely to be small,
it might be easier to measure it in cm?, to verify Boyle's law
rather than m?,

Repeat this procedure for several uolum%

Pressure
gauge

=

Record results and plot a graph of P ag

Results and Conclusions Q’ aiFs
A straight-line graph through the in will verify that, for a fixed
miass of gas at constant temperature, pressure is inversely

proportional to the volume, i.e s law,

Accuracy

o 1
@ |Itisimportant to al mperature to return to normal after enr?

the pressure has been changed. 1
& Boyles law te bg'more accurate at relatively low pressures. u P v
&
Cha rleié

The vulge of a gas also changes when the temperature is changed. In 1787, the French

physici ues Charles discovered that equal volumes of different gases at constant pressure
alle d by the same amount for a given rise in temperature, Charles’ results are
s rised in the modern form of Charles’ law:

—— Charles’ law - At a constant pressure, the velume of a given mass of any gas is directly
proportional to the Kelvin temperature.
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In mathematical form,

V/ T =constant, where -
V = volume of the ' ' Ny
gas, and T = Kelvin R
temperature of the E :-_ o
gas. For example, if 2 Q'I

the temperature of ' I e (¢

100 cm? of nitrogen t""“]'

gas is increased at A, ™

constant pressure T-emp:uf'qua (K)

from 300 K to 600 K, ,gf.fgm is directly

the volume increases the Ketvin
proportionately, that is, at constarnt pressure

to 200 cm?,

The Law of Gay-Lussac :

Gay-Lussac's law of combining volumes :

Very early in the nineteenth century, the French chegmist'ose h Gay Lussac measured the
combining volumes of gases in a number of chemical reagtions. He found, for example, that
two volumes of hydrogen combine with one volumiigf oxygen to give water. Some other
volume ratios for reacting gases are given in Tablé%Sl.0"

Table 5.1

Gas volume ratio for reactants

chloride 1:1

Reaction

Ammonia + hydrogen chloride — amm

Hydrogen + chlorine — hydrugen%?ﬂd 1:1
Carbon monoxide + oxygen — carbaf dioxide 2:
Methane + oxygen — carhan@e + water 1:2

Motice that all of the ratios E;Lr'élgjwhnle number ratios. By 1808, Gay-Lussac was able to state his
law of combining vulun‘m&; :

. Gay-Lussac's law -:n ining volumes = When gases react, the volumes consumed in
the reaction b whule number ratio to each other, and to the volumes of any
gaseous p duct he reaction, all volumes being measured under the same conditions of

temper |¥ pressure.

There are diﬂ’n_mnces in the naming of these laws in English and Russian scientific literature. The
table belpw gives a brief summary of these differences,

e Law of Gay-Lussac Charles’ Law P = const (isobaric process),
VT = const
Charles’ Law The Law of Gay-Lussac V = const (isochoric process),
or P/T = const

Second Law of Gay-Lussac
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MODULE 5 LIGUIDS, SOLIDS AND GASES

The Combined Gas Law ‘V

Boyle's law, Charles’ law and Avogadro’s law are combined to give the combined gas law: %
PI'FF Plvi

T'I' ) Tz .
where P, V, and T, are the initial pressure, volume and Kelvin temperature respectively, anl%
V,and T, are the final pressure, volume and Kelvin temperature respectively.

The most useful application of the combined gas law is to find the volume of a dﬂin:@cf
gas at s.t.p., when its volume at a different pressure and temperature is known. Agkn e

of the velume at s.t.p. of a gas is particularly useful, because the number of moles M gas in
that volume can very easily be calculated.

Sample Question
&

If a definite mass of gas occupies 250 cm? at a pressure of 100, d
a_temperature of 91 °C, what is its volume in cm* at s.t.p.? \

L (Sample Answer ) ~Q
oS

P, = 100,000 Pa P, = 101,325 Pa Q
¥, = 250 cm? = ?cm?

T, =91° T, = 273K
= 914273K %
= 364 K

100,000 = 250 101,325 x Q

364 = 273

y - 100,000 x 250 x 273 Q'

2 364 = 101,325

= 185 cm?

))

-

¥

1 What is the s5.L.p. of a definite mass of gas that occupies a volume of 530 litres
at 20°C and 102 Pa?

2 ‘What is the volume at 5.t.p. of a definite mass of oxygen gas that occupies a velume of

560 em’ @t 30°C and 100,500 Pa?
3 The m&f hydrogen collected in a reaction between zinc and hydrochloric acid was

240 crm¥smeasured at the laboratery conditions of 18°C and 107,000 Pa. Calculate the

voldime of hydrogen at s.t.p.
4 the volume at 819 K and 100,000 Pa of a fixed mass of gas that occupies a volume

itres at 91 K and 200,000 Pa?
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MODULE 5 LIQUIDS, SOLIDS AND GASES

The Kinetic Theory of Gases

The kinetic theory of gases was developed by James Clerk
haxwell and Ludwig Boltzmann towards the end of the
nineteenth century. In this theory, it is assumed that:

& GCases are made up of particles whose diameters are negligible
compared to the distances between them.

® There are no attractive or repulsive forces between these
particles.

@ The particles are in constant rapid random maotion, colliding
with each other and with the walls of the container,

® The average kinetic energy of the particles is proportional to
the Kelvin temperature.

® All collisions are perfectly elastic (for example, if a particle trav%!n attﬁﬂ ms! collides with
a wall of its container, it rebounds with the same speed).

This theory can be used to mathematically derive gas laws :pu-l:ﬂ:-2§
as Boyle's law and Charles’ law. It can also be used to ex
properties of gases such as diffusion. A gas diffuses quickly ™
because its particles are moving constantly and rapidiy, ™%,
frequently colliding with each other and with the walls w
container. This results in the gas quickly spreading %‘Q all

-

directions. -'F‘b-**.,_? ]
-:5.:“&.
The kinetic thenry and gas IawM
00016 ~ Gasdaws, s‘hch as Boyle's
a0014 I la harles’ law, are
i #v approximately obeyed
al gases. Figure 5.13
Enuﬂm =1 i - shows a graph of volume versus 1 / pressure using data
000k R Sf athered by Robert Boyle in his original experiments. (The
i daLa has been converted to metric units.) The fact that
all of the plotted points are not exactly on a straight line
indicates that Boyle's law is only approximately obeyed by

air, the gas used in those experiments.

ﬁ%ﬁgﬁ‘ Ideal gases and real gases
S
The kinetic thBery is only completely valid for ideal gases. Since the gas laws can be exactly
derived m atigally from the kinetic theory, it follows that the gas laws are completely valid

only for ideal gases. The behaviour of real gases deviates from that of an ideal gas to a greater
or lesser extent, depending on the situation.

%‘ & gas is a gas that perfectly obeys all of the gas laws under all conditions of
Semperature and pressure.

.ﬁ%‘%ehmnur of real gases deviates from that of an ideal gas to the greatest extent at low

A temperatures and at high pressures.

e, ® One of the assumptions of the kinetic theory is that the diameters of gas particles are
‘fl-q b negligible compared to the distances between them. At low temperatures and at high
pressures, the diameters are not negligible compared to the distances between them,
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MODULE 5 LIGUIDS, SOLIDS AND GASES

& Another assumption of the kinetic theory is that there are no attractive or repulsive forces N
between these particles. At low temperatures and at high pressures, this assumption is
not valid, because the gas particles are in close proximity to each other. Attractive forces
between the molecules, such as van der Waals® forces and, if the molecules are polar, dipole-

dipole forces or hydrogen bonding, will have noticeable effects when the particles are close
to each other. The stronger the intermolecular forces, the more unlike an ideal gas will

real gas under these conditions.

Real gases behave most like an ideal gas at high temperatures and at low pressures. L@
these conditions, the particles of a real gas are relatively far away from each other End th

assumptions of the kinetic theory are reasonably valid. However, the assumption t
between molecules are perfectly elastic is never true for a real gas.

lisions

Explain in terms of the kinetic theory of gases why a gas diffuses gapidly.
What is an ideal gas? &
?

Under what conditions do real gases behave most like an i
Under what conditions are the assumptions of the kinetic EEEDW gases least valid?

B W ko=

The Equation of State for an Ideal Gas
Boyle's law, Charles’ law and Avogadra’s law can be exp as follows:

Boyle's law:
PV = CONSTANT at constant T and n Q

Charles’ law: @ @
Vis proportional to T at constant P an

Avogadro’s law %
Vis proportional to mat ¢ nd P

onstant
where V= volume, P= pressure, T= mperature and n = number of moles.

Combining the three laws, PV = CONSTANT = T x n. Written as an equation, this becomes
PV =R = T=n where R is a constant n as the universal gas constant. This relationship

is known as the equation of for an ideal 1%
gas, and is usually written asQ '

The value of R is 8. < mol-'. 12
The relationship PV = is referred to as the 10
equation of state for an ideal gas because it EE

is obeyed only pm%imareiy by real gases, 0.8
Figure 5.14 ow the real gas, nitrogen,

deviates sign tly from ideal gas behaviour at 06

higher sures. For an ideal gas, PV / nRT =1,
but it at lower pressures that nitrogen even 04
approximates to this value. All real gases deviate

. ¥ 5 " n-l | 1 |
frém ideal gas behaviour; the extent to which a 0 100 200 300 400 500 600 700 800
lar gas does so depends on the nature of Pressurs (aim}

Feges o

93
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MODULE 5 LIQUIDS, SOLIDS AND GASES

Calculations involving the ideal gas law

It is important to use units that are consistent with those
of the universal gas constant, 8, when doing calculations
involving the ideal gas law. The units of R are | K" mal-'.
The units for ¥, P, T and n that are consistent with this
are shown in Table 5.3.

Sample Question

Table 5.3

Volume m?
Pressure Pk
Temperature

MNumber of mole m

8.4 g of a gas occupies a volume of 3 1 at 77 *C and 100,000 v

(a) How many moles of the gas are present?

(b) What is the relative molecular mass of the gas?

= =ample Answer)

V=31=3x10m?
R=8.31) K" mol’

. 9

(a) PV¥=nRT
P =100,000 Pa Q

Tm77°C= 350K

ri = amount of gas in moles = PV, '3 3

=0.10

(b) 0.103 moles of the gas have a of 8.4 g
1 mole has a mass of 8.4 / 0.1 81.55¢g

Relative molecular mass n%&

B awm%@—)

volume of 2 m* at 300 K and 100,000 Pa. How many moles of

1 A definite mass of gas ha
gas is this? -
2 A chemical engi

ants to store a gas produced during a process at a chemical plant at

a pressure of 100,000 Pa and a temperature of 20°C. The process produces 2,000 litres of
gas per hou red at 500,000 Pa and 160°C.

(a) t volume will this amount of gas occupy under the storage conditions?
(b} many moles of gas are being produced per hour?
3 Amasso g of a gas occupies a volume of 5 x 107 m® at 27°C and 1 = 10° Pa.

{:alcuralsthe relative molecular mass of the gas.
4 An

ate the relative molecular mass of the gas.

s of 5.5 g of a gas occupies a volume of 1 x 10~ m* at 330°C and 1 = 10* Pa.

midity in air
normally contains a certain amount of water vapour in it. Although we cannot see the

vapour, human bodies can feel the difference between high and low humidity. Measuring
hiumidity is quite a difficult thing to do. The instruments that measure humidity are called
hygrometers. Most hygrometers measure relative humidity rather than absolute humidity.

Absolute humidity is the amount of water vapour contained in a sample of air. It is measured in

grams per cubic metre,
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Relative humidity is the percentage of water vapour present in a sample of air compared to the N
maximum amount the sample could hold at that given temperature. *
The maximum amount of water vapour that a sample of air can contain depends on the

temperature of the air; hotter air can hold more water vapour than cold air. As air cools down ®

the excess water vapour condenses out of the air and drops out as dew. This is why grass
normally gets wet at night {(when the temperature falls) even if it has not rained.

mﬂmfwmmunmhhmﬂutfmmmnﬂh:aﬁ'

During the day the sun evaporates the dew and plants Wire additional moisture so that
there is more moisture in the air. There is more absolute h ity in the air, but the relative
humidity may be lower because warmer air can h Fe moisture,

If the air is too dry it can cause skin, eye and lung irri , and if the humidity is too high it
can make it uncomfortable for us as it makes it %ﬂiﬁicult to control our body termperature
through perspiration.

Humidity also has effects on our buildings rman environment: very low humidity
encourages electrostatic charging which in extréme cases can cause injuries and even

explosions. High humidity causes mau!®mw in buildings and alse encourages the growth
and reproduction of dust mites!

An ine sive hygrometer uses a coiled foil spring coated with hygroscopic salt crystals. It is
onlgaccurate to about 5%.

icularly important to control humidity in museums where paintings, wooden artefacts
and musical instruments are kept. Humidity changes cause dimensional changes, and after
many cycles paint can start to crack and instruments may start to warp.
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Measurement of relative humidity is normally
inferred by measuring some other physical property
instead (mass, resistance, capacitance, temperature,
length, etc).

The simplest hygrometers use a long human or
animal hair. The length of hair increases with
humidity. Long hairs increase by only about 2.5% in
length as the relative humidity increases from 0%
{completely dry) to 100% (saturated air). A long
hair is fixed at one end, and the other is wrapped
around a small radius pulley on which an indicator
needle is fixed.

An inexpensive way of measuring relative humidity
is by means of a metal foil spiral which is coated on
one side with salt impregnated paper. When the
humidity rises, the salt absorbs some of the
maisture and it causes the paper to swell and so the
fail straightens out a little. It makes the system act g
like a bimetallic spring. These methods are only accdr % bout 5%,

The most reliable way to measure relative humidityds.to iid the ‘dew point’ (the temperature

at which water starts te condense out of the air. irret is cooled artificially and when the
surface starts to go dull, it means that water igstarting to form on the surface. A formula is used
to calculate the relative humidity from the dew point temperature,

thermomet wet” one and a ‘dry’ one. The combination of the
‘wet' and,'dry’ thermometers is called a ‘Psychrometer’. The wet
one ha k' covering its bulb, and the bottom of the sock is in

a cn@iaine with distilled water. The water wicks up (through
e

One last waa; caléulating the relative humidity invelves using two

ca action) and makes the bottom of the thermometer wet.
around the bulb slowly evaporates water into the air, and
aporation causes the sock to become a little cooler than the
dry thermometer. The lower the relative humidity of the air, the
aster the sock will evaporate water, and so the “wet’ temperature
ill be lower that the ‘dry’ temperature. Conversely, if the air is
100% saturated with humidity already, then no more water will be
able to evaporate from the sock, so the ‘wet’ temperature will be
the same as the ‘dry’ temperature.

To calculate the relative bumidity from the “wet’ and "dry’
termperatures a special table called a ‘phychrometric chart’ is used.

é 1 When you breathe out onto a piece of glass or shiny metal the glass fogs up’. Why is that?
2  Why does dew fall during the night, and not during the day?
3 Why is "dry heat” easier to bear than "humid heat’?
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Surface Tension ’
There are interesting phenomena that can be noticed at the surface of liquids. Have you natk&
how some insects manage to stand on the surface of water without sinking into it? Or that

when a water spout falls vertically, after some distance the solid cylindrical flow of water breaks &

up into separate droplets? Or that soap bubbles tend to be spherical, even if they are blow
from a rectangular hoop? These are all called Surface Tension effects.

2

Msmm’mnﬂandmmzmtﬂw@nnmﬂngmmughﬂ;ﬂkwm
the water has a skin on top of it

Liquids behave in such a way as to try tgaminimise the amount of surface that they are making
with the air above or around them, Thmnum amount of surface containing a given volume
is always a sphere, so water dropl nd soap bubbles always try to take on a spherical shape.
But why do liquids want to minin:& amount of surface? What physical principle lies behind

the maolecules can fly arolin any direction bouncing off the walls of the container. Liquids are
somewhere in bet Water molecules deep inside the water are completely surrounded by
neighbouring mol . and they make very weak bonds with them. It requires energy to break
these weak bonds. The maolecules at the surface of the water do not have neighbouring
molecules above them, and so are less strongly bonded and, therefore, are in a slightly higher
energy state the rest of the molecules deep under the surface.

this?
Atoms in a solid are held in am%y rigid bonds to their neighbouring atoms. Molecules in
gases do not form hunds@ neighbouring molecules, and so they are not fixed in space;

All systermns universe try to settle in the lowest possible energy state. Things fall
downwayils, where their gravitational potential energy is lowest. Hot objects normally cool
down ey find the lowest possible temperature that puts them in thermal equilibrium
with urroundings. In the same way, liquids try to arrange themselves in the lowest energy
state, and that means having as few molecules on the surface as possible. In this way, liquids try
& the smallest amount of "skin’ possible. This “skin” seems to be in tension all the time, a
ike a stretched rubber membrane,
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Experiment 5.2: Surface Tension

A
Method

1 Take a bowl and fill it with water.

2 Sprinkle some pepper or talcum powder lightly on the surface,
and notice how it sits on the ‘skin® of the surface.

3 Put a small drop of liquid soap on the tip of a finger, and gently
touch the surface of the water at the centre of the bowl,

Results and Conclusions
® What do you observe? ® Whydo yﬂu@ this is happening?

B &

Method \F

1 Find a large bowl (at least 30 cm in diameter — the bigger ¥
the better). @ s

2 Make a small paper (or aluminium foil) boat which is erly -
around 3 em long. 0

3 Float your boat on the surface of the water.

4 Take a small thread of string, and imm in liquid
soap. Wipe the excess off,
of

5 Hang the soapy thread off the back ea the boat so

that part of it is inside the boat, and er part is in
the water.
Results and Conclusions %

® What do you notice? ® Why do you think this is happening?

Jg, -
Definition of Su r@ansion
! Surface tension isdiven the symbaol 3 and is defined as the energy (in Joules) per unit area

{in square metl%

¥ =
where:
Eis energy {in Joules) and
is the area in metres squared

35 quantities differently. Energy has identical units to work: so we can replace £ with Fx L
e in Newtons multiplied by Length in metres). We can also replace Area with L x L (Length
in metres multiplied by Length in metres). 5o the equation now becomes:

— el
Y= Tl
surface tension is the Force per unit length (the force produced by a unit length of the skin of
the liquid).

‘§is an interesting thing you can do with physics equations, you can break them up and

which simplifies to ¥ = {— . a force per unit length. 30 an equivalent definition of
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Experiments can be done to try to measure the surface tension yof liquids. They need to be N
sensitive experiments because surface tension is a fairly weak effect. The surface tension of wate

(to air) is only around 72 mN per metre (a miM is a milli-Newton, 1 mMN is approximately the

weight of 0.1 g.)

Sample Question,

A student makes a wire U shape as
shown in the figure 5.22. He brings ? &
the system to balance with the U

shape partially immersed in the soapy
liquid, but without a film filling the
frame. He then immerses the U shape
entirely under the surface of the U-shape wine %
soapy water. He then notices that he g

needs to add some masses to the 1 - (

right hand side in order to lift the
soapy film upwards and [ift it to the
same balancing position as was L T=F2W
achieved before. The width of the U

is 10 cm, and the mass he needed to m
add in order to bring it back into equilibrium was on . What is the

surface tension of the soap solution? Q
L (Sample Answer )
&% but we must notice that

L J

r
L

We start with the equation for surface tensio

the soap film actually has two surfaces f he air, so the force measured is
that due to two surfaces. 5o the force due single surface would be the half
of the force he measured. @
£ mg
Wesay ¥ = %ur'f: % I%gmemeasuredvaluﬁweget
0.0004 x 10
Y= —ﬂ?‘r , ¥ = 002M/m or ¥=20mN/m.

Motice that the surfac ign of soapy solutions are typically around 1/3 of the
surface tension of water. Ifis this reduction in surface tension that drives the

little boat in th ent above,

&

Surface n and the capillary
action of a Narrow bore glass tube

A clea glass tube appears to "suck water
up’ rtain amount. The height depends on

thesinternal diameter of the bore.
‘E' H,0

mcnpmwracmnofamnwm;uhss tube
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forces between the water molecules themselves, then a concave meniscus, and the tensigin.i
the surface pulls the surface upwards until the total upward force provided by the perimeter
the meniscus becomes equal to the weight of the water that is being pulled up. Once this
equilibrium is reached, the capillary level stops rising. In equation form we write:

If the adhesion forces between the water molecules and the glass are greater than the cnhesian N

L J

Upward Force = 2 & r yand downward force = x ' h y g where ris the internal radiu

capillary bore, b is the height of the water column above the outside level, yis the density of the
water and g is the acceleration due to gravity.

When these are equal h = skl : .
rpg N

Sample Question) ____)

The internal bore of a capillary is 0.2 mm in diameter, calculanﬁ'laxinwm
height to which the water may be drawn up if a perfect cancave migniscus forms,

[ (Sample Answer ) \'
S = 2(75x10% = ®
h= 25 h= 5001 x1000xT0” "= 015

rpg’
The water level inside the capillary will rise 15 0

In some liquids, the cohesive forces betwe molecules

are greater than their adhesive forces to the g In this case,
the reverse thing happens. A convex me%mrms, and the
level of the liguid inside the capillary tube isgpushed down. Bl

The origin of the force is again surfa sion. Mercury is an 1
example of a liquid where the cohes
the adhesive forces towards glas@

rces are greater than

under your feet when you walk on it. When it is completely covered by water, it also slides
fromPunder your feet. However, when sand is just wet (but not excessively) it goes very

Why do you think this is?
2 bubbles fall slowly through the air. If you
blow up from beneath them you can push them
&up higher again. What do expect the pressure

inside the scap bubbles to be: higher, lower or

E equal to the atmospheric pressure around them?
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All solids have at some point in their existence been liquid. Most of the elements we know are
believed to have been formed by fusion in some ancient star that then exploded sending

fragments out into space. Even on Earth, some of the rocks have solidified after flowing out from &
volcanoes as lava.

Crystalline and Amorphous solids l V

When we touch a solid and feel it in our hands we cannot know how the atoms are organi
insicle the solid. All we can normally tell is how dense it is, and how rigid it is. In order
something about the arangement of the atoms inside a solid we need to study them in‘greater
detail. A crude way of testing them is by breaking them and studying the fmgmewhe
pieces have particular flat faces which are orientated at well defined angles, it is likely that the
atoms were organised in a well defined pattern. We say the material is crystalline. ever, if
the fragments have many random angles and the fracture surfaces are not flat, ikely that
the atoms and molecules in the material were not arranged in a well detw pattern. we say

the material is amorphous,

¢O

@ &e
0 a, Q
@
.}!,,,,-A-'M 99

The process of solidification {(whether it is slow or fast, whether in the presence of impurities,
etc) determines how the atoms will arrang selves relative to their neighbours. Generally
(though not always), the longer the time the ##oms have before they get locked into a solid, the
better they arrange themselves in nice my patterns (without dislocations or misalignments).
When this happens the solid frequeatly mes crystalline. By this we mean that atoms are

&

neatly arranged in columns and pl and a pattern repeats itself again and again, We call this
pattern a ‘crystal lattice’.

The best way to determing wi particular material is amorphous or crystalline is to use an
‘¥ ray diffractometer’. X raa have short wavelengths and can penetrate some way into

solids. If the atoms are a in a crystal lattice, the positions of the atoms interfere with the
X rays passing through the salfid and make them come out in very particular directions. If the
solid is amarphou no clear patterns in the X rays coming out the other side.

&
&u freym
diffracted lead screen
E K-ritys

m;:;:ugraplic

X-ray tube
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‘v

An experiment to try out at home *,
inas'y |

A simple experiment you can try at home involves dissolving some salt in hot water. Mix

much salt as will dissolve. Then drain the salty water away from any remaining solid salt at the
bottom of the container. Pour it inte a shallow plate and leave it by a window wher sUN
can slowly evaporate the water away. After a few days you will start to see salt cryst ing.

Amaorphous solids are those where there is no clear arrangement of the atoms i e solid. I
Generally, if a solid is flexible (it can be bent), and if it is ductile (it can be ext

hammered into different shapes) then the solid is amorphous. Rubber, gla’..ﬂE'd etals are all

amorphous solids.

Because of the special geological conditions required to produce
crystals, many crystals are quite valuable. They are often cut at very
precise angles, and polished to make expensive jewellery.

Crystalline materials often have important commercial applications,
and so materials such as quartz and silicon are grown in caref
controlled conditions in order to ensure their crystal IattiN free

~Q
~>

fram dislocations and any contamination,

b\ (orvoutoleny

What makes crystalline solids diHEE.:H m amorphous solids?

2 Why is very slow cooling needed er to encourage solids to become crystalline?

Young's Modulus %t'gésticity

Mo solid is perfectly rigid. That'i§ because individual atoms are bonded to their neighbours with

bonds that are both att and repulsive. A good mental model of these bonds is to imagine
thern as springs. If yo o atoms closer together than they want to be, they will try to
Il the

resist. If you try to urther apart than they want to be, they will also resist. The
stiffness of these ’ determines how rigid the solid will be.

Strain | % L > Young's modulus

- (O ===
*  Strain AL/L
Stress
pa (A
ez
EELD voung's modulus
‘léysics and Engineering, the quantity that tells us something about the stiffness of the

E material is called the Young's Modulus (it is sometimes also referred to as the elasticity

modulus). A material with a high Young’s Madulus will be very stiff (it will resist deformation),
and vice-versa. We can say that the deformation is inversely proportional to the Young's
Modulus.
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Definition of Young's modulus u
Everyday experience tells us that thicker pieces of material are more difficult to bend than *’

thinner ones. The deformation will be inversely proportional to the cross-sectional area of the
sample of material. You may also intuitively feel that it is easier to stretch a long piece of wire by
1 mm than it is to stretch a short wire by 1 mm. For the same force, any extension will be

inversely proportional to it length.

Summarising, we say the eXtension is proportional to the Length and the applied For
inversely proportional to cross-sectional Area and Elasticity modulus. In mathematical

i
write: X = E—i where the meaning of each of the symbols is given in the capital Iwin the

previous sentence. £
We can re-arrange this equation to £ = % this may seem like a strange wa}rwang:e it,

L
but the reason for doing this is that F/4 has a special meaning lIFressgre]I. /L does too
(Strain). This leads us to the Definition of the Young's modulus E: N

E = Stress / Strain \

When using this equation it is very important to convert all w into the base units of

Mewtons and metres.
Fixed support 0

Control wire Length of wire to
-hl'W- T;j";l by be tested (needs
the fixed force to be about 2 m in
applied by the length) (diagram is
weight below not to scale)

& Vernier scale
Refer & to measure
scale fi a extension and

therefare the
strain

Mass hanger to
vary the force
applied and
therefore vary
the stress put
on the load

# Weight to
keep the
control wire
taut
é RN Measuring the Young's madulus of a piece of wire using a Vernier scale

asurement of the change of length using either a travelling microscope, or a Vernier
as shown in the diagram above.

AE::perimem to measure the Young's modulus of a piece of wire involves very careful loading
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=53 (Sample Question ﬁ?
S
A copper wire which was 2 m long and had a cross-sectional area of 1 mm* was
measured to extend by 3 mm when loaded by a weight of 200 M. Calculate the )

tress and the strain on the wire, and hence the Young Modulus of the copper
wire?

The stress on the wire is the Force divided by the cross sectional W wire,
cr |

Stress = A= 200 M / 0.000001 m (notice we have changed the ional
area from mm? into m?). Stress = 200 000 000 Pa (1 Mewton pesm? = 1 Pascal).
Stress = 2 x 10® Pa.

The strain in the wire is equal to X /L = 0.003 / 2 (notice Whis ratio it does
not matter if we work in metres or millimetres, as lon we arg consistent).
Strain = 0.0015=1.5x 1072 x

Mow we are ready to calculate Young's modulus F.
E=5tress [ Strain=2x 108/ 1.510%, E=1.33x

This is a very large number! Normally Young's lus is expressed in GPa
(GigaPascals: 1 GPa =1 x 107 Pa). Sowe say t roximate modulus of this

copper wire is 133 GPa,
MNote: The Young Maodulus of rubber is mall by comparison ~ 0.01 GPa,

that of glass is 70 GPa, that of steel i:%ﬂ and that of diamond is 1100 GPa.

Diamond is the most rigid material t have discovered in nature!

stretch if it is 2 mm dia

d it is loaded with a 400 N weight?

The Young'’s modulus of EEI is 200 GPa, how much will a 50 m long steel cable

ri=314 x(0.0012 =314 x 10* m?
Mow, start with the definition of Young's modulus and re-arrange it

&
o o o
£ 50 x_“
400 x 50

XTI x314xi0% ~=0032m

e cable will stretch by approximately 32 mm.

Sometimes it is possible to solve some problems without actually knowing all of the
information needed to calculate the Young's modulus. We do this by using ratios.
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SampleQuestion) ) ...é\,

A wire of unknown material and unknown length extended by 15 mm when
loaded with the weight of 5 bricks. How much would a similar piece of wire
extend by if it was twice as long as the first one and was loaded with 10 bricks? Q

==Gampte Answer)
| o

Before we start putting any numbers into equations, let us notice that the two
wires have the same Young's modulus, and the same cross sectional area, Thi
will help to eliminate some things from the equations.

F
Furtheﬁrstwirewesaqun%,andfurthesecmdwirewesa}rx ]
So taking a ratio of the two equations we say 2@

&
X F. L E L
iy By e T - g
x1_F,L1 o X, =X

. ¥
Motice that it does not matter that we do not know the value of th&flengths or

the weights so long as we know their ratios. X, =15 % mm

(o 0w G &y )

1 A steel vertical girder which is to be 10 mmn need Lo support a mass of two metric

tonnes without compressing downwards maore than 5 em. What should its
minimum cross sectional area be? (Young's modulus of steel = 200 GPa, take gravity as
10 m s %, one metric tonne = 1000 k

2 A wire of a given material stretche 20 mm when loaded by an unknown weight. If
we wanted to reduce the stretchir%:e only 10 mm, what could we do to each of the

following:
(A) The length of the initial ﬁ
(B} The cross sectional f the wire

(€} The Young’s modu & wire
(D) In practice, thergis litt u can do about the modulus of the wire or its cross-

section. If the %ﬂl the wire and the load needed to remain the same, what
practical tion would you suggest to halve the extension?

Further considerations on material deformation

Engineering ¢ nents of buildings and
bridges are t only stressed so that [t risnsanannwasannrnaenn]- X
they are in compression or tension. Frequently %

they En compression and tension at the

same “Fhis is what happens when a

horizon ember is subjected to bending

lo A horizontal beam that is supported at
ds and loaded in the middle will be in

tension at the underside and in compression
on the topside,

Compression and tension on a horzontal beam

PHYS Gr 00 S8 Wod Siedd 105 @ BEIE 121 PN



MODULE 5 LIQUIDS, SOLIDS AND GASES

Loaded beams supported at the ends will bend in such a way that the bottom surface is u
stretched (tension) and the top surface is pushed together {compression). *
Materials Scientists (that is the name given to the people who study the performance and

characteristics of different materials) often plot Stress against Strain graphs like the one shown
below. Different types of materials perform differently. Three major different types am:
a

® Brittle materials: these deform elastically (the strain is proportional to the stres

certain point, and beyond that they suddenly break without warning.

® Ductile materials: these deform elastically up to a certain point and bq@t they
yield, and deform plastically (they remain deformed even after the ex{émal load has been
removed). After a certain amount of plastic deformation they finally break.

@ Plastic and polymeric materials: these deform non-linearly; Wnshlp between

stress and strain is not a fixed one.

-~

E ; Brittle

; '»OJ
N

The Stress versus Strain graphs are material scientists to characterise the response of
different materials to loading. 2
Fluids and Gase

Fluids and gases have imilarities and some differences. Their main similarity is that both
3

flow easily, and becau is they do not have any shape. They take the shape of their
container or the soli ies around them.

Fluids are on the pproximately 1000 times denser than gases, for this reason they will
stay in a co er even if it does not have a lid. Gravity is sufficient to keep liquids inside an
open topp ntainer. Cases on the other hand will readily escape through the top of an open
top vessel.

Fluids age largély incompressible; their volurme is very nearly fixed. Gases on the other hand are
very sible because the molecules in a gas are flying at great distances from each-other.
When s or fluids are in motion, or when a solid is moving through them, the molecules

to move around them to allow movement to happen,

ow speeds the movement of the fluid or gas will be laminar. By this we mean that the layers
in the fluid flow parallel to each other and there is no mixing. This is sometimes also called
& streamlined flow.

AL greater speeds, it is difficult to sustain laminar flow, and turbulence often sets in. In turbulent
flow, layers in the fluid no longer move parallel to each other but start to mix together in a
ralling type of mation that can be quite chaotic,
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laminar flow

]

YyY

¥

turbulent flow

e e - o
L= G
< c_ ¢ ¢ %

———
m Laminar and turbulent flow i \

Turbulent flow normally dissipates energy and causes the flowitg slgw dowm. It is far more
efficient to use a larger bore pipe and allow the liquid to flaw slower in a laminar way than to
use a narrower bore pipe and force the water through athigijpressure.

In the case of an aeroplane or a fast car moving throwgh the air at high speed, turbulent flow

increases drag, and makes the aeroplane or the carslow down. To maintain a higher speed it

will be necessary to use far more fuel, making the vehiclé' very inefficient. This is the reason why @®
engineers pay so much attention to the shape of carg and aeroplanes.

-

Turbulent flow

ED LumM turbulent flow

At high speeds it is nearlf impﬁssible to have perfectly larminar flow. Some turbulence normally
sets in. The enginegfs !;.jslu': to try to minimise the turbulence, Often a "Wind Tunnel’ is used to
studly the effects of shape’designs before they are put into production.

Racing car prototype
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MODULE 5 LIQUIDS, SOLIDS AND GASES

Some wind tunnels have artificial smoke lines injected into them so that the flow can be seen %
visually. The best designs produce the least disturbance in the smoke lines behind the cagly

Effect of depth on the pressure in fluids
Each layer in a fluid needs to support the weight of the layers above it. That means tha
pressure at the bottormn of a fluid will be higher than the pressure at the top. In gases
increase in pressure with depth is very slight, because gases have low densities.
climb a high mountain before you start to notice any changes in pressure. In lig|
the pressure changes with depth are very pronounced. If you dive under water, eviel
1 metre under the surface you will notice a slight pain in your ears. A dept ly 10 metres in
water produces a pressure which is roughly equal to the pressure e:-sert the entire

atmosphere at sea level!

The pressure P due to a depth of fluid above it is P = p g b, where the ensily, gis the
acceleration due to gravity and h is the height of the fluid abwe equation, the his

sometimes called ‘head of pressure’,
£) (Sample Question *
A water tower contains a large tank with its rml* above ground level,
calculate the pressure of the water at the foot of f (The density of

water is approximately 1000 kg/m?)

EGampie Answer )0}

P=pgh=1ﬂﬂﬂx1ﬂxzﬂ=l‘ﬂﬂkPa®

correctly. The engineer o design a system whereby this pressure can be
delivered by a water ta ted uphill from the press. Calculate the minimum

height required to g F@; this pressure,

An engineering press re:qth' es 4 pressure of 350 kPa in order to operate

A water pump is capable of pumping water at a maximum pressure of 5 bar. Calculate the
maximum height to which water could be pumped. (1 bar = 1 atmosphere = 100 kPa)
2 If this same pump were to be used to pump oil (density of oil = 910 kg/m*) without doing
any calculations, decide whether this pump could pump the oil to
{a) a greater height (b) a lesser height (<) the same level.
3  What if the water was sea water (p= 1029 kg/m?). How would this affect the level?
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Pressure and Velocity in liquids N
Evangelista Tarricelli (1643) discovered that the speed at which water comes out of a hole on *

the side of a container increases as the depth of the water inside the container increases. The

effect is not linear. Torricelli postulated that the speed at which the water comes out of the

conlainer is the same as the water would have achieved if the water had been allowed to fa

freely from the same height. We can calculate the speed to depth relationship using the Q

principle of the conservation of energy, equating the gravitational potential energy of the fall to
the kinetic energy of the water when it has reached the bottom of the fall.

magh= mT'l Rearranging we obtain v =V 2gh . N

It should be noted that this expression assumes no energy losses due to tumuwr resistance.

Reservoir Water
\ / Holes for jets b %

Pressure increases with depth

4l
-

Towricelli’s law can be
down the side

WWHWMHWRWWM

The continuity of flow &

When a liquid flows through a hain

of pipes, and these pipes hzv%nt A, Y
diameter in different places, it causes the

flow to speed up or srm*mis needs

to happen in order aintain a constant

rate of flow throu the entire length,

Where the diameter is smallest, the speed
will be highest, » A,
This is a cons ce of the conservation

of the velu liquid. The diagram 5.38
gives a clear visual explanation as to why

this m true,
EEL cContinuity of fiow
T eed of the flow of liquid along the length of a pipe is affected by the cross-sectional area
given point.
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For the flow rate to be constant, the volume per second must be equal everywhere along the, %
length. A volume element is equal to the cross-sectional area A multiplied by a length L. ifs :
consider a volume rate, then we must divide this by time, The flow rate at any point will be
A x L/t. Motice that L/t is a velocity, so the flow rate can be expressed as A times v.

L J

Since the flow rate is constant throughout,

Av,=Av.=AV =..

This is known as the continuity of flow equation.

E80) (Sample Question
| Water is flowing at 20 em/s along a pipe that has an internal diameteriaf 3 em.
Further down the line the pipe has an internal diameter of 1 ¢ hat speed

must the water be flowing at this new point?

&
">,

Av, = Ay, S0 v = VA A,
The ratic of the cross sectional areas is equal to square of the ratio of the
internal diameters, so we can say

v, = v,(D,/ D, = 20 (3/1)* = 180 cm/s Q
Sample Question

The flow of water through a is 0.30 m/s where the internal bore is 25 mm in
diameter. What diameter bo Id be necessary in order to slow down the flow
to 1 mmy/s?

L (Sample A.wswe

The first thing @E is that there are a number of different units being used in
50

this questign, must be extra careful.
Av, =A s A=Ay, Ty 50 (D =(0) (v, / v)
(D,)? = (25 1) (D,) =187 500 D, =433 mm

&

Forvoultoltry) )

If you want to double the speed of flow of water through a section of tube, by what ratio
must you reduce its diameter?
2 If you double the diameter of a tube, by what ratio have you slowed down the flow of
water through it?
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The Bernoulli effect u

When water flows through a narrower section of pipe, it is not only the speed of flow that *’
changes; this is what Bernoulli discovered. The increase of speed is fairly intuitive, and it is easy
to visualise this in our minds, however, pressure is invisible, and it is not obvious why the ®

pressure should decrease,
So far we have only considered the conservation of water flow. If, additionally, we consider t
conservation of energy, it leads us to a fuller description and an equation which inclqu

pressure as well as height (in case the water is flowing upwards or downwards).
&

Bernoulli Equation: H, = H, v

2 F;
L PO o8 _P P R N
R Rl e B 2
d
23 .
4l
2.0
[ =2 E:‘ T
o
ha
Continuity
2 = 2
h % v, i::'tr =y dz
m Bemoulli’s equation %
. 1
The full Bernoulli equation can also be u&n as P+ 5 pv* + pgh = constant .
Often we consider fluids flowing h lly in which case there is no change in h, so the

equation reduces to P, + = fil '+ = pv,t.
Motice some interesting things a this equation. It tell us that if the velocity is zero the

P, = P, That is, if the wa tionary (hydrostatic) the pressure is equal. However, if v, > v,
then P, < P, . Sometimes Berfibulli's equation is summiarised as “High speed, Low pressure’.

Sa mp.Le Question

The pressuréiin a wide bore tube is 50 kPa where water is flowing at 1.3 m/s.
What wi ure be at a constriction where the flow speed is 2.6 m/s?
(density = 1000 kgfm?*

{ Sample .&nswe

%pvﬂ-ﬁ‘ﬂ-%pv‘,’ 50 P +%pvl’—%pvfnﬁ‘i
50,000 + [1000 (1.3)F°]/2 - [1000 (2.6)°]/2 = 47.5 kPa
A difference of approximately 2.5 kPa.

PHYS Gr 00 Sa Wod Siead 191 @ BEIE I:!‘iP'Ml



MODULE 5 LIQUIDS, SOLIDS AND GASES

BE) (Sample Question q
Water is flowing in a fire hose with a velocity of 0.90 m/s and a pressure of

215 kPa. At the nozzle the pressure decreases to atmospheric pressure. Assuming
there is no change in height. Calculate the velocity of the water exiting the
nozzle, (The density of water is 1000 kg/m?* and atmospheric pressure 107 kFa).

[ (Sample Answer ) . Q’
P, +% pvi=P, + % pv,? (the terms with h cancel as they are Wth sides)
2

—!-PJ-I- ; =y

o [P+ ovi=p]=v %
21000 [215 000 + (1000 x 0.907)/2 - 101 000] = v/ &
2288=v? s0 v,=151m/s

Y%

511 Sample Question

A water main is pressurised at 200 kPa an ter is flowing through it at 5.0 m/s.

The pipe needs to pass down through and up the other side. If the valley
is 50 m deep, calculate the water pressure intie water main at the bottom of the
valley.

L (Sample Answer }

Since the bore and flow rate he same throughout, we can simplify Bernoulli's
equation to w

P|"'th|=PJ"‘pth &P'd-pgf]‘r—pgh):ﬁ, ar P, = P, + pglh, = h})
P, =200 000 + 1 000.x 10 (50)

P, = 700 kPa

4is standing stationary in a vertical section of pipe which is 25 m from top to

om. The pressure inside the pipe at the top is 150 kPa, what will the pressure be at the
bottom?

A pipeline is transporting oil with a density of 930 kg/m® In a section that is 10 cm in
internal diameter the pressure is 175 kPa and it is flowing at 4 m/s. Further down the line
the internal diameter has been reduced to 7 cm. Caleulate the following:

(a) The new speed of the flow at this reduced diameter.
(b) The pressure at the reduced diameter section of pipeline.
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Module 6 Thermodynamics and

Engines

Learning objectives Q

@& Use internal energy formulae of monoatomic and diatomic ideal gas
in problem-solving (10.3.3.1 .

® Apply the first law of thermodynamics to isothermal and adiabatil:N
processes (10.3.2.2

@ Describe the Carnot cycle for an ideal heat engine (10,333 |

® Use the formula of energy conversion efficiency of a heat engin
problem-solving (10.3.3.47

® Become familiar with the practical effects of r:hmgﬁim

16.3.25] h
® Understand the effects of doing work on a gas (hy.compression), and

of a gas doing work (by expansion)

First Law of thermodynamics
The First Law of thermodynamics is the law of consewati@nergy applied to heating,

cooling and working. The first law of themadynanfq‘tes

1

‘l Heat energy cannot be created or destroyed but it can be transferred from one place
to another or converted into another form A

The First Law can be expressed in different %according to the sign convention used. In
applying the First Law to "systems’ here, :: is ten:

1 Q=AU+ W
where:

Q - energy supplied t transfer
If energy is rem heat transfer, for example when a gas is cooled,

Q is negati
AU - change in i energy.
AU there is an increase in internal energy, if negative there
is a in internal energy.
' ®
) Energy su or removed by heat transfer = change in internal energy + work
done o e gas.

Defining a system
In talki ut engines and ideas such as their efficiency, we need to define what we mean by

the term a ‘system’. Ta solve problems which involve calculating changes: ‘system’, ‘boundary’
a urroundings’ have to be understood.

tem is a region in space that contains a quantity of gas or vapour. In open systermns the
gas or vapour flows into, out of, or through the region. The gas may pass across the boundary
between the system and its surroundings.
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Examples of open systemns are:

@ Steam passing through a turbine.

e GCas expanding through a nozzle from an aerosol can.
In a closed system the gas or vapour remains within the region. The boundary between the
closed system and its surroundings, however, may not be fixed. It may, for example, nd or
contract with changes in the volume of the gas.

Examples of closed systems are:

® Air in a balloon being heated.
® A gas expanding in a cylinder and moving a piston.

In bath apen and closed systems heat and work can “cross’ the bound %

Steam passing through a turbine

Closed systems
A process is a change from one stat other, where the state of the gas is determined by
its pressure (p), volume (V) and temperature (T). In a non-flow process (where the gas does
not flow across the boundary) t tems involved are closed systems and there are four basic
types of changes or processes to ider:

@ isothermal

@ adiabatic

® constant pressure 2

® constant volume

g
W

In referring to eac 1 racesses, we will make use of the formula:
Y, PV,
Tl Tz

. 'a process is impossible. It could only happen if the container were a perfect conductor, or
4 the process occurred infinitely slowly allowing time for heat to transfer and the gas to always
_be in thermal equilibrium with the surroundings. Such a process would be truly isothermal.

o However, a slow process in a container which is a good conductor will be nearly isothermal.
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An isothermal change obeys the law:

pV = constant
pVY =pY;

Expansion . Compression

RN ssothermol change

v, 1.':"'1-' : v, v.m'l'“

MODULE &8 THERMODYNAMICS AND ENGINES

v

g

O

oLl Defrgsr At Change feom 2, 1-" m‘u VQ

V= pV,
Lol iIH!.TllldHI

as we have seen in Module & this is know as Boyle's law. @
&

Sample Answer )

% ¥, = p,= V,, rearranging to scale up for t

V
p: =p"x_1.f;_

240
= 100 % e %
= Iﬁﬂ kPa ®

240 cm* of air at a pressure of 100 kPa in a bicycle pu
a volume of 150 cm?. What is the pressure of the comp

h&hlghﬂ pressure

= 101325 x50 3'5'
‘$= 135100Pa

PHYS Gr 00 Sa Wod Sledd 115

L J



MODULE 6 THERMODYNAMICS AND ENGINES

3%

Adiabatic change
An adiabatic change is one in which no heat passes into or out of the gas. Q = zero, so a%

done is at the expense of the internal energy of the gas.
If the gas expands, as in a balloon bursting, .

Q=AU+ W Q
therefore W= -AU

the internal energy, hence the temperature, goes down as work is done by H'l@pushing
away the surrounding air. &

If the gas is compressed, as in the compression stroke of an internal combust ngine,

Q=AU+ W
therefare -W = Al

the internal energy, and hence the temperature, goes up as work @e on the gas.
The change obeys the law: &

pVt = constant ,

p,xVi=p x V7

" o
l:L.l:l?!fmmpJ. V_.Jh F:‘. V', wethirz Beat tranier
Fr "Irrr- F."l'r‘r
Wil done area dhaded

Constant pressure &

The gas in the cylinder in Figure &.5 is under a constant
pressure due to the weig the piston.

If the gas is heat iston moves up a distance Ax, The work

done W is F Aggwhere .

F =p e ®'area of piston =
F =pA

Therefope W =ip A Ax = p AV .Cnmmp'mmh
a piston cyfinder

116
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Heating a gas at constant pressure causes an increase in volume (AV) and temperature, and
external work is done owing to the increase in volume. Cooling the gas will reduce the
temperature and volume,

Heating

Cooli
r r w

-

u
i
]
=

I
]
!
]
I
:
¥, L V

-Gmmnrpmmdlmge

| T

Constant volume change

If the gas is heated in a fixed enclosed space, it
remains at constant volume and the pressure and
temperature, and hence internal energy both increase,
Because there is no volurme change (the boundary
does not move) there can be no work done,

Q=AU+ W
where W = 0 (no volume change) 0
so Q=AU

The whole of the energy supplied by heating is sto
in the gas in the form of increased internal ene - Camping gas bottle

This process occurs when a camping gas bnttle
warmed by the sun throughout the day. Th%

usually a warning not to store in direct sunli

Heating
” 1y
1
b T Py T
I

|”:

Cooling

volume change

The ratic o (C./C ) for a gas is known as the specific heat ratio or adiabatic index

and is commonly denoted by the Greek letter gamma (y). For diatomic gases which exhibit
idml&ur at standard conditions, C, = 5R/2 and C, = 7R/2 (where R is universal gas

cons e adiabatic index for such gases is thus given as 7/5 or 1.4.

Ky
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Engine efficiency

An internal combustion engine is supplied
with energy in the form of the chemical
energy of the fuel. The chemical energy is
transformed into internal energy which the
engine in turn converts into mechanical
energy. The overall efficiency of the engine is
the ratio:

Useful energy or work output

energy input
We want an engine of a given size to provide
as much power as possible for every kg of
fuel used, so the more efficient the engine
the greater the km per litre of fuel and the
less the cost of running the car, Also, if less
fuel is used, less CO, will be released into the
surrounding atmosphere.

x 100%

Th

Iubricating oil

jacket waler

exhoust gas

air cocler
heat radiation

=
N

o

maximum possib

In the Carn |
(process 3 — the energy output Q. to t
compression {1 = 2).

The re

e Carnot Cycle
Most ines contain a working “fluid’ such as

q steam which is taken through a cycle. During
yele a net amount of work is done. At the
end

ch cycle the working fluid is returned to its
inal pressure temperature and volume, ready to
hrough the next cycle. There are many different

types of heat engine cycle, and only a few give the
ideal efficiency.

One cycle which does give this ideal efficiency is the
Carnot cycle, (named after Sadi Carnot, 1796 - 1832,

m The Carnot p-V
who first proposed that the maximum efficiency of
a reversible engine depends’'on the temperatures between which it works). For this reason, the
ncy is sometimes referred to as the Carnot efficiency.

he energy input Q, is by heat transfer during an isothermal expansion,

he sink is by heat transfer during an isothermal

lhé' cycle is made up of an adiabatic expansion (4 — 1) and an adiabatic

com (2 = 3) where Q = 0, 50 the net work out must equal to @, - Q..

It can be shown that the efficiency of this cycle is given by

= =L= QH'-QC - rn'rc
el QH' q." T“

If it were possible to make an engine that operated on the Carnot cycle, it would have a very
small power output/engine size ratio because the area of the p<V loop is very small. Compare
this to the internal combustion engine loops in Figures 6,16 and 6.17.
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Internal combustion engine
air and fuel
The principle of the internal combustion ; t
a 5 v piston }
engine is very simple. A mass of air is ;
compressed at a low temperature and crankshaft L
expanded at a high temperature. Because A B
the work needed to compress the air at

a low temperature is less than the work
done by the air when it expands at a high
temperature, there is a net output of work. 9a
The air in the engine must be heated in

order to raise its temperature between the

compression and the expansion. It is called C

an internal combustion engine because this
heating is done inside the engine. R 7 intemal

&
In a petral or diesel engine a piston moves
easily up and down in a cylinder with an almost gas-tight fit be n thetwo. Each movement
of the piston up or down is called a stroke, In a four-stroke engine, t el is burned once
every four strokes. The sequence of operations for one comple r-stroke petrol engine
cycle, comprising induction, compression and exhaust strokes ined in the four stage
diagram 6.11. 0
Induction P

The piston travels down the cylinder. The

volume above it increases the mixture of air

and petrol vapour is drawn into the cylinder %
via the outer valve, The pressure in the

cylinder remains constant, just below the %

atmospheric pressure. @
Valves -
Spark pluglk—A 5 ——

Induction
WY induction

Spark
AT Compression

Both valves are closed. The piston travels up the
cylinder, the volume decreases and the pressure
increases, Work is done on the air to compress it

Very near the end of the stroke the air/petrol mixture
is ignited by a spark at the spark plug, resulting in a
ression sudden increase in temperature and pressure at almost

“;§.w constant volume,
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P
Expansion + U
Both valves remain closed, and the high
pressure forces the piston down the

cylinder. Work is done by the expanding
gas. The exhaust valve opens when the
piston is very near the bottom of the

stroke, and the pressure reduces to nearly sy :

L J

atmaospheric, "‘"l

E u ——
. ©

N
The pistof moves up the cylinder,

ing the burnt gases through
t en exhaust valve. The pressure
in the cylinder remains at just above
maospheric pressure.

L
L

of any process for converting heat i rk cannot approach 100%. In other words an ideal
engine which satisfies both laws of mdynamics must have a source and a sink. The engine
must be subjected to heating f he source and it must reject some energy to the sink. The
source must be at a higher tem re than the sink.

Indicator Graphs‘\

The p-V graphs below led indicator diagrams. They are produced using computer
software by engin to ate engine efficiency. They vary with parameters such as engine
load and speed, a iming of the spark (petrol), or fuel injection (diesel).

Figures 6.16 6.17show typical indicator diagrams for four-stroke petrol and diesel engines
for one co chanical cycle.

V v

Ry —
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The work done on the gas during the compression stroke is given by the area underneath the N
compression curve, and the work done by the gas during the expansion stroke is given by the
area underneath the expansion curve, Therefore the net work done by the air is given by the
area enclosed by the loop on the p-\ diagram.
If the net work done is divided by the time for one cycle, the indicated power is obtained. -
Time for one cycle = 1/cycles per s q
Therefore:
'|
" indicated power = area enclosed by loop of p = V diagram » number of qrcle? second

If there is more than one cylinder in the engine Q

) indicated power = area of p— V diagram x number of cycles per second %ber of cylinders

Because there is one power stroke for every two revolutions of the cr ft this can be

changed to: \

'|
' indicated power = area enclosed by of p - V diagram = w"fﬁm = number of cylinders

The area of the small loop formed between induction anmyt strokes is negative work, and
should be subtracted from the main loop area to give th et work, but in a real indicator
diagram the area is so small as to be negligible. In e induction and exhaust strokes
usually show up as a single horizontal line.

Some of the power developed by the air in the eris expended in overcoming the frictional
forces between the moving parts of the engine me viscous resistances of the lubricating oil
and cooling water. This is called the frictio . The output power will, therefore, be less
than the indicated power by an amount eq the friction power.

Calculations of puwe&%&fﬁcienw

) input = calorific value of fuel = fuel flow rate
I pu
For liquid fuel, the flow r*’be in kg 5" and the calorific value in M) kg
For a gas, flow rate jgsuallyin m? s' and the calorific value in M) m-.

‘_:} Indicated power = power developed in the cylinders of the engine =
g pEV diagram = number of cycles per second = number of cylinders

Q
Q
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(%) (Sample Question q
Test measurements made on a single-cylinder 4-strake petrol engine produced

the following data: ®
mean temperature of gases in cylinder during combustion stroke 820 °C

mean temperature of exhaust gases 77 °C q
area enclosed by indicator diagram loop 380|

rotational speed of output shaft 1800 rev min' Q
power developed by engine at output shaft 4.7kW &
calorific value of fuel 45 M] kg’ \’

® flow rate of fuel 2.1 x 10 kg min"

(b} the indicated power of the engine

Calculate: Q
(a) the rate at which energy is supplied to the engine

(c) the thermal efficiency of the engine. &
[ (Sample Answer ) \"
(a) The energy supplied = calorific value x rate
= 45x106 J/kgx (2 x 1 in+ 60 s)
= 15800 |/s
(b) Engine goes through the power cycle onc two revolutions.

(€) Thermal efficiency = indicated p input power

There are 15 cycles per second: Indi power =380 | x 15 s' = 5700 |/s
= 5700 + 15 000

= (.38 (38

The power gained from %ﬂf the engine was 15.8 kW. If the power
output is 4.7 kW, what is th rall efficiency?.
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awﬁﬁ_&,‘\’

1 A car engine has a power output of 6.2 KW and uses fuel which releases 45 M| per kg
when burned. At a speed of 30 m 57" on a level road, the fuel usage of the vehicle is &
18 km per kg. Calculate:
(a) The useful energy supplied by the engine in this tirme;
(b} The overall efficiency of the engine.
2 The energy content of petrol is about 44, 1M|kg ', Calculate the input power
5.20 kg of fuel flowed into an engine in one minute, »
3 Gas at 120 kPa is rapidly heated from 20°C to 243°C in a sealed container. Wm the
new pressure of the gas?
4  Diesel fuel has a calorific value of 42.9M|kg'. Calculate the input powe ow rate

is 6.00 = 10" kgs™'.

5 Calculate the thermal efficiency for a car, for which the following du@iven:
input power = 462 000 W &
indicated power =122 000 W

6 The area of an indicator diagram gives 960 |. If a fuur-stmk%e is rotating at
4200 rpm, calculate the indicated power per cylinder.

7 Gasoline vapour is injected into the cylinder of an aulﬂngine when the piston
is in its expanded position. The temperature, pressure, an ume of the resulting
gas-air mixture are 20°C, 1.00 = 10° Pa and 240 crm(tiuehr. The mixture is then
compressed adiabatically to a volume of 40 e, T batic index of the air-fuel
mixture can be taken as y= % . What is the Q of the mixture after the compression?

The home refrigerator Qﬂ
This is a beautiful example of the interchange bet work and heat. At the heart of

refrigerators and air conditioning units is w% call a "heat pump’. To understand it properly
it is best to consider each part of the operatiomSeparately:

Step 1 QJ

The electrical energy supplied by t%wer station is used to drive an electrical motor which
operates a compressor to pump gas from a low pressure reservoir to a higher pressure reservoir,
This work that is being done as molecules causes the gas to heat up (the individual
melecules are maoving randomly ter velocities). This may seem like a strange thing to do if
you want to try to cool the'inside of the refrigerator! The important thing to remember is that
compressing a gas is hard w and it produces heat (you may have noticed the valve of a
bicycle tyre gets ho you actively pump air into it).

Step 2

This heat prod by the compression needs to be dissipated through the use of a ‘radiator’
that is norm ated at the back of the refrigerator. Heat is conducted into a grid of metal
wires (som called a ‘condenser’). These heated wires then release the heat to the air by
convectign. By the time the compressed gas comes out the other side of this heat exchanger
the g&rly back to room temperature. This heat has been ‘wasted’! (It could be used to

help towels or some other application, but generally no use is made of it),

3
me compressed gas is made to pass through a small nozzle (sometimes called an
‘expansion valve’) so that it can expand into another set of tubes inside the cool box, The action
of expanding means that the gas is having to do work in pushing back the frontiers of the space

PHYS Gr 00 Sa Wod Siead 123 @ BEIE 1322 PN



®

MODULE 6 THERMODYNAMICS AND ENGINES

it will occupy. It does this work at the expense of its internal energy, and as a consequence of N
this the random motion of the molecules slows down and the mean temperature of the
drops. You may have noticed that when you spray an aerosol can of perfume the nozzle, the

can, and even the gas coming out of the can cools down.
L

Step 4 q
The cocled tubes inside the refrigerator cold box can get so cold that water condenses out of
the air on to them, and can even form icel Now it is time for the food inside the reffigerator
to lose its heat to the cold surroundings inside the cold box. This is how the con of the
refrigerator are cooled down. However, the cold gas will gradually warm uwabsurbs the
heat extracted from the food inside,

Eventually the low pressure gas will need to be brought out of the Wﬂnd re-compressed

(pack to step 1), and the cycle repeats again and again. You may heard the compressor of
your home refrigerator switching on and off periodically. Every ti t the temperature inside
ress

the cold box creeps up above the thermostat set point, the ¢ switches on, and it keeps
on running until the temperature inside the cold box drops be e thermostat set point.

If you notice that the compressor of your refrigerator seegw

may mean that:

running most of the time, it

(a) the door of the refrigerator is not closed properly,
{b) the thermal insulation of the cold box is no lo adequate or
{c) the refrigerant gas inside the system has slo

A refrigerator contains a fixed amount of g ch it compresses (outside) and expands
(inside), and in the process ‘pumps heat’ o he cold box to the cutside world,

S
5

evaporator

hy might a CO, fire extinguisher get very cold when it is used? (5o cold, that if you hold
the venting horn with your bare hands, your fingers will freeze on to it!)
E 3 Why does a car run less efficiently (getting fewer kilometres for a litre of fuel) if the air-

E Why does the nozzle of a bicycle wheel get hot when you are pumping up the tyres?

conditioning is switched on?

4 A student notices that if he breathes out against his hand with his mouth wide open, the
air coming from his mouth feels warm. However, when he tightens his lips to make a small
exit and blows hard on his hand, the air feels cold. Can you explain this difference?
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Learning objectives

#® Apply the charge conservation law and the Coulomb's law in problem-solving (10

® Apply the principle of superposition for defining the electric field intensit _Ig

# Apply the Gauss thecrem to define electric field intensity of infinite charJ nes,
full spheres, spheres and endless thread (10.4.1.3 | &

# Calculate potential and work done by electric field of point charges @401,

® Use the formula connecting power and energy characteristics of E|M field in
problem-solving (10.4.1.5 |

& Compare power and energy characteristics of gravitational and static fields
dielectrics [10.4.1.7

(104.16) ¢
& Make comparative analysis of electric induction in :nnd@pamrisatinn in

® Research the relationship between condenser capacity and i ameters (10478
® Use the formula of series and parallel connection of €andeRsers in problem-solving
[10.4.1.9]

® Calculate the electric field energy 104.1.10) 0

History Q

% You do not need any education or specialist
} owledge to be aware of electricity.

Lightning, and the associated thunder, is
a spectacular natural phenomenon that
has been known to all cultures throughout
history. The symbol of the most powerful
Greek god, Zeus, was the thunderbolt, and
many other cultures throughout Europe,
South America and India have associated
lightning with their gods.

In some parts of the world, people are
familiar with other natural sources of
electricity such as electric eels and some
breeds of catfish.

There are also pre-Christian accounts noting that when one rubs fur against the naturally
occurring mategial kndwn as amber, the amber can then be used to lift small and light objects
such as piec FEW.

All of these a enomena associated with electricity.

Staél ectricity

If take a plastic rod and rub it against a different material, such as your hair, you should notice

ct similar to that mentioned above involving amber. You might be able to pick up small
pieces of paper using the rod. American scientist and politician Benjamin Franklin (1706-1790)
studied this effect using glass rubbed against a piece of silk. He described the charge on the glass
as positive and that on the silk as negative, the first time that these terms had been used.
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ELECTROSTATICS
Experiment 7.1: To investigate electric charge ,
Method 1

I Tear up a piece of paper into sections only a few centimetres across,
Take a plastic rod and rub it against your hair to charge it.
Hold the rod close to the pieces of paper and observe what happens.

Observations
You should find that the pieces of paper are attracted
upwards towards the plastic rod. »:‘.‘5;;

Method 2

| Place a plastic rod in a stirup suspended from a
wooden retort stand, as shown in figure 7.2,

2  Take a second plastic rod and rub it against your hair
to charge it.
Hold the second rod close to the first one and
observe what happens.

v

m Investigating static electricity

Observations
You should find that the first rod, suspended in theSstimup, is attracted to the second one, in
your hand.

o
]

Method 5

| Take a plastic red and rub it against yotir hair to charge it.

2 Place the charged plastic rod in astirrup suspended from a wooden retort stand, as shown
in figure 7.2.

3 Take a second plastic rod and tub it against
your hair to charge it.

I Hold the two charged rogds close to each other
and observe what happens,

o
£
-2

Observations
You should find thatithe tw@'charged rods repel
each other.

Method &

| Turn on a tap'so that there is a gentle but
steady flow of water,

2 Take%a plastic rod and rub it against your hair
o charge it.

i Hold the charged rod close to the water
stream and observe what happens.

Observations

You should find that the stream of water is g, i
deflected by the presence of the electric charge. m An effect of static electricity

h?
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Method 5
1 Rub a balloon against your hair to charge it.

2 Hold the charged balloon against a smoothly plastered wall.

L
Observations q
If the charge is sufficient you should find that the balloon sticks (briefly) to the wall.
L $
4 i
BB An effect of static electricity
N s

Charges N

All of the effects described above come about because of som called electric charge,
of which there are two types: positive and negative. We often summarise how these charges
interact with each other using the key phrase: Q

— Like charges repel, unlike charges attract. Q

In other words, if we place two positive charges to each other, they will be repelled from
each other. The same happens with two n ive charges. By contrast, if we place a positive
charge close to a negative charge, the twcre% attracted towards each other. Sometimes, if
the charges are significant, there can be a sparkas the charges jump towards each other.

This can be problematic in many ways. rs in electronic industries often wear special
clothing to prevent damage to circuitry from the small charges that can build up on clothes.
Airport workers have to be very cur&s of the dangers that

come from static charges whe are refuelling aircraft. Workers
in flour mills have similar con

There is an obvious compafison to Be made between electricity
and magnetism, which a tves like poles repelling and

phenomena are indeed tightly
in more detail when we study the
area of electromagnetism. At the same time, it is important to
keep the two ideas sgparate in your thinking.

Electric char ot exist by itself. It is a property of tiny
particles kn s subatomic particles. There is a wide variety of

such particles, many of which = such as pions and W bosons = you

are un| have heard of, but may learn about when you study A clean room fn an
mod ysics. Generally though, when you encounter electric Intel plant, showing
charge in ordinary situations, that charge is likely to be associated 'ﬁmp qoiig
&on& familiar particles: protons and electrons. : m::::nurmw: of
semiconductor chips
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Protons and electrons are two of the key particles that make up atoms. Recall the basic struc I'EN
of the atom: the protons are positively charged and are found, alongside a number of n

charged neutrons, in the nucleus; the negatively charged electrons are found circling the

nucleus.

It is worth noting that the use of ‘positive’ and ‘negative’ as labels to
describe the different types of electric charge is a scientific convention.

We could just as easily have labelled them ‘up’ and ‘down’ charges,

or ‘left” and ‘right’. Positive and negative is just one convenient pair of
opposites that is easily understood. &

Every object contains a very large number of atoms and, therefore,

an enormous number of electric charges. A typical plastic rod,

like that you used in Experiment 7.1, would contain about

1000 000000000000 000000000 atoms and an even larger num The negatively
of protons and electrons. However, because it will generally mma% mm
the same number of protons and electrons, it has no overall % surrounding the
We say that it is electrically neutral, positive nucheus

If the rod gains even a few electrons, though, it will have mo
negative than positive charge and will become negati arged overall. Similarly, gaining
extra protons would make it positively charged.

If you look at the diagram of the atom in figure ?mwill see that it is always sasier 1o add or
remove the relatively loosely bound electrons on tside of the atom than to vary the
number of pratons, which are located deep i e the nucleus. For this reason, it is almost
always the addition or removal of electron causes an object to become either negatively or

positively charged. Q

" Ifan object is electrically mg, it has the same number of protons and electrons.
If it gains electrons it will have mibre electrons than protons and will be negatively
charged. If it loses elect re will then be a majority of protons and the object
will be positively chatged

lons

When atoms either gain or lose electrons
and therefore become charged, we refer
to themn as lons. 5o, for example, if an
/'/ atom gains electrons it is a negative
ion. This often happens with atoms such

as chlorine, Alternatively, other atoms

sodid atom (on the left) and a positive such as sodium tend to lose electrons
fon (on the right) and become positive ions, as shown in
figure 7.7.
ing by contact

ou saw in Experiment 7.1, small electric charges can be built up by rubbing one material
against another. When this is done, electrons are physically removed through friction, from one
of the materials and added to the other. This is called charging by contact.
Y
/ Charging through contact involves the physical transfer of electrons from one object to
another when the objects are in contact,
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Because of this effect, mirrors and TV screens should not be cleaned using a dry cloth. The friction N
between the two builds up a charge, which then causes dust to settle on the mirror or the screen,
On a larger scale, a static electric charge built up in this way can create a hazard in flour mills,
where a spark from a built-up charge can cause an explosion. Aircraft are always carefully earthed
before refuelling to remove any charge that might have built up during a flight. : .

Charging through induction

When a balloon is charged by rubbing it against your
hair, as in Experiment 7.1, it usually builds up a negative
charge by collecting additional electrons in the manner
we have already discussed. However, if the balloon is
made to stick to a wall as shown in figure 7.9, there
must also be a charge of some sort on the wall. It is the
attraction of opposite charges, after all, that makes it
stick there. Where does the positive charge on the wall

come from? N

The answer is that the negative charge on the balloon has r%
electrons from the surface of the wall as it approached. This left

small area of positive charge on that portion of the wall, anéigl e
of attraction between the opposite charges was enough to keep the
balloan there.

An object that becomes charged in this way - with
with another body - has been charged by indu

Something similar happens when a flow of water is dis
electric charge. A positive rod held near the tln‘%ater will cause
negative charges to accumulate in the side of the water that is nearest

the rod. The attraction of opposite charges en cause the flow of e

water to divert, towards the rod. i Iﬁeg! i v
N | T ; . : induces a postive

@8 Induction is the creation, or redistri of electric charge charge on the wall

on an object through the auwearby charges.
Gold leaf electroscope

The gold leaf electroscope is that allows us to study how an object can be charged
through induction. The traditiona troscope consists of a metal cap connected with a metal
bar to two gold leaves b*shuwn in figure 7.10,

If a negatively charged plasticrod is brought close to the cap, it repels electrons from the cap.
They are forced d reugh the connecting bar to the leaves below. The two leaves then
have the same negati arge and are repelled from each other, As they are so light, this

repulsion is sufficient to cause them to lift away from each other, as shown in figure 7.10.
L J

-'i_"-—;
+ 4+ “

S| [A] B

The charge on the cop and leaves of a gold leal electroscopse 15 created without
contoct and is therefore induced
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Y

Experiment 7.2: To investigate an electroscope, %,‘
demonstrate charging by induction

Method *
1 Set up a non-charged electroscope. Q

2 Take a plastic rod and rub it against your hairte = ™=——ago-__
charge it.

3 Hold the charged rod close to the cap of the
electroscope and observe what happens to the
leaves (see figure 7.11).

4 To make the charge ‘permanent’, bring the
charged plastic rod close to the electroscope, and
when the leaves are spread out, gently touch the
cap of the electroscope with your finger. »

5 Remove your finger, and then remove the plastic N

rod. Observe what happens now.
h.ﬂ. charged electroscope

Observations

When you hold the charged rod to the cap of the elect pe, you should see the leaves
diverge. When you touch the cap of the electrosc ith your finger, you should notice that
the leaves collapse. When you remove your ﬁngme charged rod, you should see the
leaves spread out once more, This effect i:QIy permanent, as the induced charge will leak

into the atmosphere over a number of mi

In Exp ent’7.2 you found that the leaves on an electroscope will collapse when the cap is
touc is is because we have effectively earthed the cap.

sphere has a negative charge, this means that it has acquired a number of extra electrons.
e electrons are all repelled from each other and move as far apart from each other as
E possible. On a metal sphere this is easy, as both the shape and the material allow the charge to

Eelectric charge will always tend to spread itself out as much as possible. For example, if a

spread itself evenly across the whole surface.

On plastic objects, which do not allow electrons to move easily, the effect can be reduced. The
charges are forced to stay in one area.

130
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When a charged object is connected to the
earth, the charge spreads out so much it
effectively disappears. We refer to this as
earthing the object. Itis built in as a
safety feature in electrical wiring, using the
earth wire, This is a green and yellow wire
that will carry any charge building up on
malfunctioning devices to earth before
they cause harm to users,

With the electroscope in Experiment 7.2,
the charge effectively disappears when we
touch it because we are so much larger
than it is. We are operating as the ‘earth’.

Point effect \'

We have seen how electric charge will always spread out as mu:N
possible. On a metal sphere this always works well becauseit is a

smooth, symmetrical surface and it easy for the charges to
arrangement whereby they are all as far away from each other
possible (see figure 7.14).

re ut
look at the

If a metal cube becomes charged, the charges will sti
to be as far from each other as possible. However, j
corners in figure 7.15, you can see how this become
charges are pushed away from the centre of eac e of the cube so
they can spread out as much as possible, but are pushed
into a corner, this means that they are bein shed towards the
other similar charges on an adjacent face. will try to strike a

balance between all the competing far:@mt there is no perfect

arrangement and there is an inevitable up of charge at the

COrners.

&F o b
The cube is just one example of a shape in which this problem '_i.-t--l-+++:+
accurs, In every shape, other t phere, something similar There is a build-up
happens. This is known as the effect. of charge at the

b | —
A The point effect if an object is less curved
than a sphere, articllarly if it has sharp points, there

will be a bui rge.

Point discharge®

The point lead to the object becoming discharged.
Remember that air is made up of molecules and that these
molec nsists of protons and electrons like all other

mat here is, say, a very large positive charge at a point

on a conductor, this will attract the negatively charged
ns within the molecules in the air towards it and push
he positively charged protons. If the charge is sufficient,
the negatively charged electrons can be removed from their

Where the curve is reduced
and a point develops, thene
is @ build-up of charge
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atoms in the air, leaving behind positively charged ions. The electrons are then attracted to the %
metal surface and neutralise the positive charge that was there, while the positively charg

protons are repelled from the surface, The result of this is that the charge is taken from the '
comductor.

p

' Point discharge is the loss of charge through a point on an object.

The Van de Graaff generator "

American physicist Robert |. Van de Graaff (1901-1967) developed his genmm 1929, while
trying to develop an early particle accelerator. In the Van de Graaff gen a rubber belt
runs over a pulley at the lower end of a tube and builds up an elect i through friction.
A needle that protrudes from the inside of a metal dome towards &E't akes use of the

point effect to draw some of that charge
from the belt and transfer it onto the 4
dome, This process repeats continuously. 3

Although the belt would only ever be
able to hold a small charge, the smeothly
curved metal dome is perfectly designed
to hold a huge charge. Large modern
generators of this design can hold
enormous electric charges, and rise to a
potential of up to 5 million volts,

A second metal sphere is usually used to
investigate the charge. A large negative
charge builds up on its surface due to
induction. The attraction between n%
negative charge and the positive char

on the dome often leads to larg rks
jumnping between the two. %

EALEAN A Van de Graolf generator

A givl placing her hand on o Van
de Graoff electrostatic gemerator.
Strands of the girl’s hair repel
each other because they are

similarfy charged
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Experiment 7.3: To investigate the distribution of
charge on a conductor using a Van de
Graaff generator

Method 1

1

&

Set up a Van de Graaff
generator and a gold leaf
electroscope, as shown in
figure 7.19.

Bring a proof plane near
to the dome of the Van de
Graaff generator.

Touch the side furthest
from the dome to earth it.
Remove the connection to
earth.

Hold the proof plane to the
gold leaf electroscope, and
check for charge.

Repeat at different points on the dome.

Observations

You should find that the charge is evenly distrlbute&the dome of the Van de Craaff

generator.

Method 2

Repeat Method 1, but this
time holding the proof plane
inside a hollow metal container
on the top of the dome

before transferring it to the

electroscope (see figure

Observations

You should find that
charge (and no el
inside a metal co

Method 3 @

Repeat Met|
using a pea

ut this time

Ob

charge on those parts of
ductor that are more

pointed.

ed conductor.

5¢5n5
You should find that there is a

MODULE 7 ELECTROSTATICS

Y

e

Oy

.9
Ny

Come

Gold leaf electroscope

Wan de Graaff gene \
m Eqmﬁmnrdmm

%

Proof plane T

;

T
Gold leaf
electroscope

Van de Graaff generator

Experimental apparatiis

Proof plane T

!
Gold leaf
electroscope

Pear-shaped conductor

-Ewmmrdwpwmm

PHYS Gr 00 50 lod Tiedd 133



MODULE 7 ELECTROSTATICS

Maost tall buildings have a lightning conductor something like
that shown in figure 7.22 attached to the highest point on their
raof, and connected to earth by means of a metal strip that runs
down through the building.

Lightning conductors l w

You are probably already aware of lightning conductors and
understand that they are there to protect a building from
lightning. It is important to be aware, however, that they do this
in two ways. It is true, as is widely understood, that in the event
of a lightning strike the lightning conductor provides a relatively
safe path to earth for the charge. This can minimise damage, but
it does not always eliminate it, The enormous charge running
through the metal and the great heat generated as a result can
still cause damage in surrounding materials, and there is always
a risk that some charge may spark across to the electrical Wiriw
within the building and cause substantial damage there.

o a school tower. The
comductor consists of

It is less widely understood that if lightning strikes the building
the lightning conductor has to an extent already fai%
primary purpose is to prevent a strike in the first place.

When an electrical storm is developing, a large aﬂf

charge builds up in the atmosphere. This build-up ave the
effect of inducing a charge to grow at the
conductor in the vicinity: a large positive cha

a comparable negative charge to the pointof th -
conductor, drawing that charge from th =

The negative charge on the Wnducwn draws the
positive charge in the atmosphere t 5 itself. The
large electric charges also cause surrounding air to
become charged (or ionised), Wmnakes the air a
better conductor than would normally be the case and
allows the charge to flow thro the air. When the

positive charges meet t ative, both are cancelled
out. This process will t@e&t on an ongoing basis as
long as there is chaege in the atmosphere, and has the
obwvious effect of %emmring maost of that charge
from the at here,"at least in the vicinity of the tall

building. In"this way a lightning strike is prevented by
the lightning cofductor.

ground is essential ond
is made by burying a
large metal plate decp
in the earth

The pasitive charge in the air
attracts a negative charge to
the lightring conductor. The two
neutralise each other

Distinguish between charging by friction and charging by induction.
Give examples of how a body can be charged by friction.
3 Itis always advisable to clean a mirror with a damp cloth rather than a dry one. Why?
‘é 4 What is an ion?
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5 What is the overall charge on each of the atoms or ions represented in figure 7.24?

6 What do we mean by the term ‘earthing”?

7 What is the paint effect?
8 Explain how a lightning conductor protects a tall building from dam

L
Coulomb’s law \'
We know already that like charges repel
each other and that opposite charges Q
attract. Repulsion and attraction are R
examples of force, Forces are vector ‘# @—
quantities, which means that they have = 5
both a magnitude and a direction.
Look at figure 7.25, and ask what force force between two point charges is related

the product of the charges and the distonce

exists on the positive charge. It is i

immediately obvious what the direction of
that force will be: as a positive charge it wil pelled from the other positive charge, a
distance d away. However, we also need tolﬁle to determine what the magnitude of that
force will be. This is where Coulomb’s comes in. Charles-Augustin de Coulomb (1736-
1806) was a French physicist who in 1 d down the law now named after hirm:

b |

—— Coulomb’s law states that rce between two point charges is directly

proportional to the prod e charges, and inversely proportional to the
square of the distance m:
Q,Q
%v r- 2
where:
F - fo
Q:Q; o charge

&ﬂsta%ce between charges

.,_h
© ﬁinmhawlame charge. It takes billions upon billiens of electrons
d up a total charge of 1C, for instance. For this reason, you will often
nd yourself dealing with charges that are a fraction of a coulomb, such as a
licoulomb, or microcoulomb,
TmC=1x10-*C
TpC = 1x10-5C

PHYS Gr 00 Sa Wod Tiedd 135 @



®
MODULE 7 ELECTROSTATICS

Coulomb’s law is an example of an inverse square law. This tells us that the force between N
charges diminishes as charges move apart, and that if we double the distance between
the force is divided by four {27), or if we increase the distance between the charges by a fac

of 3, that the force will be divided by nine (3%), and so on. Mewton’s law of gravitation is also an
&

inverse square law,
Whenever two measurements are proportional to each other, as here, we can also u@:ne
ressiof:

is a constant times the other. The constant here is represented by the following
1
are o
So the equation becomes;

Permittivity (g) . %

Think about two positive electric charges placed close tﬁw air between them. We

know that they will create a repulsive force on each other, we have just seen that Coulomb’s
law allows us to calculate how large that force will be. Then think about how the two forces
might affect each other if they were immersed in wlump of plastic, or metal. It's not
difficult to see that the material between the charges will'affect the forces created between

them. q

The permittivity =) is how we deal with this.issue. Each material has a specific permittivity
value, and this value is part of the calculati oulomb’s law. A large value for permittivity
indicates a reduced value for the force betweenvigharges, whereas a low value for the permittivity
indicates a higher value for the force.

You will often come across what we call the'permittivity of free space, indicated by £ . This
indicates the permittivity of a ua:uug has very little effect on the force between two
charges, and so free space, in this instante, is usually taken to represent air as well as a vacuum.

5 Permittivity of free spa% 8.854 x 10-'2 For!

Relative permitti

Rather than listing awalue he permittivity of each material, it is often easier to just compare
the permittivity w* of free space. Thus, a relative permittivity of 2 indicates a permittivity
twice that of space,

Relative permittivity: & = —
‘o

rt?

+3mC =7mC
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Gampte Answer ) «Q’

-1 99, ) g =B8.854x10"7 Fm" ]
Fr ine,  d° % -
(31097107 Q
T 4a(8.854 = 10°)27)
- 47186N Q]
{The charges are attracted towards each other.) * N
Remember, as we saw with Mewton’s laws, forces always occur in pairs, an orces
are always equal in magnitude but opposite in direction. In Sample Question 7. erefore,
the positive charge is attracted towards the negative and the negative to the positive.
And, despite the fact that one charge is more than double the other, the are equal in
magnitude.

Sample Question

What is the value of the permittivity of a plastic, with

a tive
P ampte arswer YN

e=se, N 8854x107Fm |

= (5.9) (8.854 x 10°'%) %
= 5.224 x 10-" Fm~'

ittivity of 5.97

T2 1 Qf

4n(8.854:107'7) 0.257

Q,} = (0.2 47 XB.854 x 10°7) (1.2)
sz =8 o2
(@9: 10-4C
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MODULE 7

ELECTROSTATICS

Sample Question _v

Three paositive charges are

arranged as shown in figure 7.27. Q@ W0em A0em
What is the total force on the -

charge of 2mC and in what

direction? 7.27 q

+4mC +2 mC

L (Sample Answer )

_ (4x105)2 =105 c
F, (force on 2mC created by 4mC) = 4,,.(31;54:1{;-‘1!)({} 2y
= 1.798= 10N, to the rig

F, (force on 2mC created by 6mC) = 4&23 “Bls‘:':"i%x 1 U s

=6.741 = 10°N, to

F=1.798x10°-6.
=1.124x1 nght

%K Foryoulcojtry) )

=

State Coulomb’s law.

What is the magnitude and dnmct@he force

on the 5SmC charge shown in figure 7287 + +
A charge of +3pC is placed at %nce of 30em O slon 0
from a charge of +4pC, in a vacutim. What is the Smc 2mC
magnitude of the force be@ them?

Two charges are situated a distance apart in B Question 2

air. The space betmaﬂ%in is then filled with oil

of relative permittivity 2. Does the force between the charges increase or decrease?

A charge of 2mC, edded in plastic of relative permittivity 7.1, at a distance of 20cm
from another ¢ arg o 4 mC. What is the force between the two charges?
A charge of is placed at a distance of 1.2m from a charge of +5uC, in air. What is

the magpitude and direction of the

force egative charge?

In th ign shown in figure 7.29, + {0 ,t\ 15em +
the ZmC charges are in air. e Q
(a) Fing the magnitude of the force 2mC ZmC JmC

n the central charge.

hat is the direction of the force sl Question 7

charge?
‘étn the situation shown in figure 7.30, a number of charges are arranged in air.

Q
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(a) What is the direction of the
force created on the +3C o

1m x 2m ¥
charge? o Cr O
(b} What is the magnitude of this =-2C +1C +3C

force?

BED question 8
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MODULE 7 ELECTROSTATICS

- 3%
Electric fields
. N

“—— An electric field is the area around a charge where its effect can be felt.

In drawing diagrams to show the shape of the electric field around an electric charge, we aIQ
draw the arrows to show the path a positive charge would take. Various examples of 5
diagrams are shown in figures 7.31-7.34,

X
T

The @ positive The field between two
charge positive charges

Experiment 7.

Method

1 Add some grai olina to a = =
shallow dish of oil and set up the circuit s3ikve

as shown indiguré7.35. Note the very Petri dish
high volt ing used, and be careful!

demonstrate an electric field

2 Close and note the

m ent of the floati rticles. :
Ing part -___/_}_ semolina on oil
Ob tions S
ﬁhium find that the semolina particles == 3

slightly charged at each end, and
p along the lines of force, showing the - To demonstrate an electric field
shape of the field.

.
—
Ca
[ =
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MODULE 7 ELECTROSTATICS

Electric field strength ‘V
As we have seen, when drawing electric fields we use arrows to show the direction a sinw
lar logig:

positive charge would move. In analysing electric fields mathematically we follow a simi

To determine the strength of an electric field at any particular point, for example, we ask what

force would exist on a charge of +1 Cif it were placed in the electric field at that poi m
are

The purpose of calculating the electric field strength is to have a way in which we ca
the effect of different charges, and different arrangements of charges, with eac

" II .
‘I Electric field strength is the force per unit positive charge at a point in ﬂctn’c
field. It is measured in newtons per coulomb (NC-').

F
E=—
Q

where;
E — electric field strength

& I:

F - force N
Q - charge transferred \

Electric field strength is a vector quantity. :

Another way of looking at this is to use Coulomb's taking the size of one of the charges
to be 1 C: to find the strength of the electric fieldasound a charge Q, at a distance d from the
charge, we simply ask what the force would a charge of 1C if it were placed at that point.

From Coulomb’s law we can say:

Q,Q

1
% &5
Remermber that this is the force that d exist on a charge of +1C at that point, if such a
charge were placed there. This is, th

e, equal to the value for the electric field strength:

A charge of 3mGis placéd in an electric field at a distance from its centre, and
experiences a 1.2x10°*M. What is the electric field strength at that

point?
L (Sample Answer

&
E =
‘g 2x10°

3x107%
= DL4NCY
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MODULE ¥ ELECTROSTATICS

{a) What is the strength of the electric field
at the paoint shown in figure 7.36, a . 1.2m
distance of 1.2m from a +7 mC charge? y

(b) If we placed a charge of +2mC at that
point, what force would it experience?

[ (Sample Answer )

+7mC

{a}E:#% [h}E:%
- 10 F=(®Q
= An(B.854x1079) (1.2
el L = (4.37x10) (2
= 4.37x10"NC"

= B?4UDN

£2) (Sample Question *

What is the electric field strength at the
point p shown in figure 7.377

Sample Answer )
& E @

o
p

E_

3
= An(8.854x 102 (12 @
1.872x10°NC" Q'

1l

The electric field is zero at the'pai

in figure 7.38. What is nce x7

¥ 20cm

0 +2mC
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MODULE 7 ELECTROSTATICS

Photocopying Pa ‘V
Photocopying makes use of electric fields.
A rotating drum inside the photocopying
machine is charged and an image of the *
document to be copied is projected onte
the drum. A light then discharges those
_ i it I T N S TR R
parts of the document that are white.
Charged toner (ink) is then attracted to the {

++ + o+ o+ + +|Taner
+ 4+ + + F+ F+ + 4+ F 'I-% +
remainder, and the copy is printed. The positively charged g att P
negative charges on the takes on
their shape

What is meant by the term ‘electric
field'? "

Look at figure 7.40. p
(a) Inwhat direction would a

positive charge move if placed in tion 2
an electric field at the point p? w’m

(b) Inwhat direction would a
negative charge move?

Copy and complete the diagrams in + - + + =

figure 7.41, representing the sha

the electric field in each case.

A charge of 5x10-°C is placed

electric field and experiences a m Question 3

of 3x10-*N. mm

(a) What is the electric fi ngth at that point? ae

(b) If acharge of 2 as placed at the same point, = 0.25m "
what force would it experience?

What is the EIECIQStrength at the paint pin Question 5
lac

]

o

B

Ly

figure 7.427

A charge of 2&s p in an electric field

as shown in -43. What force does it +5C 4 ¥
experi 4 zc
7 Two es are arranged as shown in figure 7 .44,

=]

ZH vxions

& 20cm . 20em

Question 7
‘étn} What is the electric field at the point p?

(b) What force would an electron

=L

experience at that point? . o
8 The electric field is zero at the point + - +
indicated in figure 7.45, a distance x ~ 2mC SmC
from a charge of 2mC. What is the
distance x? WEEN question &
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MODULE 7 ELECTROSTATICS

Electric potential . ‘V
When we lift up an object such as a stone d & *

we give it potential energy, and when =

we release it, it will fall, converting the =0 o
potential energy into kinetic energy. Q
Look at figure 7.46 and you will see that

there is an obvious comparison between

the stone in that example and the electric ® Q

gk ﬁ
The positive change O has of the

The positive charge, Q, is close to another nearby chorge. The ; P
positive charge, and if released would mowve has been lifted up . % :F

away from it in much the same way that the

stone would fall if released. Energy is essentially the ability to make an ubj%w , 50 this means
that the charge, Q, has energy due to its position, just as the stone has. There is obwviously a

distinction between the two situations: the stone has gravitational potential energy, whereas the
charge, Q, has electric potential energy. However, the compari onetheless perfectly valid.

Potential difference ‘Q
The comparison can even be extended. We have chose asure electrical potential in such

n 2
a way that we can say a positive charge will move from %ential to low potential, just as
a stone will fall from a high point to a lower one. Andiit is ustially the difference in potential
between two points that determines whether a ch @ ill move or not, just as it is the
difference in height between two points that will deteriine whether a stone will fall.

However, we should not overstrain the compari ravity and weight are in many ways very
straightforward concepts. Essentially, everything fall downwards. With electric charge it can

be more complex than this. A positive char%m away from another positive, as we have
seen, but it could also move towards a negative, The presence of many different electric charges
creates a complex electric field, and it very difficult to predict how exactly a charge will
move through that field. The shape of charfed objects and the material of which they are made
can also have an effect.

A difference in electrical potentj n Be created through a number of factors, but we can still
define the concept in a fairly ay:

-\. The potential diffe .} between two paints is the work done in moving a unit
positive chargw int to the other. The unit of potential difference is the volt.

o
! The potential dih‘srem:e between two points is 1 volt (1V) if the work done in moving a
charge of coulomb (1 C) from one point to the other is one joule (1 ).

This means that¥ we let a charge of +1C move between two points, and the charge gains 15]
of ene doing so, then the potential difference between the two points must be 15V,

Fro get the formula:
w

V=—
e .
- voltage

W - work done
Q - charge transferred
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MODULE 7 ELECTROSTATICS

Negative charges ‘\;

You might notice that the above examples are all based on positive charges, and that lhi%
also the case with our definition of electric fields. The nature of the charges involved makes no
difference to the size of the measurements that might be taken, such as potential difference

and electric field strength, But we must remember that for negative charges, the dir@ar&

reversed.
This means that negative charges will move from areas of low potential to area igh
potential. This in turn means that they will move in the oppasite direction to n electric

field. . N

Zero potential a?
Although we are normally only interested in measuring a potential differefice between two

al giff
points, rather than the actual level of potential, we still need same@ to measure this against.
The Earth is always taken as being at zero potential (0V) for this purpose. To return to the
comparison with which we started: with falling bodies are us only interested in the
height through which they can fall, but when we need compare any height to that of
sea level,

Sample Question h

The potential difference between two 5 15000V. How much work is
done in moving a charge of 1.5pC b e two points?

v

W= QV Q'
= (1.5 x10%) (15 000
= 0.0225

(a) What is the potential difference between the two points?
(b) If a charge of 2C is released directly beside point A, how much work is done
s moving it from A to B?

Sample Answe

a) 25-12= 13V

(b) W= QV
$ = (2(13)
= 26|
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MODULE 7 ELECTROSTATICS

Forvouftoltry) ) \é\l

1 ‘What is the definition of one volt

(1vy?
2 Look at figure 7,47, High pu-tentlal) (Low pot
(a) Inwhat direction would a
positive charge move in this
tion 2
electric field? QO
(b} Inwhat direction would an electron move? v
3 Im an electric field, a charge of +4 C moves from e +4C N B

point A to B, as shown in figure 7,48, ;:.r_:]{,‘_-”
(a) Which of the two points is at a higher
potential? m ;

(b} I the charge gains 15] of kinetic energy as
it moves from A to B, what is the potential

difference between the points? 15 N 12V
4 Two points are at potentials of 15V and 12V, as \
shown in figure 7.49,

{a) What is the potential difference between the ﬁqmm #
points?

(b) How much work is done in moving a charge between the bwo points?

o

o
2
Q&'
o

&
Q
Q
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Learning objectives

® Explain the nature of capacitance
® Outline the design and purpose of a parallel plate capacitgr

# Make comparative analysis of electric induction in condu d

® Research the relationship between capacitor capaci

parameters (104181

& Use the formula of series and parallel connection

problem-solving (10.41.9)

: Wlmu in
N

Capacitance

In Module 7 we looked at how to build up a charge tic rod, and we used that rod to
examine the effect of static electric charges. We alsa looked at how to use the Van de Graaff
generator to build up a large charge and to exami associated effects of that charge.
Although both objects could build up a charge, it ious that the metal dome was capable

of holding an enormous charge compared

Every
it can
water

object has a limited ability to hold charg

held. We can compare this to the
than a pint glass - we say that its ¢

less than that of a metal sphere. @

he plastic rod.

apacitance is a measure of how much charge
pt of capacity. A small tumbler will hold much less
ty is less, just as the capacitance of a plastic rod is

‘,II The capacitance of a body i@md as the ratio of the charge on the body to its potential:

A

The unit of capacimani‘amd:
Y
I A

body has a kﬁm& of one farad (1 F) if the addition to the body of one coulomb
e

(1

C) ral th

Parallel plate capacitor

it wi

If a me lat& is attached to a Van de
Craa ator, as shown in figure 8.1,

kly build up a positive charge.
ze of this charge is limited by the
itance of the metal plate, which

$
rn is controlled by a number of

factors such as its shape and the material
from which it is made, as well as by its
surroundings,

PHYS Gr 00 Sa Wod Sindd 145

aQ
€=

ntial of the body by one volt (1 V).

="=m
Wan de Graaff
fgenerator
W 4 charge builds up on the metal plate
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MODULE 8 CAPACITANCE

If we bring another metal plate beside

it, however - as shown in figure 8.2 -
capacitance is increased. This happens
because the positive charge attracts a
negative charge to the surface of the
second metal plate. This negative charge
then attracts an increased charge to the
positive plate, which, in turn, attracts an
increased charge to the negative plate.

This all happens in a very short periad of ooy N

time, and soon an equilibrium is reached m A second plate increases

between the two plates. But as the total

charge on each plate is higher than it could ever be for a single comparabl wWe Can see
that this arrangement increases the capacitance of each plate. This is kn a pnrnllql plate
capacitor, and it is a device that is commen in many modern electionic

Uses of a parallel plate capacitor \'

Electronic camera flash

The bulb used in camera flashes is unusual Q

for a bulb, in that it gives off a very bright S
light for a short period of time, This can

be done using a circuit like that shown in —

figure 8.3. ﬂ
When the switch is in position A, a current

will flow until the capacitor is fully charged

and then stop. When a photograph is
e m Circuit for a camera flash

- # ! Flash bulb

taken, the switch is triggered to move
across Lo position B. Now the voltage
stored on the capacitor is applied to th® bulb, where it causes a sudden flash of very bright

~ Ay

Smoothing currents

Most modern electronic d-wicQ

require a direct current (d.¢). If z B e, Time
they are running off a ba s o g
this is no problem, i

are connected to b

they will be provided i =
an alternating curren;{a,c,}

instead. The Various ways c

that this ca nged to Current B SR SR
d.c., in a process known as Time
rectific Then the current Graph a shows a.c; graph b shows a rectified current; graph ¢

flows, one direction and shows a rectified current smoothed out by the use of capacitors
i refore, technically d.c.,
is still a very uneven current, as shown in the graphs in figure 8.4.
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88 90§92 94 9

290

500

The dial of a radio showing the different stations
and frequencies, which are selected using capacitors

(00

Capacitors in the circuit can be used
to smooth off the rectified current
Essentially what happens is that whery
the value of the rectified current falls
(indicated by the red line in figure
8.4, on the previous page), the charge
stored on the capacitor flows thratigh
the circuit {(indicated byltheiblue line).
This creates a smoother faw of total
current (indicated binghe black line),

Capacitors are alsg used in the tuning of

a radio. A radio aerial picks up a large number of transmitted signals, BUt when we tune to a
station we are choosing a specific value for the capacitance of the circuit, @and this has the effect
of amplifying only the signal transmitted at a particular frequency.

Capacitors conduct a.c., but they block the flow of d'&'e% %

|1
L

1

| IS |

In a d.c. circwit, the current will Hmw
urtlil the capacitor s charged

ST,

If we attach.a capacitor to a battery as shown

in figure'd.6, & d.c. flows for a short period of
time, until the capacitor is fully charged. At that
point, Bégause no charge can flow through the
capaciter, no current can flow in the circuit. In this
wily, capacitors always block the flow of d.c.

IMie capacitor is attached to an a.c. supply,

whowever, a current flows continuously.

This happens in the following manner. Initially a
current flows and builds up a charge on the
capacitor, as shown in figure 8.7a. |ust as this
charge reaches a peak, however, the direction of

flowr of the current reverses. This Catises the capacitor to lose its charge and then build up a
charge in the opposite directiop, as shown in figure 8.7b. Again, just as this charge reaches a
peak, the process is reversed. This process continues, repeatedly charging the capacitor,
discharging it and recharging with the opposite polarity. This means that, although no current
flows across the capacitor, @gurrent is always flowing in the circuit.

——1 1

s M

a.C. Source

}
o=

In an a.c. circuit containing a capacitor, cument flows constantly
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3%

Experiment 8.1: To demonstrate that capacitors *,
allow a.c. to flow, but block d.c.

Method 1 I, o
1 Set up ad.c. circuit as shown in "

figure 8.8,
2 Observe what happens to the bulb.

)
Observations m
You should find that the bulb lights for — ]
only a short time. This is because once A de chrealt
the capacitor is fully charged it blocks the |
flow of direct current,
&
— NS

Method 2 Yy
1 Set up an a.c. circuit as shown in \

I'igure 8.9, —
2 Observe what happens to the bulb. Q

: )
Observations _@] )
You should find that the bulb remains P
lit while the circuit is complete. This is
because the capacitor allows an alternating
current to flow. Q
>
Alessandro Volta Q, 5
Alessandro Volta (1745-182 r

whom the volt is named wl

Comao in Northern Italy,
was a teacher of physics i
school. He read a p

Benjamin Franklin th Electrolyte

something he q “fla ahle

air’, and he w. ed. He )

searched for such aterial and ch:I;:: ]-I Element

finally succeeded j n isolating the gas
involved. now Immun to us as

@
WL 4 battery, based on work done by Voita

methan

Another ltalian, Luigi Galvani, had

dis a phenomenon whereby a frog’s legs could be made to twitch by joining
t her with different metals. He thought the effect was caused by electricity

rent metals. He went on to show that an electric current can be created using two
ifferent metals separated by a chemical known called an electrolyte. In doing so, he
created the first electric cell. A series of these cells connected in series then gave rise to
what we now call a battery.

E’nside the animal, but Volta realised that the key to the effect was in fact the use of two
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MODULE 8 CAPACITANCE

Sample Question q

h‘ a charge of 12 C increases the voltage of an object by 3 V, what is the
capacitance of the object?

L (Sample Answer )

il
= v
12 _
=12

4F

-

) (Sample Question

(a) In the capacitor shown in figure 8.11, which plate\
is at a higher potential?

(b) If the capacitance of the capacitor is 6 uF, an@
plate holds a charge of 3 pC, what is the potenti

difference between the plates?

[ (Sample Answer ) Q
(a) The positive plate is at a higher p%tial. m SR s

(h:.r:=J;,—
_ 9
it %
3% 104

= 3x10° Q'
0.5V

Outli ses of capacitors,

If a charge'df 15 C increases the valtage of an object by 2%, what is the capacitance of the
ob ECI?

®
-'k of 1.5 pC increases the voltage of an object by 2V,
awhal s the capacitance of the object?

-
1 What is mea%«e term ‘capacitance’?
2 In whatanit is capacitance measured? What is the definition of this unit?
3
4
5

15V
ff a ::harge of 1.2 mC increases the capacitance of an object + -

by 2 pF, what is the voltage of the object?

What capacitance would you expect to find on an object that =

is at a voltage of 20 V and holds a charge of 2 pC? - 5
é 8 Infigure 8,12, where there is a potential difference between Q=02C

the two plates of 15V, and the charge on each plate is 0.2 C,

what is the capacitance of the capacitor? Rk Question 8
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9 (a) Inthe capacitor shown in figure 8.13, which plate is at N
a higher potential?

(b) If the capacitance of the capacitor is 3 pF, and each plate +|
holds a charge of 2 pC, what is the potential difference o
between the plates? +|

4

10 Through which of the circuits in figure 8.14 will a current = Q
. £ B C=
continuously flow? What is the maximum voltage across each : =7

capacitor?

L
I N
R question 10 \'

Experiment 8.2: To demnnstrateaat a capacitor

stores eneuQ
Method

1 5etup the apparatus as shown in figure Ty LT - Charged

8.15, Graaff generator 2 i
2 Allow the capacitor to build up a —

charge. Bring a conducting wire from 3

one plate towards the other and @ T

observe what happens. t s
Observations
As the wire approaches the p E"C=
should see and hear a sparl
The presence of light an energy m To demonstrate that a capacitor stores energy
indicates that energ been stored on
the capacitor.

.
L
The meqy@vﬂ is given by the formula:
1

I determining the capacitance of a capacitor

acitance of a capacitor is controlled by three factors: the common area of the plates
the area of overlap), the distance between the plates (d), and the permittivity (£
of the material between the plates. This can be demonstrated using an electroscope (see
Experiment 8.3, overleaf).
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‘v

Experiment 8.3: To demonstrate the factors that :
control capacitance

Method

1 Set up the electrical
arrangement shown
in figure 8.16.

2 Separately carry
out these three
investigations
and observe what
happens:
® Slowly vary

the distance

WET investigating the factors thatcontrol
between the
plates

@ \ary the area of overlap of the plates \

® Add and/or remove various materials (e.g. gl%ﬂ between the plates.

Van de Graaff d
generator *

+1
Charged
capacitor

o\

Charged
electroscope

Material of
permittivity =

[C— ]

Observations

Similarly, you should find that reducing A an

apage leaves collapse, indicating that the

ing the material between the plates affects

You should find that when the plates are dr
stored charge, and therefore the capacitan%uersely proportional to d.

the capacitance according to the furmu!%

% :
) ]

A parallel plate capacitepConsists of two plates a distance (d) of 1.5 mm apart,
with a common A) of 15 x 10-* m?. The material between the plates has a
relative permit 2.8. What is the capacitance of the capacitor?

C_ (Ssmple Answer)

The positive plate is at a higher potential,
E
ém:a.asq *® 107

= 2479 10" Fm™?
£A

d
(2.479 < 10715 = 10
= 1.5%x10°
= 2479 %10 F

_M
d

Sample Question

A
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What is the energy stored by a 330 mF capacitor where there is a potential
difference of 8.0 V between the plates?

L (Sample Answer )

v

m
]
—t Ml:_.

Foriyoultojtry)

5 (330 10%) (8)’ Q
10.56)

1 ‘What are the factors that determine the capacitance of a capaci
2  Briefly outline an experiment to show that energy is s
3

charged capacitor.
ect to have the greater

{(a) Which of the arrangements in figure 8.17 would
capacitance? The only difference in each ﬂaseﬁistanm between the plates.

(b} In which arrangement would the most energ red?

4 A parallel plate capacitor consists of two plate

La distance of 1 x 10" m apart, with a
common area of 2 x 10°* m?. The material betweenythe plates has a relative permittivity of

2.3, What is the capacitance of the capacit
5 A parallel plate capacitor consists of two pf distance of 0.01 mm apart, with a

r?

common area of 2 = 107 m?, The matﬁemeen the plates has a relative permittivity of

3.1. What is the capacitance of the ca

6 A capacitor has a capacitance of and consists of two plates a distance of 15 pm apart.
lative permittivity of 2.5. What is the common

The material between the plates b

area of the plates in the capaﬁ
7 A capacitor of capacitance 120 pF'consists of two plates with a potential

difference
between them of 1.2 mV, much energy is stored on the capacitor?
8 What is the energy stored 3 000 mF capacitor charged to 10,0 V7
9 (a) What is the ch Id by a 500 mF capacitor charged to a p.d. of 3.5 V?

(b} How much energyis stored on the capacitor?

&
Ky
Ay
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MODULE 8 CAPACITANCE

Capacitance and Physical dimensions of parallel plates l ‘\’

When any object is given charge it will change its potential {or voltage). Smaller objects wi
increase in voltage rapidly when given a some charge, but larger objects will increase their
potential (or voltage) more slowly. The capacitance of parallel plates held in close proximityds

proportional to the area A of the plates, and inversely proportional to the separatior@een
the plates:

C= £, A/dwhere C_is the permittivity of the air between the plates. Q

The permittivity of free space (a vacuumy) is a physical constant equal to aﬁ sirmately
8.85 x 10" farad per meter (F/m).

Note: The action of adding a dielectric in the space between two and so
increasing the capacitance has similarities with the action of inserting ferrgélectric material (like
iron) into the core of a coll to increase the magnetic field strength ed,

The capacitance of capacitors can be increased further by filling the space between the paralliel
plates with a dielectric which can become polarised when_in ahlic field. In this case the
permittivity increases by a facto caller the relative permi

=g
’QE“’.::

Dielecric

Area A (Insulator)
—

e
T e T

e

{Sample Answer

= £, A/d, (watch out with the units - convert them to metres)
=885 =x10"=x0.1 %015 /0.002 = 6.6 x 10" Farads.

Motice this is a very small number. Capacitances of components normally are very
small. Often quoted in pico-Farads, or nano-Farads.
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L) (SampleQuestion) )
-
With the same plates as above, what distance between the plates would be
necessary in order to make a capacitor with a capacitance of 300 pF (pico Farads)?

L (Sample Answer )

C=£ Ald sod=( A/C d=885x10"x0.1x0.15/300x10" * Q

d=0.00044 m = 0.44 mm \r
(notice this is a very small
gap).

Because the gaps are so small,
there is often the danger

of the plates touching each
other and shorting out. Partly
for that reason it is safer to
place a thin insulating sheet
between them to prevent the
shorting. Once this thin sheet
is in place, it is possible to
make the plates very thin too
(as thin as aluminium foil), and
the whole arrangement can

be rolled up into a cylinder

e
and placed inside a little can. M@

It has the added advantage that the !rhin@ting material also has a relative

permittivity which increases the capacitanee.

7
) )

Two strips of aluminiu il which are 2 cm wide and 3 m long are separated by

a?l Sample Question
e N

a dielectric film that i m thick. An additional thin dielectric strip is placed
over the outside ne e aluminium foils so that it can be rolled up without
shorting the ether. If the relative permittivity of the dielectric sheet is
4, calculate the ca nce of the system.

It must first be noﬁced that because of the rolling up of the sheets, each ‘plate’
now has a faging plate in front of it and also behind it. This effectively doubles the
capacita

[ Sample Answer

-,

=L EAMsoC=2x885x10"x4x0.02x3/0.00001 =1.42x107FE
rmally labelled as 142 nF)
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Connections of multiple capacitors ‘\’

Just as resistors can be connected in series and in parallel, capacitors can also be mnnect*
series and parallel. However, the effect they have is the opposite you might expect.

L J

HE

S Ll Connections of multiple copacitors Q

Resistors: key points Q'
' When resistors R, R, and R_are connggcted in series, their total resistance is
=R, +R,+..+R

Rl'ﬂfd
When resistors R, R, and R_are ected in parallel their total resistance is

1R, =1/R +1/R + ..+ 1/R @

However, when capacitors nd C_are connected in serfes, their total capacitance is
1€, =1/C, + 1/C, + ... +

When capacitors C, C, . are connected in parallel, their total capacitance is
=5+t 4

MNotice that the

and the equatia for ca

Sample Question) )

&
$:m of 20 nF are connected in parallel. What will the total capacitance

for capacitors in serdes is similar to that for resistors in parallel
itors in parallel is similar to that for resistors in serfes!

bined system be?

Sample Answer )

E C ..=C, +C, =20+ 20 nF = 40 nf. That was too easy; let’s connect them in series

instead.
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SamplelQuestion) ____________JE

What would the capacitance be if they had been connected in series instead?

 Cample Answer) Oy

'I.FCW='I.’C,+1IE‘,=112EI+'IIED-—-2.|"ZD:'II1D 50 Cooe = 10 0F.
Notice that the total capacitance is less that the capacitance of one of them, .N

Fordyo ultoltry; b,
T In the figure below, C, = 20 nF, C, and C, = 40 nF each. Calculat &?lolal capacitance of

the whole circuit. \
l[::r CJ Q

- L

2 In the figure below, C, = 20 nF, C,=3 dC,
of the whole circuit.

= 40 nF. Calculate the total capacitance

3 This one is a little more tricky, and requires some more thinking: How could you connect
20 nF capacitorg(as many as you need) to obtain a capacitance of 15 nF?

Ky
Ay

PHYS Gr 00 Sa Wod Siedd 157 @ BEE imlﬁll



Module 9 Conduction

L J

Learning objectives Q
@ Use the Ohm's law for a circuit unit with mixed connection of conductors 10.4.2. 1%

® Research mixed connection of conductors (10422 Q

@ Research connection between electromotive force and source voltage in different
regimes of its work (working regime, idle speed, short circuit) H‘ﬂ&

Apply the Ohm's law in complete circuits (10424

Define electromotive force and internal resistance of :umnmz.ij

Use the formulae of work, power and efficiency of current source Wing 10.4.2.7

Describe electric current in metals and resistance-tempesra@hthmhip 10431

Discuss perspectives of developing high-temperature sypercon@éiticting materials (10.4.3.2 |

Describe an electric current in semiconductors and to Wn the application of

semiconductor devices 10.4,3.3 |
Research volt-ampere characteristics of a filament lam| istor and semiconductor

e e o9 0 0

°
diode 10434

® Use the laws of electrolysis in pruhlem{uh'il&il

# Define an electronic charge in the electro cess by experiments (10.4.3.6

@ Describe an electric current in gases and (10437

]

Explain the operating principle am:Qatiun of cathode ray tubes 10.4.3.8 |

@ Electric current Q
In the 1700s Italian physician and physicist Buigi Galvani (1737-1798) noticed that he could
cause a frog's legs to twitch by crea circuit that connected the legs together using two
different metals. He thought his experimsent showed that animals generate their own electricity.
Although it is true that muscles trolled by tiny electric currents flowing through the
body's nervous system, this was fact what Galvani had discovered.

Later experiments by anothggltalian physicist, Alessandro Volta (1745-1827), showed that the
arrangement Galvani had used,/making use of two different metals, was actually generating

an electric current itsel ugh a process now known as electrolysis, Essentially, a very slow
chemical reaction was lace between the materials involved by forcing electrons to mowve

through the conn wires,

Volta replicated t ent in a device now known as an electric cell to create an electric current.
Several cells er form a battery.

The batte

A simplified - but functional - view of a battery is to think of it

as co ing two chambers, one full of positive charges and the

oth negative charges, as shown in figure 9.1,

ere is an attraction between the positive and negative charges in “ e

ttery, but they are separated by a barrier that

nts them moving to connect to each other.

en we join the two ends, or poles, of the battery

together using electrical wire, however, we provide
& a path through which the charges can combine.
With this simplified arrangement we cannot say
whether it would be the positives that move to

meet and neutralise the negatives, or vice versa. Simpie electric circuits
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We now know that it is in fact the negative charges - the electrons - that mowve. However, the U
study of electricity was well advanced - indeed many cities had access to electric light = before
the electron was discovered, And in that era the assumption had become common that it was the

positive charges that move.
L

The reality is that it makes very little difference to the study of electric circuits which particl
actually moves. The key thing is that when electric charge moves through the circuit, it mub
also move through whatever device we place in the circuit, whether that be a simple deyi
such as a light or a heater, or a much more complex one such as a computer ora TV

Because it makes very little practical difference to how we imagine a circuit workifgand which

charge we picture as moving, the tradition from the nineteenth century is often maintained
today and current is represented as going from plus to minus rather than t ite. When
we do this it is called conventional current, and we will generally show curre elling in this

manner in this book. %
&

Experiment 9.1: To construct a pntatﬁ@elled circuit

Method 1 Q
1 Take a potato, two different strips of metal (e.q. one

strip of copper and one strip of zinc), two wire clips
and a small light-emitting diode (LED). Assemble as

shown in figure 9.3 Copper
2 Observe what happens to the LED.

Observations %
You should find that the light turns on. This isdue to a

chemical reaction slowly taking place betw e zinc, “ A potato acting os a cell
the copper and the potato. @

Variation
1 Setup the apparatus shown in %ut

replace the LED with a micr meter.
2 Measure the current. q

3 The voltage and currenfican belncreased by

using two or more p nnected ‘in
series’, as sho figure'9. 4.

4  You can also the potato with a weak
acid, such as vin t is the very small

quantity of acid in a potato that allows the

chemim§nto take place.) X several ceils creating a potato battery

Ele& circuits

$9.5 represents a basic circuit and shows some of the symbols most commonly used in

Circuits.

An electric current is a flow of charge. A current of one amp (or ampere) is a movement of one
coulomb per second:

PHYS Gr 00 S8 Wod Sinad 153 @- BENE 126 PN



MODULE 2 CONDUCTION
Battery {or power supply) é‘i\ﬁ

Q
I=—
where:

I - current o
Q = charge transferred q
t = time
&. If a current of one amp is flowing . Q
) .___-.. '-.___“—

in a conductor, one coulomb is the

quantity of charge passing a point on Resistor Switch
that conductor in one second. m Kl sl
This gives us %@ﬂtion of the coulomb:
e
The coul ) is a very large charge, and

S0 ten encounter smaller units such

as mmm (mC) or microcoulombs
e same follows for current, and

gt dern electronic devices run off a

g%r‘;ent of a fraction of one amp (1 A).

Conductors and Insulators

A conductor is a material that allows
electrons to move through it freely.
The type of bonding common in most

@?;) metals allows electrons to move easily
from one atom, or group of atoms, to another. This is why metals are generally described as
good conductors. In most nther@:’alx the electrons are tightly connected to a particular
atom or group of atoms and can ove easily. This means that they are generally not good
conductors, and they are deseribed as insulators.

CER An ammeter showing a current of aboet 2.

Although it is true that, ges
not, you should not think

Carbon, for example — particlarly in the form of graphite — is a non-metal that is a good
conductor. lonic c%ds such as sodium chloride (table salt) are not good conductors in the

solid state butallow a lrge current to flow when dissolved in water.

rally speaking, metals are good conductors and other materials are
this as a rule that is always followed. There are many exceptions.

e careful about electricity and water because of the danger of electrocution.

However, pure Water is in fact not a conductor. It is the dissolved solids within it that allow

water to conduct electricity. Water is such a good solvent, though, that it almost always
contain$dissolved solids, especially ionic compounds, and as such water is usually thought of as
& CoH .

L

e have already learnt about potential difference {p.d.) and voltage. Remember that voltage

i i sas : :
h measures the energy lost or gained by a positive charge of 1C as it moves from one point to
e

another.

A voltage (V), when applied to a circuit, is known as the electromotive force (emf).
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A cell is a commonly used source of emf. Several cells joined together form a battery and give a

higher voltage: other sources are the electrical mains and a thermocouple. ﬁh“‘-“qﬁ' _—
-\.E::f-‘_‘;;‘?tf.-
Batteries in series and parallel I I | ®
| |

A number of batteries connected in series creates | ! | | | J | I l | r;%a L
a larger voltage, as shown in figure 9.7, where the 2V 3V 4y l\q—g :;]

& a = L
total voltage in the circuit would be (24 3+4) = 9V, ﬁxﬂ:‘?
When batteries are connected in parallel their - 4 M“Ea
lifetime is extended, but the voltage is not qv%%ﬁ

increased. In the circuit shown in figure 9.8, the
total voltage is 9 V.

awv

Batteries in parafiel

L)
i

Ammeters and Voltmeters

Ammeters and voltrmeters are common

WL 4n ammeter and voltmeter

PHYS Gr 00 Sa Wod Sinad 161

i

desi

&

g where on the scale the needle is pointing.

5

ed in studying electric circuits. The most basic

each usually includes a circular dial and a needle,
those shown in figure 9.10. The current is read by

eﬁ Typical 1.5 V batteries

[though useful when you are learning about circuits,

Fag Y

meters such as ammeters
and voltmeters are rarely
used now by electricians
and engineers. Instead

they use a modern device
known as a multimeter.

This has a central dial that
can be turned to different
positions depending on
whether you want Lo
measure ‘J’DllﬂgE, current or
resistance. To allow greater
accuracy, there are different
settings for measuring high
currents as opposed to low
currents, etc.

A »
4 Vv
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E¥) (Sample Question qﬁ v
- Identify the current X in figure 9.12. I | | :
L J

L (Sample Answer )

X=24V

]

ﬂ Sample Question

If a current of 2maA flows for 35, how much cha

the circuit?

(L (Sample Answer)
Q

=7 Q
Q=lt %

= (2 x10%(3)

=6x 1072 C %

o
N

particular point in

7

If a current of 3Afl the circuit shown in figure 9.13, how many electrons
pass point A every ]

Answer
=3x1#3C
3
r of electrons) = ———
) 1.6 = 10"
= 1.875 = 10'* electrons

|
! Take the charge on the electron to be
1.6 x 10 C.
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mm@w—;\é\’

1 When an electric current flows through a metal wire, which charges are moving?

2 What do we mean by the term 'conventional current’?

3 Draw a diagram to show how a potato can be used to drive a current through an LEDQ
4  ‘What is meant by the term ‘emf*?

5 ldentify the electrical components represented by the diagrams in figure 9.14,

N cusin

6 If the current in figure 9.15 flows for 5s, how much charge has
passed a particular point in the circuit?

7 If a current of 2maA flows for 3min, how much charge has *
passed a particular point in the circuit? :

8 If a current of 2 pA flows for 3h, how | | | :N
much charge has passed a point in |

the circuit?

9 A charge of 5C passes a point within
a circuit over a pericd of 2s. What is
the current?

10 If 4.8 x 10° electrons flows pass a
particular point in an electric circuit
in 1 min, what is the current?

11  In figure 9.16, identify which

rmeters are ammeters and which are Kaes it
voltmeters. a b

12 What is the total voltage in | | | — I I | i
each of the circuits shown v 2V 2V

in figure 9.177 ‘ —
1!
2V

vV L— ————
Queston 12

13 What voltage would you expect to

SEE On of the voltmeters shown I I
in figu ? A

2V a4y

Vmdy C

V=1V
AL question 13
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14  Look at figure 9.19. If the potential at | [ N
point Ais 2V, and the potential drop |
across the resistor is 3V, what is the
potential at point B?

A
G Question 14

15 If the potential at point A is 3V, and
the reading on the vaoltmeter is a3 le N
shown in figure 9.20, what is the 1 I] I
potential at point B? And what would
you expect the reading on the second
voltmeter to be?

v = 3V)
. 1
Resistance w .

The flow of an electric current through metal wir@kﬁ compared to the flow of water
through pipes. Just as higher water pressure creates an increased current in the flow of water, a

higher voltage tends to increase the curren electric circuit. And just as the flow of water
can be reduced by constrictions in a pipe -3 the kinks that can develop in a hose - the
flow of an electric current can be reduc something called resistance.

Sometimes we deliberately introduce resistamice into part of a circuit, so that the current is not
too big. But whether we want a h'rgmtance or a low one, there is ahvays some resistance
on a circuit. Even metals, such as co hat we use to make conducting wires are not perfect
conductors. Electrons still have some work to travel through the wires, and this tells us
that they carry a resistance. m

In fact, many resistors are mﬁturﬂd from metals such as nickel-chrome (nichrome) that would
often be thought of as conductofs, but if manufactured to the right specifications offer enough
resistance 1o allow us t a current.

A good insulator w#im current entirely and would therefore not be a useful resistor.

tween voltage, current and resistance was discovered by German physicist
and teacher G;:rrg Ohm (1789-1854) in 1827,

‘} states that, for a metallic conductor at constant temperature, the
current will be proportional to the voltage: V =< |,

& two items are proportional, we can say that the ratio of one to the other is a constant:

| = a constant.
Ohm realised that the value of this constant in an electric circuit is essentially the same thing as
the resistance:

v

I
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where R - resistance. w

This gives us a key formula for the study of electric circuits as well as a useful way in which to ‘*’

define exactly what we mean by the term ‘resistance”:

V=IR L
"

O

The resistance of an object in an electrical circuit is defined as the ratio of the vo

across it to the current flowing through it:
v

- .
I N
The unit of resistance is the ohm, and its value is set using the above fum@

-i. A conductor has a resistance of one ohm (111), if a current of one am;% flows

when a voltage of one volt (1V) is applied. .N
Ohm’s law should not be thought of as a fundamental law of na%iike MNewton’s laws, for
will study these in more

detail, but the current flowing through a gas, an ionic sclu vacuum tube are just some
of the situations in which the law is not followed. However,in st ng standard electric circuits,
Ohm's law is a very useful guide to the relationship bet ent, voltage and resistance.

9.4 Sample Question

If a voltage of 9V is applied across a resistor %

example, there are many situations in which Ohm’s law is not valid.

t of 3A flows through

it, what is the resistance of the resistor?

[ (Sample Answer @

: 3A || L

of 302 and 403, as shown in figure 9.21. 17
(a) What isithe pBtential drop across each

of th ors?
(b) Wh e voltage between points A

and B7

30 a0
Abse{ A |— B }—=

Sample Answer o

a) V, = (3)(3) =9V, V, = (3)(4) =12V
(b) V,=9+12=21V
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Experiment 9.2: To investigate Ohm’s law *,
Method R
1 Set up a circuit as shown in figure 9.22, allowing you 'Il : L
to measure both the current through, and the voltage
across, the resistor.
2 Set the power supply to a low voltage. Mote the readings QY =~ mmm
on the ammeter and voltmeter. Py

Ko/

3 Increase the voltage using the power supply and again d (v)
note the readings on the two m Emmwﬂ

meters.
4 Repeat for several settings of e

applied voltage and record your

results. |
rH ! 5 Draw a graph of voltage agai Use a table ke this one
- current using your results, \ to record your results
A straight line Results and conclusigns

through the arigin A straight line through t% (as on the graph in figure 9.24)
will confirm that voltage is proportional to gurrent (Chm’s law).

_é, /

Resistance and Tempera
The resistance of an object depends (among o things) on its temperature, The variation of

resistance with temperature, however, islﬂe same for all materials.

The connection between resistance a rature can be investigated experimentally.

Experiment 9.35: Ims igation of the variation of
réséStance with temperature for a

etal
Method ) Ohmmater
1 Setup the apparatu n in figure 9.25. =3
2 Use the thermomme note the temperature of the
glycerol, whi the temperature of the coil of wire.
3 Recordt sistance of the coil of wire using the : Thermometer
I
ohmm :gm.::m —— Water-filled
4 Slowly heat the beaker. (ooll of wire) v
5 For each 10°C rise in temperature record the resistance -
perature using the chmmeter and the
eter,
6 graph of resistance against temperature. HSAR S (MAEn DaTus, hot plte
m Experimental apparatus
P Results
20 You should :j
10 - |
o fingiinat yeur Llet is important to heat the water slowly,
0 B grapliis simiiler to avoid a situation in which the liquid
; to that shown will be much hotter than the wire.
Ef‘“‘“"* temperalure i, fiqure 9.26. ' '

166 @ BENE 12T PN



MODULE & CONDUCTION

Y

Experiment 9.4: Investigation of the variation of %
resistance with temperature for a
thermistor *

Method @ e 0)
1 Set up the apparatus as shown in

.. Glycerol-fil

| bﬂilini tube

figure 9.27.

2 Use the thermometer to note the
temperature of the glycerol, and
therefore of the thermistor.

3 Record the resistance of the thermistor

using the chmmeter, )1 e

Heat the beaker.

5  For each 10°C rise in temperature,
record the resistance and the
temperature using the chmmeter and
the thermometer.

& Plot a graph of resistance against

-

temperature,
[F2:277 apparutus
RLQ) 300 Results
- You should
find that your grap ilar to that shown in figure 9,28,
100
0 Accuracy
0 100 The glycerol issused to ensure better thermal contact between
e the then‘niﬂ% its surroundings.
Resistance vs.
temperature for m
a thermistor ’
You will note from experiments 9.3 an'?.d that the resistance of metals tends to increase with
temperature, whereas the resi of semiconductors decreases as the temperature increases.
Resistivity
Look at the two wi sented in figure 9.29. Which one do you think has the greater
resistance?

As long as everything else is the same, the longer wire will have the

greater resistange. Eléttrons have to work to move th rough even ———

the best cu&a - therefore the longer the wire the more work e
they have to do, and the greater the

resistance.

Mow look at the two wires in figure Resistance is

9.30. Again, which would you expect propartional to length
h to have the greater resistance?

This time the narrower wire will tend to have the higher resistance.

e Remember that an electric current is the movement of electric
proportional to 1/aren charge. The wider wire — with the greater diameter - provides a
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wider path for the electric charge to move. As more charge can move through the wire, the u

resistance is reduced.

MNow look at the two wires in figure 9.31.

One is made of copper and the other

nichrome. You cannot tell by looking, but Ese——

even if the length and diameter of the two Copper N
wires were identical, the nichrome would

have the greater resistance. This is because u Resistance is proportional to n@

of a property called resistivity. &

We cannot say that metals have low resistance. It is often true, but not necem true. A
narrow wire thousands of kilometres long, for instance, does not havsistancﬂ. We can,

howewver, say that metals tend te have a low resistivity.

To summarise; %
“ .

Stretch a length of nichrome along a
&mre stick as shown in figure 9.32. Ensure

3 Mote the resistance, R, for a particular
length, [, of wire,

PHYS Gr 00 Sa Liod SUsdd

——  Aswell as temperature, the resistance of an object also yaries ;

@ The length, I, of the object (the longer the object, the ter the resistance)

® The cross-sectional area, A, of the object (the wi e abject, the lower
the resistance)
property

@ The material from which the abject is made of a material that
controls the resistance is the resistivity, p, erial).

This leads to a key formula: Qﬂ
2k

— The resistivity of a material is mz%am:e of a unit cube of that material:

Q %
=

The unit of resistivity is %m—mm (2.

Experimerﬂe,S; Measurement of the resistivity of
a wire

Method
1 Set up the apparatus as shown in figure

9,32 Ensufe that the resistance of the
I ero when the crocodile clips are

ted together.

Ohmmeter

here are no kinks or “slack” in the wire. Nichrome wire

7] ﬁllﬂﬁﬁﬂﬂﬁﬂl

4 Increase the distance between the / Metre stick
crocodile clips and note the new values of ,
Rand I Y owerimental apparatus

T T T T AT T T AT T T TTTA T
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v

5 Use the micrometer to find the diameter of the wire at different points, taking the zero error
into account. Find the average value of the diameter, d.
6 Repeat this procedure for a number of different lengths of wire,

&

Results q
For each set of results, calculate the resistivity using the formula:

- Q
where: ‘N

A=nr
The average value is the resistivity. Q
Accuracy
# Kinks in the wire will affect the measurement of both length and’cross-sectional area. |
@ The use of greater lengths will reduce the percentage error. K J

Sample Question +

A piece of metal has a length of 15cm, a rmsti 2 30m and a circular
cross section of diameter 1 mm. What is its res

T (Sample Answer IS
e %

m0.5 x 1047 Q'
7.85 x 107 m?

i
et R
_ (2.3)(0.15)
= 785x10" ‘*,
= 439490.4

A

t is the definition of 1 01?

a
R
Tl phs in figure 9.33 represent the /
ion of resistance with temperature,

Which one would you expect to
&pr&s&nt a metal and which one would
you expect to represent a thermistor?

4 ‘What voltage will produce a current of
3Ain a resistor of resistance 1507 Question 4

- P

T T

PHYS Gr 00 S8 Wod Sindd 169 @ BEIE 1327 PN



®

MODULE & CONDUCTION

5 Arctic explorers sometimes use socks lined with electrical wire for heating. They run off N
9V battery and draw a current of 0.1 A. What resistance does the electrical wire ha

6 |If a current of 3A flows through a resistor when a voltage of 6V is applied to it, what is
resistance of the resistor?

7 Atoaster is plugged into a mains source providing 230V, The resistance is 300 What *
current flows in the toaster? %

8 A piece of metal has a length of 30cm, a resistivity of 4.5 0m and a circular cross on of

diameter 1 mm. What is its resistance?
9 If a transatlantic cable is 5000 km long and consists of several 5Lrandi of r (resistivity

1.7 10%0Qm) 1 mm in diameter, what is the total resistance of one sl&and?

10  Does the resistance of a copper wire increase or decrease when both length and cross-
sectional area are doubled? Explain your answer.

11  Copper and nichrome have very different resistivities. If we take t eces of wire of the

same length, one
made from nichrome 5 b c

and one from copper, 13"“' ¥a6v Is’u‘
is it possible that they | || : % | | I :

wolld have the same
resistance?
12 In each of the circuits

shown in figure 9.34, m
what current would Ry 1 R
1 H

you expect to flow in

20 211 31 41
the resistor R, ? m
Qures
° %
Resistors in series

When an electric circuit is arranged %t the same electric current flows through several
resistors, we say that those msisl@n& n series with each other.

‘, Derivation &

For this setup, the tage drop from A to B is given by:
Va= Y +V+ 1

where V, is the drop across R,, and so on.

Followin ‘s law, we can say:

Q

170

This tells us that, to find the total resistance when a number of resistors are joined together in
series, we simply add together all the individual resistances,
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When resistors are used in a circuit in such a way that the current flowing must at some point
be divided between alternative paths, we say that the circuit is connected in parallel. The

Resistors in parallel l ‘\’

example in figure 9.36 shows three resistors in parallel, L
3 O
—
"‘I ] \ Il Q
i |
a "''We do not mean g
i parallel: the angle between t

F resistors in the di no
significance.

51 Rs

mﬂrsﬁmhpam#ﬂ

& E
‘ Derivation
In the circuit shown in figure 9.36, the total current is given by:
=1+l +l S

The total voltage drop acrass the group of resis the same, regardless of the path
followed, so, as | = E:

YoV oMY %
e R e o e o e

lR'I' lRI R! R!

And dividing across by V gives: %

Al b e

—_— e e — e —
R B, R, R @

This is the formula that we must foM we are 1o find the total resistance of a circuit in which
resistors are wired in parallel,
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in series or parallel. However, it is possible to have a combination of both occurring in o
circuit, This is dealt with in sample questions 9.8 to 9.11.

Sample Questiﬂn

What is the total resistance of the circuit in figure 9.397
1014 & : Q

3010
_— —JQ
1
201} %
(939 | .

Ny
T Gomple Answer A
R, = total resistance of the resistors in parallel Q

Sample question 9.7 deals with relatively straightforward situations in which resistors are El'thir w

Bod s

R,_10 20 20

g|=2_f.=ﬁ.ﬁm Q
@ R, =30 + 6.67 = 36.670 %

P

-

What is the total miwme circuit in figure 9.407

10181 20141

[ —
1014} 204}
R’ Ra

&
{Sample Answer )
&uide into R, and R,.

sl ace p a0 Son

R 10 10 10 2
$ T =25t 30" 50 R = 100

AR TR TR
RT

=R +R,=5+10=150
172
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Sample Question, ) a @V

(a) What is the total resistance of the circuit in figure 9.417
(b) What current would you expect to see in each ammeter?

C (Somple Answer) b 'S

e fr A
@ =232 & 120 -~
L Ll
R =240 4

(b) V=1IR gy
A in %
=—=_—"_=375A

"R 24 | 9.41 | o

So=A, =A, =3.75A N
The total current splits between the two paths. The current™iyill split in the
opposite proportion to the resistances; the resistors are in the ratio 12:3 or
4:1, so the current will split in the ratio 1:4. The sm@nt will flow
in the 1210 resistor:
A, =—=x3.75=0.75A

&

1
5

Sample Question D)

Look at the circuit shown in figure 12V
9.42. % UL
(a) What is the total resistance?
(b) What is the total current?
(€) What current flows through theQ},wn 120011
40002 resistor? e
(d) What is the potential at point A
E—

(a) R = resistancg,of thel 20011 and 4001} system
| il
,q_" 1200 300
Ry = 30002

&
Ry = sistance = 300 + 300 = 6000}
(b)I= . =0.02A

]
(<) resistors are in the ratio 12:4 or 3:1, so the current is in the ratio 1:3.

urrent through the 400 (} resistor will be the larger:
1400 = 3 x 0.02 = 0.015A
V= the potential drop across the 30010 resistor.
¥=IR
= (0.02)(300) = 6V
Potential t A=12-6=6V
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1 What is the total resistance in each a 0 71 d 300 11
of the arrangements shown in figure L ® 3000
9.43? B L
2  How many 20 resistors must be | . === 30011
connected in parallel to create a total e —— . B0 (1
resistance of 0.2507 o an e
3 Look at the circuit in figure 9.44. : — T % 2
(a) What is the total resistance? -
(b} What is the current flowing in
each of the ammeters? Q i b
4 ‘What is the total resistance of the - w !
circuit in figure 9.457 What is the total current flowing in ea eter?
5 Look at the circuit in figure 9.46.
(a) What is the potential difference across each of the r%rs?
(b) What is the emf of the circuit? K
6 The total resistance of the circuit in figure 9.4
(a) What is the resistance of the resistor mar%
(b) What current flows through that resistor?
(¢) What is the potential at points A, B an
| I 1 —
100 41 50 i1 200 11
& . m Question 5
50V
RS !
2001
an — I ———
|$ == =1
—i
300
174 ———
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Electromotive fnrce U

At this point it is helpful to learn the meaning of a new term. Electromotive force (EMF for shnrt]*
is a term used to describe the voltage across a battery, a generator or some other source of

electricity. The reason why it is helpful to use EMF is that it helps us to remember that this is a L
source of energy, whereas other voltage differences can be drains of energy.

Batteries and Internal resistance
Normally we only think as batteries as sources of constant voltage, however, real hatt@
EMF falls.

not behave that way. The more current is drawn from them, the more their appa
It is almost as if a battery consisted of an ideal battery and a resistor connected in series.

Sometimes the EMF is referred to as V, to denote the fact that it is the uoltwbattery

when zero current is flowing.
battery \ ::
N &

r I| v
1 vl Y
Y \ r \ Q
\ |
ideal battery internaldesistahce
WEED] A reat battery behaves like an ideal a resistor in series.
E=I(R+
where:
£ — electromaotive force in volts, V Q
I - current in amperes, A
R - resistance of the load in the circui ms, 12

r - internal resistance of the cell iw; ¥

Experiment 9.6: T, &asure the EMF and internal

tance of a battery

In order to measure the i al resistance of a battery we need an ammeter a voltmeter and a
few resistors (or a variabl r). The circuit should be connected as shown below.

I

I

]

S
$--“---- @) gradient = r
L -

m Circunit to measure the internal resistance of o baltery
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v

The procedure consists of measuring the voltage across the battery, and the current flowi
through the resistor at the same time. This procedure should be repeated for several differ
values of resistance. |t is good if the range of the values of the resistors is as wide as possible,

and the resistances start from values as low as 5 Ohms. L
The measurement data can then be plotted on a graph as shown in the figure amv%
the currents along the X axis and the Violtages along the Y axis. A line of best fit is the n
through the data so that it intercepts the Y axis. Now we are ready to analyse t| h.
The intercept with the Y axis represents the Voltage when no current is flowing. This is Vo or the
EMF of the battery. The slope of the line is the internal resistance of the b . The better the
quality of the battery, the smaller the slope will be. In real batteries, often the internal resistance
of the battery changes as they age. The older they get, the higher thigi resistance,
Finally they reach the point that when a small current flows, the little en that is delivered is
dissipated inside the battery; they become useless!

2 )

Q

Kirchoff's Laws \':’

When circuits are simple it is quite easy to visualise urrent is flowing and to calculate
any variables we need to find. However, real circuits ca uite complex, and it is helpful to

have some laws to guide our understanding. b

Kirchoff's Current Law

At any node (or junction) in an electrical circ e sum of currents flowing into that node is
ecjual to the sum of currents flowing out alithat hode.

SN (0 T

¢ -

Mot this is based on the principle of conservation of charge. Any flow of charge coming
into a junction must be equal to the charge leaving the junction, Otherwise charge would be
disappearing or being created at that junction,

Motice also that this is true even for batteries: any current leaving the battery must be equal to
the current returning to the battery,
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Kirchoff's Voltage Law u

The sum of the EMFs in any closed loop is equivalent to the sum of the potential drops in that *
loop.
L

O
N

V, + (- IRJ}%J )=
o 'J"'j:* + IR,
mcmanmmmmmﬂmummm \

You may wonder why the law speaks about “the sum of th:ewthis is because it is possible
to have more than one battery in a circuit, and the battemnt all have to be together
(although we normally do place them next to each-other):

Motice that this is based on the principle of conse of energy. Remember that a volt is a
joule per coulomb, so what this law is effectively sayingis that the sum of the joules of energy
given by the batteries to the coulombs in a circuit(the EMFs) is equal to the sum of the joules
spent by the coulombs in the resistors, lamps, ﬂmr drains in the circuit. Energy is neither

created nor destroyed, it is simply redistribu%

The Wheatstone bridge @

Charles Wheatstone (1802-1875) was an English scientist and inventor from the Victorian era
whao invented a number of diverse &, ranging from a new type of code to a concertina,

However, he will be mainly re red for a device he developed that allowed us to measure
electrical resistance: the Wheatstone
|1 bridge.
* The Wheatstone bridge is essentially a

circuit as shown in figure 9.52, with a
galvanometer connecting the two points B
and D.

The values of the resistances R, R, R, and
R, can all be varied. Generally, if resistors
are chosen at random, you would expect
current to flow through the galvancmeter.
However, when an arrangement of
resistors is found for which no current
flows through the galvanometer, we can
say that the bridge is balanced, and the

&

3 following formula applies:
WEEE] # wheatstone bridge B
RJ n-l
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If ane, and only one, of the resistors is of unknown resistance, this formula allows us to calcul tEN
its value: i.e. if R is of unknown value, that value can be found using:

R =RZR1

o Gl
A L
The circuit was originally used mainly as a way to calculate resistance. Although it i ighly
accurate way of doing this, a modern chmmeter is generally a more convenient deumﬁme
circuit is still of great importance, though, because it can be adapted for use aw-nostat.

In an electric oven when you set the temperature, for instance, to 180°C, you are fifact picking a
value for a variable resistance in a Wheatstone bridge. As the oven heats up, jstance changes.

When the desired temperature is reached,
Il I the bridge 'tx@nd this causes the
heating element to switched off. Once
the oven be%&nl, the resistance again
changes, the becomes unbalanced

and the r switches on again. In this

wa e te rature is kept as close as
possibleothe set value.

evices can be used to switch a
ce heating system, or a water heating
. on and off, They can also be
as a 'fail-safe’ to prevent any device
overheating.

As a way of measuring resistance, the main
@ m @ difficulty with the Wheatstone bridge is in

m A metre bridge finding the values of the resistances that
will allow the bridge to balance. This can

be made easier using a metre brid ead of replacing resistors, the sliding connection at
D just has to be moved along tmrﬁ_-length of conducting wire, until the position where no

current flows through the galva er is found (see figure 9.53).

As resistance is pmponiuna%ngth, the formula is effectively replaced with:

of the unkgown resistance Rx?

{ Sample Answer

178
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Sample Question 1

The metre bridge shown here is
balanced. What is the value of the | | I ®
unknown resistor R,?

Sample Answer ) Iq
. Ry 160 1
[

B oh
R !

2 Fd

R _20
160 80 20<m &0cm Q
20

R ""IGUH—E-E m %
=400 &

Potential divider "e' A —
We have seen already that the longer a resistor is, Ly
the larger its resistance becomes. If a current flows ,_._ ]

-l—o-'

only across a section of a resistor, the resistance j
proportionately reduced, as shown in figure 9.5

Following on from the formula V = IR, we c% m Resistance is proportional to length
[

that the potential drop across a resistor is als
proportion to the fraction of a resistor a@wﬁmh a current flows (see figure 9.57).

[ !
—'—'*r —

J;vgr

‘ t ? 4y
LAY

e drop in voltage is also proportional to length

A potential rworks in this way, making two connections to a resistor across which a
current flaws. In this way, smaller voltages can be supplied.

Potenti ers are often used in circuits like that shown in figure 9.58. The voltage driving a
current gh the part of circuit to the right {coloured red) is controlled by the position of the

§tion labelled B.

PHYS Gr 00 S8 Wod Sindd 178 @



MODULE & CONDUCTION

12V 12v 12v
e ov L oV olE v
RV-—= 6V V= 6V o
3v 3v
9v

ov 6V ov Q}V 3V
@
CXTH A potential divider _N

Experiment 9.7: To demonstrate the egf
a potential divider %

Method N

1 Set up a circuit as shown in figure 9.59,
2 Move the ‘slider’ along the variable resistor
and note how the reading on the voltrmeter

to the right increases or decreases. (
Observations and conclusions
The voltmeter to the right measures the o
of the circuit. This is the voltage that drives
current through the bulb - higher unllagge m To demaonsirate the use of o potential divider
higher currents and make the light brigh

=

Potential dividers (sometimes camntentiumeters} are often used in
laboratory investigations as allow us to supply a carefully controlled
voltage to a circuit. They are alse often used as the volume contral in a radio.

They can also be used Qﬂ]l a dimmer switch.

—e L A
1 ‘ﬁwas the original purpose of
eatstone bridge?
What other uses does the
‘éwrleatsmne bridge circuit have?
Draw a circuit for the Wheatstone
bridge.
& 4 The Wheatstone bridges shown
in figure 9.61 are all in balance,
What is the value of the unknown
resistance Rx in each case?
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5 The metre bridge in figure 9.62 is balanced. What is the value of the unknown resistance? u
6 Look at figure 9.63. At what position on the metre-length of wire should you place the
sliding connector so that the bridge would balance?

Ry 10501

W queten's W cveons
7 Figure 9.64 shows a potential divider. What reading would }rﬂu"expe@see in each of

these situations? N

W

B = e a0

B auestion 7

&

Voltage—current graphs
o%als and some other

We looked at Ohm's law and learnt that f

conductors, the current flowing throug sistor will be proportional
to the voltage across it. This means mra relationship between
voltage and current follows the graph'shown in figure 9.65 - a straight
line through the origin.

However, it should be remem hat Ohm's law applies only
in limited circumstances. In part it applies mainly to metallic
conductors and only if thase conductors are maintained at constant Current against
temperature, There are manyelectric circuits that use components voltage

that do not follow 's law, Some of these are outlined below,

=¥

S

't Filament bulb
The traditional light bulb used in most
homes consists of a very narrow piece of
tungsten metal, known as the filament.
Although a conductor, the very narrow
cross section of the wire creates a high
TR resistance in the tungsten, and when
: current flows through it a great deal of

* e b Somencis heat is produced. T:is cau?es the bulb to

give out light. However, because the temperature of the wire varies, it is obvious that
Ohm's law cannot apply. The relationship between current and voltage in this example is shown
in the graph in figure 9.67.
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Gas

Fluorescent lights are often used in schools and
factories because they require only a very low current
and are, therefore, relatively cheap to run. Within a
tube there is a mix of stable gases between the two
electrodes at either end. The attraction of negative
to positive causes some electrons to maove from the
negative towards the positive connection. As these
electrons move, they collide with the gas particles
that fill the tube. This collision can have sufficient
energy to 'knock” electrons off the gas atoms, which
leaves baoth an extra free electron and a positively
charged ion (a charged atom). This happens
repeatedly throughout the gas, so that a great
deal of ions are created. These positive ions then
move through the tube towards the negative
connection.

—
1 In this way electric
charge moves through wm in a gas
the gas and an electric
current flows. Hweuer@u a limit to how many ions can be
created. This means tha ough an increase in the voltage will

increase the curr e connection is not linear and instead follows
the curve shown i graph in figure 9.70.

m 1 against Fhrngmv Q

Vacuum %,(

In a cathode ray tube (CRT), an electri uit is created with a gap between two electrodes
(the negative cathode and pnsimnde}. You have learnt already that current generally
cannot flow once there is a gap circuit, but there are two important aspects of this circuit
that allows a current to fl

Firstly, a heater is placed behind the negative connection — the cathode — and this provides
additional energy to t m. The electrons on the cathode use this energy to escape from
their atoms and from the ce of the metal. This process is known as thermionic emission.
Secondly, a vacu u%xin created in the space between the two electrodes. The absence of
air moleculesgmeans that there is no impediment to the movement of the electrons from the
cathode to e. This allows the

electrons to c e gap and to continue
lo flow throu%h the circuit,

There js alimit, however, to the total
mnu ectrons that can be released
he cathode via thermionic emission.
eans that above a specific level of
ied voltage, the current no longer

increases significantly. This accounts for
& the levelling off of the graph.

mjcMmrwﬂn’L‘m}
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Low-voltage
heater

- +
]

High
voltage

=

9.73 ragauns!
LR Conduction in & Vacutm vacuum

Cathode ray tubes

Flugrescent
sreen
Y-platesy  woplates
Anode
Heated Cathode | I
filament b ;
= Ay |
Low - | ~
voltage Sy L. |
.u]
High vult.‘:ge

Glass tube in whichl
there is a gog Yacuum

Cathode ray tubes WJ
Key points in the operation of a"€RT

® Thermionic emission occurs at the cathode,

® This releases electrons, which move tm'._'a'rds the anode at great speed (above 107°ms™").

@ Due to their high speed, most eléctrons pass straight through the anode and continue in a
straight line.

® They strike the screen, produ€ing a spot of light at its centre.

® The potential and shape of the anode allows us to control the focusing of the spot.

#& The beam can be deflegted by the electric field across the X- or Y-plates (electromagnets can
also be used),

#& The brightness is l:\nntrulled by a grid between the cathode and the anode. It is negative
with respect tofthe/Cathode. The more negative it is, the more electrons are repelled back
towards the cathod® and the fewer electrons there are to strike the screen.

In a device such as amposcilloscope, the X- and
Y-plates are cagnnected to some external source. If
they are cophegted to a microphone, for
example and held close to a source of a musical
note, the charges on the plates vary in a way that
followsthe variations in the sound waves, This
allows the sound wave to be ‘seen’ on the screen.
Altermatively, they can be connected to small
$ensors attached to a person’s chest (see figure
9.75). The beating of the heart creates small 975 M oscilloscope (CRT) display
variations in the current passing through these
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sensors, and these variations are seen on the screen. This allows
medical staff to study the rhythm of a beating heat. There are many
other similar uses,

In the traditional design of a TV set, the beam of electrons and,
therefore, the dot of light would travel in lines across the screen
several hundred times every second, and there were three separate
beams controlling each of the three primary colours. Variations in
the strength of each beam allowed the colours to vary and for the
pictures with which we are all so familiar to be formed.

In recent years, all of this technology has been replaced with
flat screens. These are not just a modernisation of the traditional
technoloegies. They operate on very different principles, and in fact

a number of competing technologies all vary significantly from Ea%
other.,

&
Long after the old-style TV screens are forgotten though, or %
consigned to museurns, the CRT will still be covered in t udy of physics because of its
historic significance in discovering the electron.

Electrolysis

Electric current is generally carried by electrons, ve seen. However, we have also seen
that sometimes it is carried by ions (charged 5). This happens when current passes through
a gas, for example, and also when it passe gh an ionic selution,

In copper sulfate, for example, the individwal malecules contain two charged particles: the
positively charged copper ions (Cu'") an egatively charged sulfate group (SO,°). The
attraction between positive and neg%s enerally what holds this molecule together,

However, if the copper sulfate is diss in

water and two electrodes are pl in the
solution as shown in figure Q.T?mnlecules
begin to break up. This is begause the positive
copper ions, while still attra&n the negative
sulfate ions, are also a the negative

tt
electrode; some of the@l ions will leave
their molecules an ove tawards that electrode.
When they get th v collect electrons from
and become copper atoms, which
g fgrm dicoating on the electrode. Copper
T o I & sulphate
HEan be used to create a thin

layer of gold or silver on the surface of otherwise BRI ondiiction in an fonic solirtion

is process carries on over and over again there is a constant flow of electrons to the liquid
out of the liquid. Though the current crosses the liquid itself by the movement of the fons
L within, it does not mean that a current is not flowing: as long as there is constant movement of
% charge, the current is clearly flowing.
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This process can take place with what we call inactive N
electrodes - electrodes that do not take place in a RESv EIM"T’H *
reaction themselves but instead serve as the surface at

which electron transfer can take place. An example of an

inactive electrode is a carbon rod.

We can also have active electrodes - electrodes that are Q
themselves part of the electrolysis process, For example,

during electroplating, electrolysis deposits a thin layer of v

one metal on another metal in order to improve beauty  Inactive electrodes 4
or resistance to corrosion. Using copper electrodes in L

a copper sulfate solution is an example of the use of
active electrodes, Q

With active electrodes, this creates a circuit that obeys
Ohim's law. With inactive electrodes, where a few valts
have to be applied before a current begins to flow, the

4
graph is a straight line, but it does not go through the %fwm ionic solition
origin and, therefore, it is not obeying Ohm's law.

Experiment 9.8: Investigation uf e variation
of current wi . for various
electrical onents

Method
1 Set up the circuit as shown in

figure 9.79, using a wire as the test

component, and set the voltage

supply (e.g. at 6V d.c.).
2 Move the slider along the resistor

obtain different values for Ihe

V and hence for the current /. om;rp.:;.mt
3 Obtain a number of values and

I'and plot a graph of / ag I
4 Repeat, replacing the wi emt

devices: a filament h

sulfate solution.
Results
You should find that your graph is similar to those shown in figure 9.80.

Copper sulfate solution
Me uctor Filament bulb with copper electrodes
] & I
v v v
m | against V' cunves
o
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4
'l@@ﬂweam— v

One of the graphs in
figure 9.81 represents the & Ia .
voltage - current relationship
for a metal and the other for a
filament bulb, Which is which?
2  Which of the two graphs in
figure 9.81 follows Ohm's
law?
3 E=xplain why the graph for the
filament bulb in figure 9.81
has the shape that it does.
Which other graph would you expect to follow Ohm's law? (-5'
Draw the I-V graph for a gas and briefly explain why it fas the ‘sﬁpe that it does.
Draw the I~V graph for a vacuum and briefly explalq wh}r the shape that it does.
What are ions?
Give two circuits in which the principal charge c.amers all'?electmns and two in which the
principal charge carriers are ions. NS
9 Tables 9.1 and 9.2 represent the results of an mue‘?ﬁgmn into the 1=V graphs for two
components, A and B. Sketch the graph for ﬁ%gne and suggest which component each
may be, T gl

-y

LA Questions 1=3

- - O -

Table 9.1 Component A

V/V 0 2 4 6 8 10 12
I/A 0 0.6 : 1.9 2.4 3.0 3.5
Table 9.2 Component B
VIV 0 5 ; 6 8 10 12
I/A 0 0.9 g) 2.0 2.5 3.1 3.9 4.1

K
Power in electricahgircuits

Power is defined in megh T
electrical circuits we can st

g5 as ‘work done divided by the time taken to do the work’. In
alculate powers, but we must note a few changes. Work is
reasured in joules ngwlémt of energy. In a circuit, charges carry energy from the battery and
dissipate it snme-'fﬁ E'I%_HSE in the circuit where the current experiences some resistance,

The vaoltag ow much energy is given to each coulomb, and the current tells us how
many caulum r second are going past any point in the circuit. 5o the amount of energy
per second can be written as joules/coulombs x coulombs/second. The coulombs cancel out,
leaving joulesfSecond which is the definition of power.

In tlj& A e have shown that Power (watts) = Voltage (volts) x Current (amperes). It may
seem obVious that Voltage is measured in volts, but remember that we could also have written
%}upressinn as Power (watts) = EMF (volts) x Current {amperes). The first expression would
Atel how much power is being dissipated in any given component in the circuit, this later
expression (involving EMF) tells us how much power the source is delivering to the circuit.

"Tlf?i":-.»'b-» Mormally in circuit calculations, we assume that the wires have no resistance at all. This
M), means that no energy is ever wasted in transmission: it is all delivered from the battery to the
components, In real life, even the best conductors have some resistance, and this causes some
power to be wasted along the way.
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The heat generated in a circuit is given by Joule’s Law: w
Q=FRt ‘*v
where:
I - current L
R - resistance
t = time
Some thoughts about 'superconductivity’
Scientists have discovered that at very low temperatures (around -200°C) some materia
become ‘superconductors’. By this we mean that their resistance is exactly zero. ns
that ence a current starts to flow through them it can flow indefinitely without causing any
heating. Unfortunately it is very expensive to achieve the low Emperatures% reach
superconductivity; it requires liquid nitrogen. Although nitrogen is abundant in thié atmosphere,
it is expensive to cool it down to the point where it condenses out of the phere,
We do not know if in the future it might be possible to discover materials that are
superconductive at room temperatures, however, if this were to becom sible, it would
revolutionise the way in which we transport electricity. Some of nsequences of

superconductivity at room temperature would be the following:

® Mo need for dangerously high voltages Q
& Much greater efficiency in all electrical appliances
® Fantastically efficient electric cars Q

r th

& Maobile phones that only need to be charged on

Can you think of any other benefits from super ity?

What is the power of an electric heater t%&r&tﬂ at a voltage of 220 V and
draws a current of 10 amperes?

Answe )

I=P/V I'=750/220 = 3.41 amperes

ater pump needs to lift water from a well that is 10 metres deep. We
quire the pump to be capable of delivering 20 litres per minute. The pump
will be operated from a 220V supply. Assuming the efficiency of the electric
pump to be around 25%, calculate how much current the pump will draw.
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L (Sample Anﬁwer

iﬂ Forayoultoltry,

First of all, let us calculate what power is needed:

The amount of gravitational potential energy being delivered to the water is = mgh.

The density of water is 1 kg/litre, so the mass is 20 kg. %
Energy supplied = 20 kg x 10 ms~ x 10 m = 2000 Joules.

We require this much energy in 1 minute (= 60 seconds).

Power needed = Energy/time = 2000/60 = 33.3 W.

The guestion asks us to assume that the conversion will only be 25% e w

that means that we will need a pump that is 4 times more powerful.

That is 33.3 x 4 = 133.3 waltts.

Power = Voltage x Current, so Current = Power/Voltage = 133.3 / 22 6 amps.

v

L J

)

For all the questions that follow, assume a mains voltage of

1 A mains bulb has a resistance of 800 Ohms, k its power output be when
connected to a mains voltage of 220 V7

has been converted?

2 An electric kettle is rated at 2000 W. If it is s$ on for 3 minutes, how much energy

3 An electric heater needs to have a p tput of 3500 W, what should its resistance be?
4 Two electrical heaters are connected mains in series with each-other. The first has
a resistance of 50 Ohms, and the secon sistance of 35 Ohms. What will their power

outputs be? %

Semiconduction %

\. A semiconductor is a mateﬁw a resistivity that lies between that of a conductor and
that of an insulator,

just a few of those us

ever, the best-known semiconductor and the example that we will

study in detail is silicon.

There are marny examp!eg oféémcundmwrs, Germanium, gallium arsenide and zinc sulfide are

i
Silicon has a vale ur. This means that it has four electrons in its
outermost shell but, like other atoms, would ‘prefer’ to have eight.
@ &
In a silicon al in order to achieve a situation in which each atom
is surrounded by eight
a [ ]

electrons, the atoms arrange

- ] E ]
- 0 - o - e @ themsehes in such a way CEEN silicon atom

that each atom shares an

a2 L > a aa
i - . % " electron with each of four neighbours (see figure
& @ ] @ 9.52].
L @ L & a
& = * : At a temperature of 0 K, this a perfect insulator.
n . & . - Mo electrons are free to move and they are
> L] & L

therefore not free to carry a current,

m A bt itile i o il Above 0 K, the added heat energy is distnibuted

188
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throughout the crystal as kinetic energy. From time to time, an electron will gain sufficient
energy to escape from its place and move through the crystal. It leaves a "hole” behind it

L3
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Intrinsic conduction

Once electrons gain enough energy to escape
from their places, they are available to carry

a current if the crystal is placed in a circuit. In
such a case, the free electrons will move towards
a positive connection, and the hales will end

up effectively moving towards the negative
connection. They have no charge, of course,

but as they will always move towards a negative
connection, it is useful to think of them as

being positive; and they are often referred to as Asifioors crystaf ot A
positive holes.

We can simplify a crystal as shown in figure 9,85,

Q@
Electrons move The ‘positive” hnles m
to the *+* to the '—
m Intrinsic conduction in sificon Q

Extrinsic conduction
Conduction can be improved by either addini extrd free electrons (n-type doping) or extra

&
e -lel 11" Te ‘Tel e e E ‘\?’
Q

haoles (p-type doping).

n-type doping
When constructing a silicon crystal, #we can introduce a small number of phosphorous atoms.
These will try to fit into the overall structure, sharing one electron with each of four
neighbours. But they have five rons in their outer shell and will, therefore, have one “extra
electron’. This is likely to brea om the atom and to become available for conduction.

c

As there are extra free electrons, uictivity is improved, Addition of a small quantity of an
impurity in this way is kn*dnping.

p-type dopin

If we add a small quantity of boron to a growing crystal of silicon, the boron atoms will try to fit
into the struc of the crystal. Each one has only three electrons in its outer shell, however, so
an extra ‘holel be created. As we have seen, holes act like positive charges and are
sometimes to as positive holes - they are often thought of as actually carrying the
current. lp p-type material, we even say that holes are the majority charge carriers. In
reality, ct as stepping stones for the moving electrons, which improves the conductivity.

ve conductivity.

!gi:g is the addition of small quantities of an impurity to a semiconductor in order to
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p-n junction u

n-typing and p-typing are really only of any use to us when we place the two together a&'
junction. The simplest example of this is in

a diode. o e @ Q9 &
At the junction of the two materials, the D O ) @0

extra free electrons tend to occupy the

extra free holes. This is known as the p-type  Depletion

depletion layer. It acts as a block of S ﬁ
insulating material in the middle of the X 4 p-n junction *N

diode (see figure 9.86).

The symbal for a diode is shown in figure 9.87.
The significance of the diode is that it allows current to
flow in one direction and not the other.

q%?mmm

Forward bias

If the diode is placed in a circuit so that the
p-lype material is attached to a positive ; @ 09 L=
connection, current will flow. This is O= Q@ QO QO

because the electrons are drawn towards > @
the positive, and the hales to the negative: @'ﬁu " holes move Electrons move
the depletion layer shrinks and allows to the *—* to the '+

current to pass through it (see figure 9.88)

In forward bias, the depletion layer shrinks and a
current Mows
Reverse bias

For reverse bias, the p-type material is at@d to the negative terminal, and the n-type to the

positive. The electrons are drawn ba ds from the centre and the depletion layer grows.
A current will not be able to move th h the device (see figure 9.89).

Using electrical symbaolism, thes%;iu

could be shown as in figure %90, - N Q09 .
One use of a diode is in rect ion - ) Q9

the conversion of a.c. to which we :

: Ap— L ——.
came ja.cmss in Module g-:a- 144). R TG Tiol e o PP —
The diode blmksﬁfnt ow in one 2o the '—* 1o the '+'
direction, allowin ugh only when
el : z In reverse bias, the depletion layer grows and no
it is in forwa as. current is not b ks RO
constant a anly in one direction
and is therefore
Anotherexamiple of a diode is I I ; i
the I mitting diode
(LE are diodes in which

agurrent crossing the p-n
i jon causes a small amount
ight energy to be released,
L —— _x—.

A current flows Mo current flows
Circuit diagrams to represent the siluations in forward bias (when
a currerd Mows) and in reverse bigs (when no current flows)
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1 What is a semiconductor? Give three examples.
Briefly explain each of the terms ‘intrinsic conduction’, ‘extrinsic conduction’, “p-type
doping’ and ‘n-type doping’.
3 Whatis a p-n junction?
4  Briefly explain how a depletion layer is formed at a p-n junction.
5 Draw a diagram of a p-n junction, showing the depletion layer. Q
=

Experiment 9.9: To demonstrate the opergatieg,of
an LDR (Light Dependent Istor)

Method JW
1 Setup acircuit as shown in figure 9,91, ‘&
2 Close the switch to allow the current

flow and observe what happens. \
3 Cover the top of the LDR with a finger

d ob what h ;

and observe what happens o
Observations ~ B K,_T;..{
¥ou should find that the bulb lights up nial circutt diogram

when the current flows (you may have to
shine a torch, or some light source onto the LDR to maké the bulb light up). Then you should

find that the bulb switches off when the LDR is %{1

This demonstrates the effect that light has on the and on the circuit.

A more complex arrangement is needed to a light that will come on in the dark and
switch off in the light {which would uhu@y e a little more useful).

Thermistors are semiconductors w:h the resistance
is controlled tightly by temperatuge. Ay increase in tlemperature
creates a large decrease in resj . This was also discussed in

Experiment 9.4,
Integrated circuits I:IC*‘TI.B" electrical components

containing a combindtion of diodes, resistors, capacitors and other
ices all built into one ‘chip’ of silicon.

Chips smaller than a fingernail can contain . 7
several million components, Figure 9,93 x;immr:m
shows the surface of an IC in the as the temperature
motherboard of a PC, which contains increases

several ICs and is connected up using a
variety of resistors and connecting metal strips.

V-I curves

The current in a diode increases as the applied voltage increases, but
it does not do so in a straight line. The reverse bias current is often
described as being zero, but in fact an extremely small current does
flow. It is typically measured in micro-amps.
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Experiment 9.10: Investigation of the variation oi*,‘
current (/) with p.d. (V) for
a semiconductor diode *

S
1.9

+
Method - W'
1 Set up a circuit as shown in figure 9.94, GD

i ,]H
'“"This is a continuation of
Experiment 9.8,

so that the diode is in forward bias.

2 By making use of the potential divider, Q
set the voltage that is being applied to *k
the diode at a low level (close to O V).

3 Record the values of both the voltage c
ircuit for experiment
and current. m

4 Increase the applied voltage to 0.1 V and again @he current, Record both values and

plot a graph to show how current varies with valtage.
Repeat this process for several values of volta about 0.7 V.

5
6 Reverse the connection to the diode, so that it 159 reverse bias.
7 Replace the milli-ammeter with a micr er and position it so that it only reads the

current through the diode,

8 Repeat steps 2-5. % sma

Results
Your graph should look similar to fig@n?i

Junction Wi
voltage

Reverse biag Forward bias

R
layer when a diode is connected in forward B.Ak(]
bias? Does a current flow?

What happens to the size of the depletion

A
layer when a diode is connected in reverse @ @

& bias? Does a current flow? g
: (i€ ()
R Bl

In the circuit in figure 9,96, which of the two
lights A and B would you expect to light?
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Module 10 Electricity and

Magnetism

Learning objectives Q

#® Explain the physical meaning of magnetic induction vector based on
solving and modern technological advances (magnetic levitation tgains,

0447
#® Explain the operating principle of electronic measuring instrumi:E,}tric

® Analyse the operating principle of a cyclotron, magnetic trap, toka hadron
collider and explain the nature of polar aurora [10.4.4.3

® Research the effect of magnetic field on moving charged particles” 10.4.4.4

#® Analyse the operating principle of electromagnetic dmrianlmmagnetic
relay, generator and transformer) (16451

® Use the law of electromagnetic induction in problem- [10.4.5.2]

® Make comparison between mechanical and ergy (10453

® Research the acting model of an electric mgwwn the received

results in a well-argued manner, using Faradw induction and Lenz's

law (10,454
The Earth’s magnetic field L @®
A magnet that is left free to rotate (away from any agnets, as is the case in a compass) will always
come to rest with one end - the north pole ~ pointing to
the north, and the ather - the south pole (5) ting to the
south. This is due to the Earth's magnetic field. It is as if there
were a large bar magnet at the centre rth. The reason
for this is that there is a great deal of grolten iron in the Earth's
core, and it is this iron that creates netic field.

One of the problems associated with the concept of magnetic
poles is evident in looking at h's magnetic field. For
many centuries navigators avere hgppy to think about the
pole of the magnet tha* north as being the north
pole of that magnetyBut asive have come to understand

magnetic fields be ow that a north pole will always

be attracted to a so le. This means that, confusingly, “ The Earth's magnetic field
we have created a labelling system for magnets that means

the magnetic Ee lofated near the geographic north pole is in fact a magnetic south.

Magneti nation

From figure 10.1 you will see that the magnetic pales and geographic poles are not perfectly aligned.
This ha ious effects in navigation: depending on where a magnet might be used, it may or may
not ting towards the geographic pole. To further complicate matters, the magnetic pole is not

fixgd and moves constantly. It has been in Morthern Canada for many years but moves at a rate of

kilometres per year, and it looks like it will move into Siberia over the next few decades. The angle

a line pointing to the geographic and magnetic poles is known as the angle of declination.

Knowledge about the angle has been very important to navigators, but with the widespread use of the
satellite-based Clobal Positioning System (GPS), it is less of an issue than it once was.
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‘v

Experiment 10.1: To investigate magnetic declina%(

Method

1 Set a smartphone with a magnet reading on top of a
sheet of paper, as shown in figure 10.2. (Mot all phones
hawve this function, but many do. Ensure that it is set to
show true north, which the phone will locate using GP5.)

2 Mark the direction of north on the paper.

Replace the phone with a a compass.

Allow the needle to settle, and again mark the direction

of north. This is showing the direction of magnetic

north,

WY

Observations &
The angle between the two lines is the angle of declination

at that location.
i

Magnetic fields around electrical objects

We have seen already that all magnetism is created eithiér directly or indirectly by the presence
of maving electric charge, It follows that any electrical current will create a magnetic field,
However, the shape of that field will be det ed by the arrangement of the electric circuit.
The shape of the magnetic fields due to the elegtsical current in a long straight wire, a loop and

a solencid are shown in figure 10.3. %

%9 Nbey

Key
a— Current
= Magnetic field

Magnetic fields around electric currents

Foryouloery) )

s 1 Are the Earth's magnetic poles fixed permanently in place? Explain your answer.
2 (a) Whatis meant by the term ‘magnetic declination’?
(b) What are the consequences of this effect for those navigating by compass?
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A current-carrying conductor in a magnetic field U
experiences a force

We have seen that an electric current will always create a magnetic field. We also know that any
two magnets will create forces on each other if they are close enough for their magnetic '|I'E|§ .

to overlap. It follows that if an electric current passes through a magnetic field, it will exper
a force, This can be demonstrated using a strip of tinfoil, which carries a current in a magneti

field (see Experiment 10.2).
‘N

Experiment 10.2: To demonstrate that a w.gﬁt-
carrying conductor in a netic
field experiences a fﬂré

Method \'

1 Setup a circuit like that \'_ 1
shown in figure 10.4, with g _

/ | |

| '—Strlpn-f
/ ||_ tinfoil

a piece of tinfoil suspended
from a retort stand.

2 Close the switch so that a
current will flow.

Direction of
current

Observations

You should see the tinfoil visibly
move. If set up as shown in
figure 10.4, the tinfoil will move
forward, but the direction of

movement depends on the exact
P %Ewmm selup

arrangement of magnets and the

current. ‘
J

The direction of the f
As we have seen, a curreﬁ'carr_-.ri conductor in a magnetic field will experience a force. In
P

Experiment 10.2, we use o that the metal will be light enough to mave in response to this
force, allowing us toydetect its presence.

If you swap aroun ections to the power supply so that the current flows in the opposite
direction, you should natice that the foil stll moves, but that it maoves in the opposite direction.
Similarly, if you swap, the two magnets, you will see that the direction of movement reverses
again,

The conn between the directions of the Farce £
current, magnetic field and force was established
by Englishy, electrical engineer and physicist
|ohn ése Fleming (1849-1945) in the late
1800s. Fleming explained the connection using
§re called the left-hand rule. if you lock
ure 10.5, you will see a left hand with the Left hand Current |

fingers arranged so that the thumb, index and
second fingers are all at right angles to each other.

Magnetic Field 8

BEER rieming's teft-hand rute
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The index finger is used to represent the direction of the magnetic field, the second finger N
shows the direction in which the current is flowing, and the thumb shows the direction
resulting force,

Sample Question

The diagrams in figure 10.6 show electrical wires carrying a current

and
flowing through a magnetic field represented by B. Which way WI}WIES
move, if free to do so?

a Ry

Current

L
Ed

L.
-

mmnwrmaw
L (Sample Answer ) Q

(a) Following the left-hand rule, the uld move ‘out of’ the page.
{b) Following the left-hand rule wire would move back ‘into’ the page,

The strength of the

The left-hand rule tells direction of the force created when a current-carrying conductor
passes through a mag Id. The magnitude of this force also depends on the magnetic field
escribgd by the formula:

and the current, It ii
F = BIE

where:
F—force
/ - current ®
£ of the wire within the magnetic field
B - magnetic flux density, which is how we measure the strength of the magnetic field.

&\agnetic flux density (B) is a measurement that you are unlikely to have encountered
re, It is ane of the ways in which we measure the strength of a magnetic field. The above

E formula can be used to help define what exactly we mean by this measurement.
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Magnetic flux density (B) is the force experienced by
a conductor of length 1 m carrying a current of 1A at
right angles to the magnetic field. Its direction is the
direction of the magnetic field lines:

F
S %
The unit of magnetic flux density is the tesla (T). #

Mikola Tesla (1856- %

1943), a Serbian ;
American scientist who & ﬁ
developed early a.c. If a wire of length 1m carries a current o and

transmission systems experiences a force of 1M while through a

and designed early magnetic field, the magnetic flux density is 1T.
transformers

102' Sample Question

An electrical wire carries a current of 1.5mA and passe ugh a magnetic field
of length 2cm and of magnetic flux density 4 T. Wha

ool Answer JS
Bif %

(4)(1.5 = 10%)(0.02) %
1.2 x 104N

it experience?

F

An electrical wire carries a c ]
field of length 15cm magnetic flux density 2T. What force does it
experience?

L]
F=
.2)(0.15)
gﬂ 0.96N

%atnmic particles and the left-hand rule

ave already looked at the forces created on a conductor when a current flows through
a magnetic field. That analysis can be adapted to help us see what happens to an individual
electric charge, such as a proton or electron, when it moves into a magnetic field.
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An individual proton like that
shown in figure 10.8 is a
maoving electric charge. As +o
such, it has its own magnetic

field and will be affected by e
any other magnetic field

through which it mowves. In

such a case, the proton

essentially follows the left- ~ > 4

hand rule: the second finger .ﬁ%

now shows the direction of A proton moves through a magnetic field

movement of the charge, g, oy,

while the index finger and thurnb still represent the direction of the magmm field and force,
respectively. Looking at figure 10.8, the proton experiences a furcﬁ@atl pushes it towards us
(i.e. out of the page). However, as a small particle, it responds to thﬁgﬂrce immediately and
changes its path accordingly. As the direction of its motion chaﬂges the direction of the
resulting force also changes. The proton responds to the new direction of the force and changes
path accordingly. This will happen continuously as long as ilﬁfharge stays inside the magnetic
field. As a result, the proton will follow a curved path thrm@qh the magnetic field.

A negative particle, such as an electron, is also aﬁectedﬁga 'magnetic field, but it experiences a
force in the opposite direction: in other words, it mayes m ‘exactly the opposite direction to that
predicted by the left-hand rule, - 4

gl

{r;'- W

A paositive charge obeys the left-hand rule. A“egative charge does not and moves in the
opposite direction.

o
Fd

The charges of subatomic particles ﬂbfs’éqirered in large
particle accelerators like those aLGERN (the European
Organization for Nuclear Researé‘]ﬁ all"l the Swiss-French
border can be determined bg.i?’lr;-okmg at photographs
showing their path through a mgnetic field. In figure
10.9, the path of the pasitive charges can be clearly seen
to be in one direction 'wh_iia-ﬂhe negative charges spiral
off in the opposite ll;ﬂli'ectmn.‘l'n tell which is which, you
would need to kndw IFII‘ details of how the magnets
Were arrangs;}ﬂ

.-". !

F 4

The ampé:i'{é

The deiﬁii\ttnn"ﬁ:-f the ampere ("amp’ for short) is also
baseg ﬁ'ﬁhe concept that a current-carrying conductor
ina m‘agﬁettc field experiences a force. However, for this
pupuse we do not think of a current running through
J,;__'_EI'{T'EEFIIE placed between two magnets. Instead we think
" offwo wires placed side by side. Each one is carrying a
% current and creating a magnetic field. This means that
% both of them are in the magnetic field created by the other. We can use this scenario as a way
of developing a definition of the ampere.

This photograph shows the
trocks leff when a subatomic

particle decayed, creating six
new particles, of various mass
and charge. The different tracks
represent the paths of these

particles through a magnetic field
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v

° The ampere is the constant current that will proeduce a force of 2 = 107 newtons per
metre of length between two straight, parallel conductors of infinite length and negligible

circular cross section placed one metre apart in a vacuum,
®

The ampere is one of the seven base units on which the 51 system is based. The other base
are shown in Table 10.17.

Table 10.1 Although there is no real debate abnut@
— = y  magnitude that each of these units sho

Unit Measures the precise definition is often camﬂ ubject
Metre Length to much academic argument. The unit 8flength
Kilogram hass = the metre - is currently tak e distance
Second Time that light travels in 1./299 ?Qw a second,
Ampere et e rnret but was previously the dist be ntrwn-

: marks on a metal bar held s. The kilogram
Kelvin Temperature is still defined as beind’the mass of a prototype, a
Candela Luminous intensity block made from Iatmallw, that has been
Mole Amount of substance held in a secure vaMris since the late 1800s.

The definition of the ampere is obviously problematic: wh supposed to find two
infinitely long wires, for instance, or even a perfect vacuumre people who argue that it
should be changed to be a multiple of the charge on, say, lectron. But these arguments take
many years to sort out, @

can help us to remember the simple
C per second.

In the meantime, although it is not a formal definiti
relationship between the amp and the coulomb;

The formula F = I£B does not really work for a subatomic particle of no real length, but it can be
adapted, as shown here, to yield a similar form

Derivation %
F=IfB @

i-_?'
v
t

at is the force on a proton travelling at 2 x 106 ms™' in a magnetic field of
x density 2.1T?
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L (Sample An5wer

= qtr‘ﬂ
(1.602 x 10=19)(2 x 106)(2.1)
6.728 =« 10-13N

L
~'The charge on the proton has the same magnitude as that on the

@

Experiment 10.3: To demunstrateqfh@ principle on
which the definition of the ampWs based

Method ™S

1 Set up a circuit as shown in -
figure 10.10, supporting the
tinfoil with a retort stand.

2 Switch on the current and
observe what happens.

Observations

You should find that the strips
of tinfoil move apart, indicating
that parallel wires conducting

a current will experience a E

force, the principal on which Tinfoil, suspended from a retort stand
the definition of the ampe

based. % Experimental setup
»

A

The electric motar is the basis of a lot of
large househaold items, such as washing
machi ryers and dishwashers as well

‘ Wires move apart

lgcks, turntables and smaller items such
s 8isk drives. In all situations the basics of
: sign are the same in that they make
4 useof the fact that an electric current in a
e, Magnetic field will experience a force.

% We can see the basis of the operation of a r
d.c. motor very easily (see Experiment 10.4). Ad.c. motor
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3%

Experiment 10.4: To demonstrate the force on a *,
current-carrying coil in a magnetic
field s

Method 0)
Carban brush i 1

1 Connect a basic d.c. motor — which consists
of a coil between two curved magnets - to
a battery as shown in figure 10.12,

2 Allow the current to flow and observe what

happens.

Observations

You should see that when the current flows, the
coil rotates.

This demonstrates the force on a current-
carrying coil in a magnetic field.

1 What is the direction of the force created in ea the wires shown in figure 10.137

S
i -H-]-F& 1l
R question 1 Q

towards us

2 An electrical wire current of 3.4 and passes through a magnetic field of length 2m
and of magneticTlux density 4 T. What force does it experience?
3  An electrical amries a current of 1.5A and passes through a magnetic field of length

2cm and of magnetic flux density 27T. What force does it experience?
4 An electrical wirg of length 25 cm carries a current through a magnetic field of magnetic
BT and experiences a force of 5N,
rrent?
5 If a wire carrying a current of 3 A experiences a force
when flowing through a magnetic field of
5cm, what is the magnetic flux density of
the field?

igure 10.14 shows the path that a number of

articles follow when passing through a magnetic Ad Bé C
field. Which of the particles are positively charged, The magnetic field is
which are negative and which are uncharged? m Z‘:::;: :-m £ baps
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¥ Figure 10.15 shows a basic design
of a d.c. motor. The magnetic flux
density is 4T and the current is 2.5A.
{a) What is the magnitude of the
force on the wire labelled X,
and in what direction would it
act?
What is the magnitude of the
force on the wire labelled ¥?
What is the total moment of the
turning force on the wire?
Why do you think the magnets
are curved in design?

(b)
(<)
(d)
(e)

Electrornagnetic induction

In the preceding section we showed how we can create m

can create an electric current by moving a magnet

Mame two other devices based on the same principle.

Carbon brush

15 4

Commutator

W Cucion?

)

nt by passing an electric

&

gh a coil of wire. This is known

current through a magnetic field. In this section we will ﬁ that the opposite is also true: we

as electromagnetic induction.

When the magnetic field passing thrﬂthﬂ changes, a voltage is induced in the coil.

&

Experiment 10.5: ?&mnns.trate electromagnetic :

uction

Method

1 Setup the apparatu &n in

figure 10.16. qﬂw
2 Move the magngt towards the coil. Note
that the need*& galvanometer
indicates that a current is flowing (a

galvan r i$ra device that measures
electric cu
3 Try varying the speed with which you

matha magnet, and observe what

ervations

30000080080)

0

Galvanometer

To demonstrate electromagnetic induction

ould see that the faster the magnet moves, the larger the current created.

the cpposite direction as it moves away.

Also, you should notice that the current flows in one direction as the magnet approaches and in

o

K3
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If you recall that each individual electron can
be thought of as a sort of miniature magnet,
it is hardly surprising that this effect occurs, In

figure 10.17, we can see that the magnetic
field from the bar magnet passes through the
coil. In doing so, its effect can be felt by each
of the electrons indicated (not to scale) in the
wires that go to make up the cail.

When the bar magnet is moved it will, like
any moving magnet, create forces on any
other magnets nearby, such as the electrons.
This causes them to move. An electric current
is the flow of electric charge, and so an
electric current is created.

MODULE 10 ELECTRICITY AND MAGNETISM

Electromagnetic induction was studied in detail by English scientist Mi:hae%day (1791-1867),
who was very important in the development of studies of electricity. Faraday who noted
that the voltage created is directly proportional to the rate of w the magnetic field. To
make this mathematical connection, you have to be familiar with the G8ncept of magnetic flux.

Magnetic flux

We often represent the presence
and direction of magnetic fields
by drawing magnetic field lines.
Around a bar magnet, for
example, you have been taught
to draw the field lines as curving
from the north to the south
pole. We usually indicate the
presence of stronger or weaker
magnets by drawing these lines
either closer together or further

apart: the greater the density of Weaker field

Stronger field

the lines, the greater the The closer the lines, the stronger the magnet

strength of the magnet (see

figure 10.18).
We have already come a% concept of magnetic flux density. Although formally

defined according tofthe formula B = F_E?'

it is a useful short ink of magnetic flux density as representing the number of field

lines passing through a at surface placed
in a magnetic field, pgr unit area.

figure 10419, but ones that are much
bigger, gain imagine the number of
lines Id pass through a flat surface
plaged between the magnets, you can see
e field lines would be equally spaced
th cases, but that with the larger

magnets, the total number of field lines
would be increased.
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MODULE 10 ELECTRICITY AND MAGNETISM

This is comparable to the distinction between the concepts
of magnetic flux density (B) and magnetic flux, represented
by the Greek letter phi (@), and it is in keeping with the
definition of magnetic flux.

In simple termns, if B is represented by the number of

field lines per square metre, & is represented by the total
number of field lines (see figure 10,20},

I_—I'._.\-T-I’ul"_\.'ﬂu_.rll.r

More formally:

The magnetic flux, @, is a measure of the strength of
a magnetic field over a given area perpendicular to Q
it, A, and it is equal to the product of the area and

the magnetic flux density, B, through it. The unit of h i

magnetic flux is the weber (Wb). & values of B. The magnet to the
@ =EA \ right has a larger value of @
Faraday's laws
Faraday realised that the key measurement needed to p the voltage that would be created
during electromagnetic induction is the rate at whi e magnetic flux passing through the coil
changes.
— When there is a change in the magnetic fl ing through a coil, a voltage is induced
in that coil. The strength of the volta rtional to the rate of change of the flux
passing through the coil.

Mathematically, induction can be demd using the formula:
B Change in flux @
Time
where:

£ - induced volta
It is important to mm@:‘at this is the voltage created in each turn of the coil. If there are
two turns on the coil, the voltage is doubled and - more typically - if there are several hundred
turns in the coil, voltage will be several hundred times bigger.

A more usef rsion‘of the formula is:

where; ]
uced valtage
number of turns in a coil
Sample Question) )

é If a magnetic field has a total flux of 3Wb, and covers an area of 0.25m?, what is
the magnetic flux density?

< Change in flux

E=
Time
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MODULE 10 ELECTRICITY AND MAGNETISM

L (Sample Answer)

& = BA
g =2
A
=2 12T
0.25

0 (Sample Question)

If the magnetic flux passing through a coil changes from 5Wb to ]2&%2.

what is the value of the induced emf?

| e
¢ = nChange o i *é\'
N

&

- (y12-5
{}—2_5

= 2.8V %
EL%) (SampleQuestion) )

The magnetic flux density of a magneti is 3.5T. This field passes through

a coil of area 0.15m?,
(a) What is the total magnetic flmq&'lg through the coil?
(b} If the value of the magnetigiflux density decreases to zero over a period of half

a second, what will be the of the average emf induced in the coil?

's law

rich Lenz (1804-1865) was a Russian scientist wha in the 1830s studied electromagnetic
induction and noted that the current induced in a coil will always flow in such a way that the
associated magnetic field opposes the change.
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MODULE 10 ELECTRICITY AND MAGNETISM

v

The direction of an induced current is such as to oppose the change causing it. *

As we have learnt, in a situation like that shown

in figure 10.21, in which the north pole of a bar -

magnet is approaching a coil, a current will be

created in the coil. However, we have not learnt

in which direction it will flow. Remember that any

current through the coil will create a magnetic

field and that the magnetic field around a coil is

very similar to that of a bar magnet. Lenz realised

that, in keeping with Newton's laws of motion, i
:

&

the magnetic field created here would have its
north pole at the end closest to the approaching

magnet. This has the effect of trying to push
away, or at least, slow down the approaching N‘ﬁ:ﬁmm

If, however, the bar magnet is then pulled away 6
from the coil, as shown in figure 10.22, the

current flowing in the coil will change direction.

This will have the effect of changing the direction =y

of the magnetic field. The south pole will n kf_};

closest to the bar magnet, trying again to s

down its motion. The north pole of @ magnet moves away
Q fram a coil

&

Experiment 10. :Q’demnns.trate Lenz’s law
Method

1 Suspend a light alu ring from a long
thread hanging f&qden retort stand,
as shown in figuge 10.2

2 Hold a strong t up to the ring and
then m t away from it, and observe what

Dbservati-;ns,

You s find that when the magnet is moved
he ring, the ring follows the magnet. Gl o demonsirate Lenz's faw
, ‘when the magnet moves towards the ring,
ing moves away from the magnet.
is 15 an example of Lenz’s law, which states that the direction of an induced current is such as
E to oppose the change causing it. (The moving magnet creates a current in the ring. This in turn

creates a magnetic field. In order to oppose the change, the ring follows the magnet.)
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v

Experiment 10.7: To demonstrate Lenz's law and %
eddy currents

Method Small metal cylinder Strang magnet &

1 Take two pieces of copper tube, as [ _"
shown in figure 10.24.
2 Take two cylindrical pieces of metal,
similar in mass and shape, but one of
which is magnetised,
3 Drop each of the pieces of metal in
turn through a copper tube, and
observe what happens,

Observations

You should find that the magnetised 10,24 B m”‘,@ and eddy currents

metal drops much more slowly through
the tube than the non-magnetised metal.

Michael Faraday &‘

Michael Faraday (1791-1867) received little fc@
education but became one of the great scientists'®f the

nineteenth century and contributed eng to our
understanding of electricity.
Growing up in London, Faraday serve pprenticeship

with a bookbinder, and took advantag he books
surrounding him to become wid d Later, he followed
a growing interest in science b at ing public lectures

given in the Royal Society b}r rated chemist, Humphry

Davy (1778-1829), Farad ed Davy by producing

a bound book summarisi th se lectures, and when Davy

was later injured in a la accident he summaoned LWEER Michael Faraday holding

a heavy glass bar, which
he used to show that, in
certain circumstances,

magnelism can affect light

assistant.

loped from there, and he

became renowned as a'great experimentalist and lecturer,

In 1825 he organised for the Royal Institution to provide

entertaini informative lectures for the public at Christmas time, and over the following

decades y of these lectures himself, The tradition continues today, and the lectures

are usually televised and made available online.

Over reer, Faraday not only studied electromagnetic induction and electrolysis, but also

dis enzene and invented early versions of the electric motor and the Bunsen burner.

Building on Faraday’s work and analysing it mathematically, James Clerk Maxwell (1831-

later developed his electromagnetic theory, which linked the study of electricity,

netism and optics and opened up the study of the electromagnetic spectrum.

It is interesting to know that Albert Einstein (1879-1955) always kept photographs on his

study wall of Newton, Maxwell and Faraday.

Faraday to wnrk a

207
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MODULE 10 ELECTRICITY AND MAGNETISM

State Faraday’s law of electromagnetic induction.

State Lenz’s law, *
What is meant by the term ‘magnetic flux’? In what unit is it measured?

If a magnetic field has a total flux of 4Wh, and covers an area of 15¢m?, what i

magnetic flux density?
5 Two magnetic fields each have magnetic flux density of 3.5T.
i

{a) The area of the firstis 1.5m?, What is its magnetic flux?
(b) The area of the second is 150cm?. What is its magnetic flux? N
6 Figure 10.26 shows a magnet approaching a coil. As
it does so a current will be induced in the coil and
this will create a magnetic field. Will the end of the
coil marked with the letter A be a north or a south -
pole? - om

7 Asheet of copper is placed between the poles of ¢

B W k-

an electromagnet so that it is perpendicular to the

magnetic field. It is then pulled out of the magneti .r"?.
0@ L/

field, but a considerable force is required to d
The faster the sheet moves, the greater the forge
required to move it. Why would this happe m Question 6
8 There are 100 turns in a solenoid. The magn L
passing through it changes from OW|
emf induced in the coil?
9  The magnetic flux density of a magpetic field is 4T, This field passes through a coil of area
0.5m.

(a) Whatis the total rnagnelielux passing through the coil?

Wb over a period of 10s. What is the total

(b} If the value of the magne density decreases to zero, what will be the value of
the magnetic flux?
{c) If this change happ r a period of 25, what will be the value of the average emf

induced in the coi
10 A solenoid with 250 t&bﬁﬂ through a magnetic field of magnetic flux density 5T. A
cross section of the 'tI has an area of 0.05m?.
(a) What is the ﬁ) agnetic flux passing though the coil?
(b) If the mainetic density is reduced to zero over a period of 1.55, what is the

magnetic flux?

(<) t is thefaverage emf induced in the ~

id i is ti .
_ id,in this time? o Fiux density .
11 Figure hows a rectangular coil with — = -

dimensions 5cm x 12cm, positioned at right angles o o i
to,a maghetic field of magnetic flux density 5T. ]
@hat is the value of the magnetic flux passing
through the coil? b
(b} If it rotates through 90° as shown, in a period "
‘é of 0.55, what is the value of the induced emf . e £

in the coil? 1. :

{€) If the wire in the coil has a resistance of 2,542, -
what is the induced current in the coil? o 1 »

Axis

(d) What total charge moves through the coil over - /’{

the 0.55 when this current is flowing? Axis -
Question 11
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MODULE 10 ELECTRICITY AND MAGNETISM

Power stations
Transformer

The basic design of the power stations we —
use to generate electricity is based on
electromagnetic induction. Essentially,

the power station consists of a large coil
between magnets. When the coil tums, a

voltage is created. As long as the coil keeps q
rotating, a voltage is constantly maintained.

Generator —|

e _JTuthme

The few of woter tms r%
Transformers
Mutual induction is the basis of the %
design of a transformer (see figure &
10.29). In a transformer, an alternating

current in the first (primary) coil
creates a changing magnetic field, and

24\ Prirna Seconda 4B W a.c.
therefore a voltage, in the secondary ac.in y . coil 3 At
coil,

In order to increase the connection 0
between the two coils and their

magnetic fields, they are often wound
around a single piece of iron. The main make use of mutugl induction

benefit of the transformer is that the
voltage created in the secondary can be either ]@ur smaller than that in the primary.

Step-up transformers %

Remember that, following on from
Faraday’s law, the voltage induced in a @
coil is proportional not only to the

of change of the magnetic flux, bu&
also to the number of tums on oil.
Therefore, if the secondary ¢

turns than the primary coil Ahe induced
voltage will be greater t%ﬁginal
voltage. This is kno 5 a step-up

transformer. ILi ; instance,
when we increase the ut from a
power station from several hundred to
tens, hundredsfr thousands of volts BEELN rhone chargers indlude a tronsformer
in order to the energy lost in

transmitting ectricity over large distances.
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MODULE 10 ELECTRICITY AND MAGNETISM

Step-down transformers

If, by contrast, we want to reduce the
voltage, we reduce the number of turns of
wire an the secondary and create what we
call a step-down transformer. These
transformers are a crucial part of most
phone chargers, among other things. A
typical phone battery should be charged
tor less than 5V, but we recharge them

by connecting to the mains at 230V,

The charger contains a transformer that
changes the output to the desired value.

Primary coil
Ny turns

The relationship between the input and
output voltages and the number of
turns (N) on both primary and secondary &

coils is straightforward: if the secondary A :q; former

coil has twice as many tumns as the

as many turns, the cutput voltage will be 10 times
half the number of turns of the primary, then the output veltage will be half that

The formula is: b
'" i

primary, then the cutput voltage will be twice the input 5“39 ; if the secondary has 10 times

|

Experiment 10.8: To démonstrate the operation of

valtage

primary, and if the secondary has
of the input.

3
oy

ransformer

Method &
1 Set up a transformer as shown in

figure 10,32, oy
2 Apply an a.c. source t primary l L |

cail.
3 Mote the reading @n the voltmeter 2

attach condary coil.

L

Observation

exp tput voltage to be greater than the input.

If th ber of turns on the primary is greater than the number on the secondary, you would

§:t the output voltage to be less than the input.
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MODULE 10 ELECTRICITY AND MAGNETISM

Sample Question _..@’

In a transformer, the primary coil has 150 turns and the secondary has 50
turns. If the input voltage is 13V, what would you expect the output voltage to

be? Is this a step-up or step-down transformer? q

(__(Sample Answer ) Sy
&

This is a step-down transformer.

Sample Question) )

A transformer has 1000 turns in its primary %zu turmns on the secondary.
The input voltage is 110V. The current in the pr coil is 4 A,
{a) What is the cutput voltage?

(b} Assurning there is no power loss in theg(
secondary coil?

armer, what is the current in the

Energy stored in maﬁic fields

Motice some interesting differences be ngravitational, electrical and magnetic fields: Gravitational
forces are only attractive, electp ﬁﬂ, forces can be attractive or repulsive, magnetic forces can be
attractive, and repulsive (be magnets), or lateral (between magnets and currents). To store
energy in a gravitational fi is necessary to place a mass into it; to store energy in an electric
field it is necessary to place a eharge in it; to store energy in a magnetic field it is necessary to place
another magnet or an electrical conductor in it.

The ignition coil of a p car is a good example of how energy can be stored in a magnetic field.
The ignition coil is conceptually similar to a step-up transformer, however, instead of powering
the primary ¢ ith*AC current it is powerad with a DV current. As it is connected, the current
needs to figﬁust the self-induction of the coil while the magnetic field is growing. Once the
magnetic fie s been formed the self induction effect stops. However, when the primary coil
is abruptlydisconnected from the DC current supply the magnetic field will quickly collapse. This
rapid of magnetic flux cutting through the secondary coil will induce a very high voltage
in the s dary coil. 5o high that it can cause a spark - which is used to ignite the petrol vapour
engine. The energy for the spark was stored in the magnetic field just prior to the primary
ng off.

PHYS Gr 00 Sa Mod 10Undd 211 @ BEE 1328 PN



MODULE 10 ELECTRICITY AND MAGNETISM

[ (Sample Answer } . 4

¥
(a) % =||,r_“ (b} No loss in the transformer, so .
: o F.=P_.
- 3 O
Ve =7, Vi), = (VI),,,
1} (110)(120) i (110)4)=(1 3.2}(INJ.

(too0) L=333a Ay
Sample Question

e o8
Look at figure 10.33. Primary QW Secondary

(a) What is the output voltage
in this amangement?

(b) What is the current in the 110 a00 3610
secondary coil? "':L“ @ Q‘ms turns |:

Load
3.9k0N

| M—

-Z’

N,V
L S % (b) V=R
Ns l"tu v
oo
V = -
N, 283.6

(1 1ﬂ}f3ﬁ1ﬂ)& 3900 0.073A

283.6V ”"”&
Unplu :h! rgers

An enor unt of energy is wasted every day because people leave chargers plugged
in and switched on even when they are no longer charging any device.

Whenyou cennect a charger to your phone, it is obvious that you are transferring electrical
ene to your phone, which you will then slowly use over a number of days. You are
p appy enough to pay for this electricity, because you can see its benefit. However,
en you disconnect your phone from the charger, it is not like switching off a light
b. The charger is itself an electric device, which will continue to operate as long as it is
nnected to the mains. There may be no output from the secondary coil of the transformer
inside it, but there will still be a current in the primary coil. And you will be charged for the
electricity supplied.
When you consider the large number of chargers in many modern homes, this can add
up to a significant expense over time. Of even greater importance is the electrical energy
wasted on a national basis, and the associated cost to the environment.
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MODULE 10 ELECTRICITY AND MAGNETISM

Self-induction U

We have seen in the preceding section how a changing current in one coil will create a changing*
magnetic field and induce a current in a second cail nearby. But think about a situation in which

we have only a single cail. If we apply an alternating current to that coil, it will create a constantly &
changing magnetic field within the coil. We know that a constantly changing magnetic fie

tend to induce a voltage, and that is exactly what happens in the coil,

It does not matter that the coil is in the centre of its own constantly changing magneti
The laws of electromagnetic induction still apply, and a voltage and current will be creategrin
the coil. This is known as self-induction.

Look at figure 10.34, in which an alternating
current flows in the coil - let's say to that at
one moment in time, the applied current
would be 5A. This is indicated in blue. The
fact that this current is changing induces

a new current as described above. Let's

say that the induced current is 2A, This

is indicated in red. Notice that the two
currents are in opposite directions. This

ils due to Lenz's Iav?r, which says that the 5

induced current will flow so as to oppose the

change.

In reality, the two

separate currents do not

actually flow. The fact Iron bar

that the 2 A is %

attempting to flow in i~ S o
the opposite direction to

the 5A has instead the

effect of reducing the @

5A. A total current of 3 A

will therefore flow, as X 4 A
indicated in e light is bright The light is dim
figure 10.35. A dimmer switch makes use of self-induction

The significance of self-
induction is that, with a ting current, a coil acts as something very like a resistor, in that
it reduces the currenfflowing in the circuit.

The effects of self-i ign are increased if an iron bar is placed in the centre of the coil. This is
because it increases the strength of the magnetic field and, therefore, the rate of change of the
magnetic field. A dimmer switch makes use of this by having an iron bar that can be either
partially or fu erted into the coil. As figure 10.35 shows, the greater the length of the bar
inside the e greater the value of the induced current and the smaller the total current.

Q
Q
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MODULE 10 ELECTRICITY AND MAGNETISM

Experiment 10.9: To demonstrate self-induction *,'

Method

1
2

Set up a circuit like that shown in figure 10.36.
Close the switch and observe what happens to
the bulb.

Open the switch again and observe what
happens to the bulb now.

Observations

The neon bulb requires a large voltage, say 100V,
in order to light. You should have found that

the bulb did not light when the switch was closed

but that it briefly lit up when the switch was opened.

This is because:

when the switch was initially closed the applied vo as insufficient to light the bulb
then the current through the coil created a magnem

when the current fell to zero, the magnetic field
the coil, therefore, is in the centre of a changing m field

the changing magnetic field induces a valtagﬂemly large to light the bulb.

‘v

—l|—

12V

e —
R

m dewu self-induction

red as well

If the peak value of an alternat

In a transformer, the prim

Itage is 330V, what is the rms value?

| has 200 turns and the secondary has 50 turns. If the

Give one reason why the % upply is alternating voltage.

input voltage is 12V, t wuuld you expect the output voltage to be? Is this a step-up or

step-down lmnsfurm

American devices esigned to operate at 110V, These devices can usually be used
elsewhere if the Qﬂte transformer is used. Would this be a step-up or step-down
transformer?

The 'n.rnltage in a power station is 20kV. In order to transmit this voltage to a
distant gi Itage must be increased to 400000V,

(a) require a step-up or step-down transformer?

(b) Ift imary coil in the station's transformers have 10000 turns, how many turns

should there be on the secondary coil?

voltage is 230V. A phone requires its battery to be charged to 4.5V. The phone

r contains a transformer, in which the primary coil has 2000 turns. How many turns

ﬁ ‘§ | - .
ld there be an the secondary coil?

Ky

AL!
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MODULE 10 ELECTRICITY AND MAGNETISM

7 Calculate the primary and secondary currents for the arrangement in figure 10.37. U

Primary Secondary h

L ]
230 2000
20000
:ﬂ{_m 9 turns % turns

e ,Q,O)
N

e o

8 In the arrangement in figure 10.38, the neon bulb requires ﬁﬂg in u@n light. When
the switch is closed, the bulb does not light, but when it is ope it briefly flashes on

s ———s
L
NP

1

QO

ot
o PR o)

9 Figure 10.39 shows a light bulb in seri h an a.c. supply and a coil. If an iron bar is
inserted into the coil, the light be.-@s less bright. Why is this?

X

Question 9

L
of Electromagnetism

Many novel and”interesting applications using electromagnetism have been invented. You will

havem f themn in your home without even realising it: radio, television, speakers, headphones,
phon rs, mobile phone applications that have a compass ... and there are many more that
are u dustrially: generators, transformers, seismographs ... Some of these applications go
f lectrical currents te motion, and others go from motion to electrical currents. We will limit

dy to the ones where the operating principle is more readily understood.
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Speakers u

Speakers are another example of a device that makes use of the fact that a current carrﬂ'*
conductor in a magnetic field will experience a force. In these a coil is wound around a magn

as shown in the diagram below. When a current flows through the coil it creates a force. The,

coil is usually held tightly in place, so it is the magnet that moves instead. This is co ed to

the cone of the speaker, often simply made of paper. ’Q

A constantly changing current in the coil creates a constantly changing force o agnet.
This causes it to move backwards and forwards and creates vibration in the ¢ ich in turn
creates the sound waves we hear coming from the speaker. d N
a
Case —|
————— Paper cone
Coll an tube
Applications of electromagnels: wo of speakey, (a) Design of o
standard speaker. (b) ane earphone o hang loosely
by its connecting wires and ather earphone close o i, You will
notice either a siight altoacti repulsion between the two, crealed by
the magnels that are of their design
The microphone
A microphone does the Flexible
; Ciaphram Dia Moving Coll
exact opposite of an phram oving
: Support wound onto
earphone: it converts \‘ P
maovement (from the s .~
pressure wawves Co q -
from sound) into
small electricabcurre Sound
which mus Waves »
amplified in ordérto
be used. Interestingly,
it is possible to use
a lo rasa
micro, e, but because
the.cone and the coils
large you need to Electrical Electrical Signal
gnal
t into the speaker Leads —..._.' F\J Output
very loudly in erder to -
produce a small electrical u A microphone converts movement inte smoll electricol corrents,
current,
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The seismograph :___f.aﬂmnuton ! k

A seismograph is an instrument specially
designed to measure tremors of the Earth's
surface. They need to be situated on a large
rock well away from traffic and man-made
sources of vibration. At the core of the
instrument is a large inertial mass suspended
from some very flexible springs. If the rock
below the seismograph shakes up and down,
the instrument will move up and down,

but the inertial mass will hardly move. A

coil is attached to the inertial mass, and a
strong permanent magnet is attached to the
outer body of the seismograph. The relative
movement bebtween the body and the inertial
mass causes the coil to move within the
magnetic field of the magnet, and that is
enough to produce a small electrical current.
That small current is amplified and used to
move a chart recorder, Because earthguakes
are not only up and down movements, but
also include lateral movements, it is necessary -
to have 3 of these, each orientated at 90 degrees t other, so that all possible movements of
the Earth can be recorded.

p graph is used o measure ony
Magckenls in the Earth’s crust,

Metal detectors
The principle of a metal detector is a little at of a single coil transformer. A pulse is sent to
a large coil at the base of the instrument held just above the ground. This will create a

magnetic field which reaches some dist into the ground. If there are any electrical metallic
objects within the reach of the magneti% this increasing magnetic field will cause eddy

currents to be induced in them. Wh t e pulse to the search coil is shut off, the magnetic field
will collapse, and the small eddy ¢ pmduc&d in the metal object will praduce a small
decaying magnetic field which rge search coils can detect as a small induced voltage.

A special circuit is designed this small voltage and alert the user that there is some

metal present within the search distahce of the detector.

7 M.det-ect the magnetn: Hekis nckiced b i
currents induced in sub-surfoce conducting objects. 217
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MODULE 10 ELECTRICITY AND MAGNETISM

Induction braking ‘V

This is another modern application of electromagnetism designed to slow large vehicles
buses and trucks when they are descending a long hill. It is not possible for the driver to simp

use the brake pedal, because there is so much energy being liberated that the breaks will
overheat and then they will fail. 5o normally the driver has to put the vehicle into a | ear so
that the gravitational potential energy liberated by the descent can be wasted as he%gh
friction in the gearbox and engine, This puts a lot of additional wear on the engine, and {reates
a lot of noise too. A modem innovation called inductive braking. An electmm%se to the
brake disc is energised, and then the movement of the disc in the magnetic field of the
electromagnet caused eddy currents to flow in the disc. These eddy currenwvert the kinetic
energy into heat energy in the disc without any friction or wear,

Induction braking kinetic energy info
heat without fric

@ : ;
Regenerative braking %
This technique can be used in electr%po red cars, Normally the battery supplies the

energy that drives the electric moto ropel the car, but when the car is being braked, it is

possible to use the motors as generators, and so convert kinetic energy back into electrical

energy stored in the batteries, I%a}f the range of electrical vehicles can be increased.
POWER

IN |—* POWER OUT
ACCELERATION BREAKIMG:
MOTOR TURMS WHEEL TURMS

— WHEEL —" MOTOR

CONTROLLER \\

CHARGER

BATTERIES

Electrically powered cars can generate some electric charge when they are being
& slowved down
Regenerative braking is better than induction braking, because the energy is not wasted,
however, regenerative braking is only possible in electric or hybrid cars; conventional cars and
trucks are not driven by electric motors.

218
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MODULE 10 ELECTRICITY AND MAGNETISM

Magnetically levitating trains U
In Japan there is a train system which is nat anly driven by a linear array of magnets, but is also *
propelled forwards by rapidly alternating electromagnets. The precise detail of the operation is

quite advanced, but the principle used is the repulsion between like poles and the attraction of
opposite poles,

L J

train

guidance
magnet

to drive the train forwards. The polarity of the electroma is controlled very precisely in
order to achieve this.

Magnetically levitated trains use the attraction of opposite Eﬁ the repulsion of like poles

Effect of electromagnetic ﬁeicpr charged particles

in @ vacuum %

Charges in magnetic fields

Stationary charges do not experience an fo%n magnetic fields, because there is no current

flowing. However, as soon as they start ing, they will experience a force determined by

Flemming's left hand rule. In e!ectriziel 5 ever, charges will experience forces whether
23

they are moving or stationary. The below shows the forces acting on two opposite

polarity charges when entering tic field.
—_——
F ‘

g Forces on charged particles in @ magnetic field

PHYS Gr 00 Sa Wod 10Undd 219 @ BB 128 PN



®
MODULE 10 ELECTRICITY AND MAGNETISM

On the left, the magnetic field direction is into the paper, and the particle is negatively charged. u
The perpendicular force determined by Fleming's left hand rule forces the particle down
initially, and as its trajectory changes the direction of the force also changes.

On the right hand side, a positively charged particle enters a magnetic field and is also initially
forced downwards, but notice that this is because the magnetic field direction has a%:ged.

It should be noted that a magnetic field will not increase or decrease the speed of a
particle, because the direction of the force will always be perpendicular to them vector.

Motice also that a magnetic field can be used to trap a charged particle without ing walls

to contain it.

The magnetic force, acting perpendicular to the velocity of the particle awill cause circular
ration. The Lorentz magnetic force supplies the centripetal force, so rms are equal:

“ Derivation 0\
The radius of the circular motion of a charge icle in the presence of

a uniform magnetic field is termed the gy

5olving for r above gives:
r= my
qf

the number of cycles a particle ¢ s around a circular circuit every
second (gyrofrequency) and is foun solving for v above:
==t

2ar
which becomes: %

8

F= g
which can be expres adians per seconds as

o8 g
Charges in ele riglds

By contrast, char electric field will always experience a change in velocity (direction

as well as magmitude ) The figure below shows how the electrostatic charge will affect the
trajectory particles which were initially stationary {on the left) or moving to the right
{on the right hafd side). The magnitude of the force is determined by the electric field strength
and the amount of charge on the particle, and the direction of the force is governed by the

pola %he‘cha rge.
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MODULE 10 ELECTRICITY AND MAGNETISM

p i plety by . gl L A B TR FREE

Charges in electric fields

Particle accelerators and colliders

Perhaps the most famous particle accelerator and
collider is the Large Hadron Collider in CERN. There

are many other particle accelerators around the world.
Every accelerator uses the principle of an electric field to
accelerate the particle,

Alternating electric fields inside radio frequency caviti
are used in order to accelerate charged particles a
straight line.

Each time a beam passes the electric field l'r%t cavity,
energy from the radio waves is transferred to particles,

propelling them forwards. %’
In order to get the particles reaching,such high speeds,
the accelerator would have to be i%b[}r long. The

accelerators are, therefore, made,in a large round circle
so that the same section of RFgavitis can be used again Large Hadron Coliider in CERN

and again as the same particles go'rgund. To change
the direction of the cha%icles large electromagnetic dipole magnets are used. The

magnitude of the curgent flowing through these electromagnets (to change the direction

of the particle) increased as the charged particles go faster. 5o the RF cavities,
and the dipole magn to be synchronised in order to work correctly. This is where the
synchrotron and cyclotron derive their name from.

Interestingly, n I:I:arged particles {mostly electrons and protons) from the solar wind enter
the magneti f the Earth, they are deflected by Fleming's left hand rule and as they
crash into molectles in the upper atmosphere, they ionise them and excite them and cause
them to®mit light. This is called the Aurora Borealis. In the southern hemisphere an equivalent
phen can be seen, and it is called the Aurora Australis.

Q
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MODULE 10 ELECTRICITY AND MAGNETISM

Effect of magnetic fields on materials . ;

Some materials are magnetic, and some are not. Those that re%pmd to magnetic effects are
said to be in the family of ferro-magnetic' matenals: imn,flﬁgfj, nickel, and cobalt are the most
COMmon ones. X 4

Magnetically 'soft' materials

Iron is the most obvious one. It is attracted to a mag'ﬁer. and becomes magnetised itself when in
contact with the magnet, but quickly loses its magmuim when it is separated from the magnet.
One might think this is not a very useful propry, but for some applications this is exactly

how we need them to behave, Electrnmagﬂeﬁ:ﬂing transformers are the main application of
magnetically soft materials. i

Magnetically 'hard’ rnaterlals

Steel is the most common mag netlch]hr hard material. It does not magnetise quite as easily as
iran, but once magnetised it retains its magnetlsm. Other magnetically hard materials which
can be strongly magnetised are ngtidymium based. These make it possible to have strong
rmagnetic fields from n:lali-.rely Iigh't'f*nagnet;.

G ) D

1 Explaln why n'Lagn.etlc fields do not change the speed of charged particles.
Explain wh)f rnal_:;hetumlly soft materials can still be useful, and list some of the
appllcatmm

3 Explain hmv«a speaker works,

How does regenerative braking work?

5 Dgscribe’some differences between gravitational, electrostatic and magnetic fields.

Y
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Learning objectives

# A d.c motor
& Aspeaker

® A galvanometer as voltmeter, ammeter, chmmeter
a

An induction coil

The electric mntn{

The electric motor is a device absolutely central to modern
technology. It is the basis of a large number of big household
itemns such as washing machines, driers and dishwashers, as e
as power tools, blenders, vacuum cleaners, clocks, tumtables
and smaller iterns such as disk drives. In all situations the basi
of the design are the same, and the key part of that desigmi
based on the fact that an electric current in a magnetigfield will

experience a force.

A current-carrying conductor in a
field experiences a force

We have seen how if we let a current flow i

and pass that current through a magnetic r’i&
created. This demonstrates a principle t@ central to the design of many electrical devices:

Sy

—— A current-carrying conductor i netic field experiences a force.

The tinfoil would move forwarg m packwards.

This shows us how motion can be'greated
using electricity, but the @ent is very

slight and quickly re
on it by the mann
suspended from the

hes thédimits imposed
ich the tinfoil is

creating an electric motér was to find a way
in which the mgtion gould be maintained

indefinitely. n be done using a setup
like that sh igure 11.2.

is Cre

When a gurrent flows through the coil, as
indim&igure 11.2, a pair of forces

ne side of the coil is pushed

‘L§ds while the other is pushed downwards.
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force is
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on the use of an electnic
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The curved face of the magnets ensures that, as the coil turns, the direction of the force tums u

with it. This means that the coil can tum easily through 90°

The use of metallic brushes as connectors ensures that the motion will continue past this
paint. There can be sparking caused at these brushes, though, which is a problem with the use

of direct current (d.c.) motors, The problem is avoided with induction motors, whic
covered later in this module. As the coil continues to turn, the connections ensure t

ide

of the coil that was being pushed dewnwards will now be pushed upwards, and Ei:e versal,

- _J As long as the current flows, the motion will continue. ™

e k N
peakers ~,9

in a magnetic field experiences a force,

Speakers are an example of a device that is based on the fact that a :u -carrying conductor

&

The galuannmeter

Another device based on the fact that a
current-carrying conductor in a magnetic
field experiences a force is the moving
coil galvanometer, which can be used
to measure small currents and, with
adaptations, large current as well as
voltage and resistance.

@ The device contains a coil of wire that
is free to rotate between the poles of a
cylindrical magnet. When a current flows
through the coil, the resulting force
it to twist — the larger the current, the

Ca:!hrat-!d scale

greater the angle through whicw:‘.. e
An attached needle moving alo Symbol \Lj
calibrated face allows the useg to measure
what current is flowing. Wl 4 gotanometer
The galvanometer mmeter
The above arrang is very sensitive.
; 49994
This means that even ¥ery small currents
can be me ry accurately, but it
also means t galvanormeter is best
used as a device to measure currents in S A T A
the migge-amf range. To adapt it for use - 0001 A R_L.»' "
as a&mn a low-resistance resistor is
con , as shown in figure 11.4, Ammeter symbol _( : '_|_
low-resistance resistor takes a large An ammeter designed to measure current up

rtion of the current, but the ta 5A
anometer still has a small current. The

value of the galvanometer current is proportional to the total current and is therefore a measure
of the full current.

224
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MODULE 17 APPLIED ELECTRICITY

Sample Question) ) ﬁ.i‘\’,

What resistance should be used in parallel with a galvanometer of resistance 1001}
and designed to take a maximum of 1 mA to create a 5 A ammeter?

C (Somple Answer) O
5: g:-: 4.999 & Q

and V = (100)(0.001) N
50 (100)(0.001) = 4.999R
R = 0.0200040 Q

The galvanometer as voltmeter %

a3 a voltmeter.

¢
&,‘- If the galvanometer is placed in series with a high-resistance @n be used

Figure 11.5 shows a circuit in which N
a galvanometer is used as a voltmeter. = \..Lf'
Remember that the voltage between 100 02

A and B is the same regardless of the path Q.00
followed. To measure the voltage across
the resistor shown, then, the galvanometer

is connected o A and B. The current that @ . {:I—"_
A

flows through it is proportional to the

voltage. As long as the galvanometer is A galvanometer odapted to work a5 a voltmeter
suitably calibrated, it can give a reading for

the voltage V. @

What resistance should Bcted in series with a galvanometer, of resistance

1002 and designed up to 1 mA, to create a voltmeter capable of
reading up to 10M7
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The galvanometer as ohmmeter

Resistance is inversely proportional to current, so this allows a
galvanometer to be used to measure resistance as well. To measure
the resistance of a resistor as shown, the galvanometer needs to be
connected to a battery or power supply and a variable resistor.

Basically, once connected, the chmmeter measures the current
flowing and the larger this current, the lower the resistance. Again,
the scale on the galvanometer has to be suitably calibrated.

The induction coil

The induction coil is a device invented by Father Nicholas Callan instruments that
(1799-1864), an Irish priest and scientist teaching St Patrick’s Q i ﬁ:‘:’"
College, Maynooth, in 1836. It was in many ways a precursof ta the voltmeter, enabling
transformer, but it is also a key part of the design of man mcﬂh therm to measure
technologies — maost notably the ignition of a car's engine. current, voltage and
The induction coil contains a primary and secondary coilmjust like a TSt
transformer. In this design, though, the two are um@p«i arcund a single iron core. The
number of tums in the secondary is always much ter than that in the primary, meaning that

the output voltage is always greater than the inp

There are two more significant differences n this design and the design of a transformer,
Firstly, the output is not used to drive an a&nﬁ current (a.c.) through some other device,
Instead, a small gap is left between two wires in output, as shown in figure 11.7, and the
large voltage created causes sparks to iué&us this gap. It is such a spark that is used, for
example, to ignite the fuel in a car's engin begin its operation.

Secondly, the input into the inductit% is always from a d.c. source. The spring-loaded iron
‘hammer’ is attracted to the ma ised core of the coil when a current flows through the
primary and creates a magnetic However, in a way that is similar to the operation of the

electromagnetic relay, the mgvermnent of the hammer breaks the circuit, causing the current
to stop flowing. When the I&er falls back into place, the current can flow again and the

process =
repeats. < : |
In this way, the ¢ int Secondary spark gap Spring-loaded

E ] W iron hammer
primary is consta g
switched on off, and the

Platinum contacts
associated etie field is
constantly varying. This
changin mag‘uetic field I_ _
induces@Jarge voltage in the AT
sec oil, which causes :ll IE
the sparks to jump across the d.c. power source

low voltagerhigh current

REEd 4 induction coil
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fForoulcolery) ) *f\;

1  Briefly, with a diagram, outline the operation of a d.c. motor,
2 Briefly outline the design of a galvanometer.
3 Draw a circuit diagram to show how a galvanometer can be used to operate as
an ammeter,
4 ‘What resistor would you need to create an ammeter capable of reading up to ‘I&G a

galvanometer with a resistance of 100() capable of reading up to 1mA?

5 Draw a circuit diagram to show how a galvanometer can be used to aperat!
a voltmeter.

6 What resistor would you need to create an voltmeter capable of rea 'ID‘u" from a
galvanometer with a resistance of 1000 capable of reading up to 1 mw

7 Outline the operation of an induction coil,

8 Name the Irish physicist who invented the induction coil.

,\"»
~Q
N

R

Q ®
&
J

Q&/
A

&
Q
Ky
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Glossary

Acceleration:

Acceleration = _Change in Velocity
v—u Tirme

B

where g is acceleration, v is final velocity, v is
initial velocity and ¢ is time.

Acceleration due to gravity, g: In the
absence of air resistance, objects near Earth's
surface fall with constant acceleration due to
gravity, g =9.8 m s,

Active electrodes: Electrodes that take part
in the chemical reaction during electrolysis,
Air track: A tube with a row of holes
through which air is blown from an air
blower. The air lifts a rider slightly off the
track thus creating very low friction between
the rider and the air track.

Ammeter: An instrument used to measu 'R

@ the size of an electric current.

Angle of incidence: The angle between
normal and the incident ray.

Angle of refraction: The angle betwién
the normal and the refracted ra%
Anode: The electrade that is,connécted to
the positive terminal of the supply.
Antinode: When a statigRary wave is
formed, the points th brating with the
highest amplitude are call tinodes.
Apparent dzpt*iect that is below
the surface medium may appear closer to
the surface itactually is due to refraction

of light in the er medium. The depth
at which it appears to be is known as the

‘s law: Boyle's law states that at
tant temperature, the volume of a fixed

mass of gas is inversely proportional to its
pressure.

228
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Calorimeter: A device used suring
heat transfer.

Cathode: The Electrud. t is connected to

the negative terminal of the power supply.
Centre of grav int through which
all of a body's weight ars to act.

Charge carriegsyParticles that are free
to move and car ectrical charge, e.q.

electrons o

Eulllnﬁl: A device made of two tubes,
one containiig a convex lens and the other

a slit. One tube can slide inside

to change the distance from the
he lens. When the distance from the
the lens is equal to the focal length of
the lens, light that enters the slit comes out
the other side of the collimator as a beam of
parallel light.

the o

Concave (diverging) lens: A transparent
optical device that is thinner at the centre
than at the edges. When a beam of parallel
light goes through a concave lens, it diverges
(spreads out).

Concave (converging) mirror: A curved
mirror that can be thought of as a portion

of a sphere. If the reflecting surface is on the
inside of the sphere, the mimor is known as a
CONCave mirror.

Conductor (electrical): A substance that
allows electric charge to flow freely through it
Conductor (thermal): A substance that
allows heat to transfer through it.

Convex (diverging) lens: A convex lens is
a transparent optical device that is thicker at
the centre than at the edges. When a beam
of parallel light goes through a convex lens, it
converges (comes together) to a point called
the focus.

Convex (converging) mirror: A curved
rmirrar that can be thought of as a portion

of a sphere. If the reflecting surface is on the
outside of the sphere, the mirror is known as
a convex mirror.
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Cross-sectional area: The area that is F u

exposed when an object is cut at right angles
to its length, First order image: The image nearest on
Current: The flow of electric charge. Siher RGNS S R NG

Focal length of a lens: The distance i
D between the focus and the optic centre. Q

Focal length of a mirror: The distance
Data-logger: A device that collects and stores  between the focus and the pole of Wn

aim

information. Information is usually transmitted  gocus of a lens: If a parallel, be light
to the data-logger from a motion sensor. goes through a convex lens, it verge to
Diffraction: The sideways spreading of a a point called the focal peintfor focus) of the
wave into a region beyond a narrow gap or lens. If a parallel beam u%s through a
around an obstacle. concave lens, the diverging rays can be traced

Diffraction grating: A piece of transparent  backwards until they ir%t at a point called
material with a large number of periodic parallel  the focal point (ogfocus) 6f the lens.
engraved lines on it. Between these lines are  Focus of a mirmr:Wint half way between

narrow slits that light can pass through. the centre of ¢ re and the pole of the mirror.
Diminished image: An image that is smaller  Force: Anything that causes the velocity of an
than the object, object t Force = Mass x Acceleration.
Diode: A semiconductor device that allows  Forward-bias€d diode: If the positive
current to flow through it in one direction only. termir@e power supply is connected to
Displacement: Distance in a gi‘ugn direction. th 1 art of the diode and the nega“'il'e

al of the power supply is connected to
E th pe part of the diode then current will

low and the diode is said to be forward biased. @

Electrodes: Conductors that are in contact @quen:}r: The number of ‘:ji'dﬂ'ﬁ {or

with the electrolyte. oscillations) passing a point in one second.
Electrolysis: A process in which a ‘-‘-hEﬂ‘li!;b Friction: A force that opposes motion.

reaction takes place when an e_ledl'ic Ems Fundamental frequency {of a stretched
passed between two electrodesin an ele wire): A wire vibrates at its fundamental

Electrolyte: An ionic conductor (ysually a frequency when it has an antinode at its
solution) through which an electric cufféntis  centre and nodes at either end of the wire.
passed. The fundamental frequency of a stretched
Electromagnet: A soft iron co ide a wire is given by the equation

solenoid. When current is through the - % 1;_; wherefisthie fiitdansrital

solenoid, the core omes magnetised.

) frequency, £ is the length of the wire, Tis
ht ray that leaves tension and p is the mass per unit length of
the wire,

Emergent light r
a medium.

End correction: If a resonant standing wave is
setupinat the Sntinode is not exactly at G

the end of & and lies at a distance 0.3d
outside the ere distheinternal diameter  Grating constant: The distance between
of the tubg. This is called the end correction. the centres of two adjacent slits on a
Ener ability to do work. diffraction grating, d= A {where n is the
Errpr of parallax: When taking a number of lines/m).
rement, error of parallax occurs when

ine of sight is not perpendicular to the H
scale on the measuring instrument and
therefore an incorrect reading is taken. Harmoniecs: Frequencies that are multiples of

a certain frequency, £ 229
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Heat: The transfer of energy when there is a
temperature difference between a system and
the environment,

Heat capacity: The heat energy needed to
change its temperature by one kelvin (1 K).

Image distance: Distance from the image/
screen to the mirror OR distance from the
image/screen to the centre of the lens.

Inactive electrodes: Electrodes that do

not take part in the chemical reaction during
electrolysis.

Incident light ray: A light ray that enters a
medium.

Insulator (electrical): A substance that
does not allow electric charge to flow
through it easily.

Insulator (thermal): A substance that does
not allow heat to transfer through it easily.
Interference: Interference occurs when
two waves meet and a new wave is form
The displacement produced at any point
by this wave is the algebraic sum of th
displacements that each wave would %
produce on its own.

Inverted image: An image that is L&
down relative to the object's uriwinn.

J

Joulemeter: An instru that measures
the electrical energy s to a circuit.
Joule's law: joule’'sfaw states that the rate

at which heat is d in a conductor
rtional to the square of the
il§ resistance 15 constant.

Junction voltade: The potential difference

that exists acress a p-n junction caused
by ho d electrons moving across the
jun en it was formed.

Laws of equilibrium: The sum of the forces
acting upwards must be equal to the sum of
the forces acting downwards and the sum of
the clockwise moments must be equal to the
sum of the anticlockwise moments,

| FHYS Gr 1058 (ossanyindd I

Laws of refraction of light: The incident U
ray, the normal and the refracted ray allyli

the same plane. The ratio of the sine of th
angle of incidence to the sine of the angle o
refraction is a constant called the refractivé
index,

Light gate: A device with a light bearft that
goes across it. When an obj s through
a light gate, a timer records thelime that the

light beam is 'mterruplew object,

M

Magnificatio nification = ¥ or %
u

Magnifieg imagef An image that is larger

than the o

Mass: asure of how difficult it is to
accelerate a . measured in kg.
er: An instrument used to measune
nces accurately,
nt of a force: The force multiplied by

t pendicular distance between the force
and the fulcrum.

small

Momentum: Momentum = Mass x Velocity

Monochromatic light: Light of one
wavelength (e.g. laser light or light from a
sodium lamp).

Motion sensor: A sensor detects the
movement of an object and transmits this
information to a data-logger and a computer,
Multimeter: An instrument that can be used
to measure various electrical quantities, e.g.
voltage, current or resistance.

N

Newton balance: An instrument that
measures force (also known as a force-meter).
Node: When a stationary wave is formed, the
points that are at rest are called nodes.

No parallax: No parallax means that an
observer will observe no relative motion
between two objects.

Normal: An imaginary line perpendicular to
the surface.
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Object distance: The distance from the
illuminated crosswire/object to the mirror
OR distance from the illuminated crosswire/
object to the centre of the lens.

Ohmmeter: An instrument used to measure
resistance,

Ohm's law: Ohm’s law states that the
current flowing through a conductor

is directly proportional to the potential
difference across it, assuming constant
temperature. This leads to the equation

V = IR, where Vis voltage, /s current and R is

resistance.

Origin (of a graph): (0,0) point on a
graph.

Dscillation: The movement back and forth
in a regular rhythm.

P

Parallax: The apparent movement of
one object relative to another due to the
movement of the observer,

Periodic time (period) of a particle
executing simple harmonic motion: T
time taken for one complete oscillation.

Plane mirror: A miror with a flat reflective
surface,

Potential difference: The potentj
difference between two points is \I&k
done when a charge of 1 coul
from one point to the other,

Pressure: Force per unit apéa. P = .
where P is pressure, Fis force and A is area,

ment used to

Pressure gauge: AN ips
Migasure pressure.
Principle of conservation of

momentum: Jhe ptﬁ'u:iple of conservation
of mﬂme::&s that in any interaction
between ore bodies, the total
momen of the bodies befare the
inte::& equal to the total momentum of

the after the interaction provided no

‘§al forces act on the system,
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R
Real depth: The distance of an object below
the surface of a medium.

Real image: An image formed by the actual  *
intersection of light rays, which can be 6
formed on a screen.

Refraction: The bending of light es
from one medium to another mediu

different refractive index.
Refractive index: The ratio

angle of incidence to th
refraction is a constant called th

the sine of the
he angle of
ractive index,

Resistance: The ratio potential

difference across b tp the Current flowing
through it, i.e.q = ;&erﬁ R is resistance,

Vis voltage and rrent.

Resistivigy: onductor of length £ and
cross-sectio A has a resistance £, the
constan iven by R = % is called the
resistivit the material in the conductor.

ance: The transfer of energy between
two'abjects of the same natural frequency.

%«erse-hia:ed diode: If the positive

minal of the power supply is connected to
the n-type part of the diode and the negative
terminal of the power supply is connected to
the p-type part of the diode then current will
not flow and the diode is said to be reverse
biased.
Rheostat: A variable resistor with resistance
that can be changed by moving a sliding
contact.

S

Semiconductor: A substance with resistivity
that is between that of a conductor and an
insulator. It is neither a good conductor nor a
good insulator,

Simple harmonic motion: A body is said to
be moving with simple harmonic motion if its
acceleration is directly proportional to its distance
from a fixed point on its path and its acceleration
is always directed towards that point.

Simple pendulum: A mass at the end

of a string. For a small angle of swing, a
simple pendulum can be considered to be
undergoing simple harmonic motion.

3%



GLOSSARY

Snell's law: Snell’s law states that the ratio of
the sine of the angle of incidence to the sine
of the angle of refraction is constant,

ie. 5_'”:_ = n where n is a constant known as

the refractive index of the medium.

Sonometer: A device consisting of a hollow
wooden box with a wire stretched between
two movable bridges.

Specific heat capacity (c): The heat
energy needed to change the temperature of
one kilogram of that substance by one Kelvin,
Specific latent heat of fusion: The
amount of heat energy needed to change
one kilegram of that substance from a solid
to a liguid without a change in temperature
{i.e. at its melting point).

Specific latent heat of vaporisation: The
amount of heat energy needed to change
one kilogram of that substance from a liquid
to a gas without a change in temperature
(i.e. at its boiling point).

Spectrometer: An instrument used

to examine spectra or to measure the Q
wavelength of light.

Split cork: A cork that is cut in half alurg
length. %
Stationary wave: A stationary wave |

formed when two periodic trav aves

of the same frequency and amp moving
in opposite directions mee! interfere with

each other.

T I
Temperature: T%;ure of the hotness
or coldness body.

Tension ( tpetched string): A string

that has pulling forces applied to its end is
said to be in tension. T = 487y, where fis
ental frequency, £ is the length

T is tension and p is the mass per
of the wire.

al equilibrium: Thermal equilibrium
rs when all parts of a system are at the
same temperature,

Thermistor: An electrical resistor whose
resistance is greatly reduced by heating. It is
used for measurement and control.

232
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Thermometer: An instrument used to U
measure temperature.

Thermometric property: A physical
property that changes measurably with R

temperature, Qr

Ticker timer and ticker tape:
tape.

ticker timer has frequency o %
stern and

makes 50 dots per second
it produces

Tuning fork: An inst

two prongs. When it is str

sound waves of a Wﬁwnc?
Variable EEI“D% device with resistance

that can be ed
Veloci ; _fm ar

d is veloclt}r s ls dlsplacernent

r caliper: An instrument used to

&re small distances accurately.

Virtual image: An image formed by the
apparent intersection of light rays, which
cannot be formed on a screen,

Voltage: See potential difference.
Valtmeter: An instrument used to measure
voltage,

Vaolume: The amount of space an object
oCCupies,

w

Wavelength: The distance between

any point on one cycle of a wave to the
corresponding point on the next cycle of the
Wwave.

Weight: The weight of an object is the force
of Earth's gravily acting on it.

2

Zero error: Zero error occurs when a
measuring instrument registers a reading
when there should be no reading.

Zero order image: If light from every slit
through a diffraction grating is brought
together by using a convex lens, it will
produce a bright image called the zero order
diffracted image.
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