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Message from the Director General

The National Institute of Education takes opportune steps from time to time for the
development of quality in education. Preparation of supplementary resource books for

respective subjects is one such initiative.

Supplementary resource books have been composed by a team of curriculum developers
of the National Institute of Education, subject experts from the national universities and
experienced teachers from the school system. Because these resource books have been
written so that they are in line with the G. C. E. (A/L) new syllabus implemented in 2017,
students can broaden their understanding of the subject matter by referring these books

while teachers can refer them in order to plan more effective learning teaching activities.

I wish to express my sincere gratitude to the staff members of the National Institute of
Education and external subject experts who made their academic contribution to make

this material available to you.

Dr. Sunil Jayantha Nawarathna
Director General
National Institute of Education

Maharagama
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Message from the Director

Since 2017, a rationalized curriculum, which is an updated version of the previous
curriculum is in effect for the G.C.E (A/L) in the general education system of Sri Lanka.
In this new curriculum cycle, revisions were made in the subject content, mode of delivery
and curricular materials of the G.C.E. (A/L) Physics, Chemistry and Biology. Several
alterations in the learning teaching sequence were also made. A new Teachers’ Guide was
introduced in place of the previous Teacher’s Instruction Manual. In concurrence to that,
certain changes in the learning teaching methodology, evaluation and assessment are
expected. The newly introduced Teachers’ Guide provides learning outcomes, a guideline
for teachers to mould the learning events, assessment and evaluation.

When implementing the previous curricula, the use of internationally recognized standard
textbooks published in English was imperative for the Advanced Level science subjects.
Due to the contradictions of facts related to the subject matter between different textbooks
and inclusion of the content beyond the limits of the local curriculum, the usage of those
books was not convenient for both teachers and students. This book comes to you as an
attempt to overcome that issue.

As this book is available in Sinhala, Tamil, and English, the book offers students an
opportunity to refer the relevant subject content in their mother tongue as well as in
English within the limits of the local curriculum. It also provides both students and
teachers a source of reliable information expected by the curriculum instead of various
information gathered from the other sources.

This book authored by subject experts from the universities and experienced subject
teachers is presented to you followed by the approval of the Academic Affairs Board
and the Council of the National Institute of Education. Thus, it can be recommended as
material of a high standard.

Dr. A. D. A. De Silva
Director
Department of Science

National Institute of Education
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Unit 5

Gravitational Fields



Unit 5 Gravitational Field G.C.E. (Advanced level) Physics

Unit 5 : Chapter One

Gravitational Force Field

1.1 Gravitational Fields

During the initial decades of the 13" century, the scientist Keplar, having done
investigations into the motion of celestial bodies has recorded, his observations about the
elliptical motion and the periods of revolution of these bodies.

A young scientist Isac Newton who lived during the mid era of the same century carrying
investigations on the approximate circular motion of the planets in the solar system,
around the Sun revealed that a certain force of attraction made by the sun on them helps
in their circular motions.

Furthermore, he confirmed that it is this same force of attraction that holds the moon in
its orbit and also brings the apple on to the Earth leaving the tree.

On further research it was proved that in the universe, between any two particles having
masses exist these mutual forces of attraction mutually and these forces were named as
"gravitational forces".

Broad research was subsequently done by Newton on factors affecting this force of
attraction and he, being a mathematician too, expressed his findings mathematically by
the following law.

1.2 Newton's Law of Gravitation

The gravitational force of attraction between two particles of masses M and m situated at
a distance r is given by,

Figure 1.1

F=cMn
T

where G is a universal constant known as Gravitational constant. (G = 6.67 x10"' N m2kg?)

The gravitational field has been introduced as a new concept for gravitational force.
According to this concept, there exists a gravitational field around any mass. The
gravitational force of attraction between two masses is considered as the result of the
inter-action between the two fields when they intersect. Hence, a gravitational field is a
force field.
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1.3 Intensity of a Gravitational field

The strength of a gravitational field at any point in it is measured by the quantity known
as the " Gravitational field intensity " at that point. The intensity of a gravitational field at
such a point is the force acting on a unit mass placed at that point.

Hence, if F'is the force acting on a mass m placed at a certain point in a gravitational field,
the gravitational field intensity at the point is,

F

-1
g=7ng

The gravitational field due to an isolated mass can be mentioned as the simplest of all
gravitational fields.

1.3.1 Gravitational field intensity at a point in the gravitational field due to an
isolated mass

m P
<€ v > ml
Figure 1.2

P is a point in the gravitational field due to the isolated mass m, situated at a distance r
from the same mass. In order to determine the gravitational field at P let us place a mass
element Am at P and find the force on it.

According to Newton's law of gravitation,

mm,
The force mass m,, (F) =G 2
F
Hence, gravitational field intensity g="—,~~ G%zq
1

Gravitation is essentially a force of attraction. Hence the above intensity is a vector
quantity directed towards the mass m.

The variation of gravitational intensity with the distance from the isolated point mass can
be represented graphically as follows.

gﬂ

\

(0,0) r
Figure 1.3



Unit 5 Gravitational Field G.C.E. (Advanced level) Physics

1.3.2 Gravitational Intensity around a spherical mass

Figure 1.4

P is a point situated at a distance » (» > R) of a spherical body of mass M and radius R. In
order to determine the gravitational intensity at P, let us place a mass element m at P and
find the force on it.

Assuming the whole mass of the sphere is accumulated at its centre.

Mm
,/.2

F=G

". gravitational field intensity at P, (g) = L. G*j\;‘l
m r

Similarly gravitational field intensity on the surface of the sphere, g = G]jg

1.4 Gravitational potential

Since any mass placed at a certain point in a gravitational field is subjected to a gravitational
force, a certain amount of work is done by the field in bringing this mass from outside the
field (infinity) to this point. While this work is accumulated as potential energy and the
work done per unit mass in bringing it to this point is referred to as the " gravitational
potential" at the point.

1.4.1 Gravitational potential at a point in the gravitational field due to an isolated mass

M

< r

\

Figure 1.5

P is a point in the gravitational field due to mass M, and is situated at a distance » from
the same mass. It is possible to derive mathematically that the work done in bringing unit

mass from infinity up to the point P is, W = — G%

". gravitational potential at point P, = 7/=— G%

The negative sign above indicates that the relevant work is done by the field and not
against the field. Also since work is a scalar, gravitational (field) potential too is a scalar
quantity.

The following graph illustrates the variation of gravitational potential with the distance
from a point mass.
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»
'

(0,0) >

Y
Figure 1.6

1.4.2 Potential energy of a mass placed in a gravitational field

If V' is the potential at a point in a gravitational field, the potential energy of a unit mass
placed at that point too is V.

". Potential energy of a mass placed at the point, E = mV’
M P

- % >

Figure 1.7

If the above point is situated in the gravitational field due to a mass M, at a distance » from
M, then the gravitational potential at point P,

y=-gM
-
.". The potential energy of a mass placed at the point P, £ = ml/ =— G@i
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Unit S : Chapter Two

Earth's Gravitational Field

According to the mass of the Earth, a specific gravitational field has been created around
it.
2.1 Gravitational field due to the Earth

Considering Earth as a spherical body of mass M and radius R, the gravitational force of
a body of mass m placed on the surface of Earth,

G Mm

Also the force on a mass m placed on the surface of Earth is its weight.

ie: F = mg, where g = acceleration due to gravity

Therefore, gravitational field intensity can be written as,
M
g=0

Hence it is seen that the acceleration due to gravity and the gravitational field intensity on
the surface of Earth take the same value.

Consider a mass m placed at a point P at a distance r
(> R) from the centre of the Earth.

Mm

1”2

>  The gravitational force on mass m, F'= G

Figure 2.1

". Gravitational field intensity, g = % =G p

»
>

The variation of the above intensity at points from the
| centre of Earth to the surface and outside Earth's surface,
I with the distance from the centre of Earth can be shown
: graphically as given in Figure 2.2.
|
|

»
'

Gravitational field intensity (E)

0 R

Distance from the centre of the (7)

Figure 2.2
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2.2 Potential energy at a height h in the gravitational field of the Earth
B

)]

: 5 Figure 2.3 shows a body of mass 'm' being raised from a point A close to
: the surface of Earth to a point B at a height 4. Let M be the mass of Earth
é

and R its radius.

A, m

Gravitational potential at point A =- %

_ G Mm
GR

i . : _ —-GM
Gravitational potential at point B ET)

Potential energy possessed by the body at point A =
Figure 2.3

Potential energy possessed by the body at point B = m

If E is the excess potential energy received by the body when raised from A to B,

o ()

_|=-GMm h
£ [

Whenh <<R, (R +h) R =R’

. Hence E = Gﬂé’? h @

If g is the gravitational acceleration,
GM
g~ — O
From the above two equations it can be derived that £ = mg h

Hence the gravitational potential energy possessed by a body relative to a zero energy
level is given as E = mgh where h is the height of the body above the zero level.

Note:
This expression can be used only for very small values of # compared with R.
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2.3 Motion of a satellite around Earth.

Many satellites revolve around our Earth. Out of these satellite the only natural satellite
is the Moon. The motion of the Moon as well as of all other artificial satellites is based on
common principles.

For example, consider a satellite of mass m revolving around the Earth in an orbit of
radius » with a speed v,

2
The centripetal force [%} required for this circular motion
is provided by the gravitational force of attraction of the
Earth.

If M is the mass of the Earth, then,
According to the equation F' =ma,

[(Vr2 ) = centripetal force]

o) -2

r r
Figure 2.5 GM
. o) B
v r

Hence, speed of the satellite,
_ ’GM
vy =|——
r
The periodic time of revolution of the satellite (7),

2r  2m  2mr  2npr

o vr v [GM
T=27IJGI;/[ Jj

The quantities G and M are constants. Hence from the above expression it is seen that
the speed of a satellite and its period of revolution depend only on the radius of its orbit.

T =

When a satellite revolving close to the Earth is considered,
Radius of the orbit (7) = Radius of the Earth (R)

Also if 'g'is the acceleration due to gravity on the Earth, the weight of any body on it is
equal to the gravitational force of attraction.

Mm
mg =G g
~GM = gR*
By substituting the above expressions,

Speed,v=@=\/%7:\/g7

Periodic time of revolution, 7 =2« 4/% =2r E
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2.3.1 Calculation of the speed and periodic time of a satellite revolving close to Earth

Let us consider the radius of the Earth R = 6.4x10°mand g =10 m s
By substituting to the equation v =J§R

Satellite speed v =+v10x6.4x10° ={64x10° =8x10°m s~

By substituting to the equation 7 =2z Jg ,

Periodic time, T = 27:1/% ~ 5028

~ 1 h 24 min

2.3.2 Energy of a revolving satellite

Consider a satellite of mass 'm’ moving in an orbit
of radius 7’ at a speed v’ around Earth of mass M
radius R.

Then the gravitational potential at any point on the
orbit, V=-G %

.". Gravitational potential energy of the satellite

moving along the orbit, (E£)=-G @

1

Also, the kinetic energy of the satellite (£,) = 5 mv*:
Figure 2.6
But, the centripetal force = gravitational force
my* _ . Mm
P e
% my>= % G Afﬂ
_1 Mm
E, =5 G-,
". Total energy of the satellite, E=FE +E, =-G @ + % G ]\/rfim
_ 1 Mm
=-5 G~

The above expression is known as the energy equation of a satellite.
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2.3.3 Geo - stationary satellites

A satellite which stays relatively unmoved
vertically above a precise point on Earth is
called a geo — stationary satellite. The radius
of the orbit of a geo — satellite is decided so
that its period of revolution is 24 hours.

Figure 2.7

These satellites which have been launched to
employ for communication purposes among various lands on Earth will have to essentially
satisfy the following conditions regarding their motion and orbit.

1. Geo — stationary satellite should revolve in the same sense as the sense of rotation
of Earth.

2. The angular velocity of revolution of a geo — stationary satellite should be equal to
that of the rotation of the Earth. In other words the periodic time of revolution of
a geo — stationary satellite should be 24 hours.

3. The orbit of a geo — stationary satellite should be in the same plane as the equator
of the Earth.

3
Considering the periodic time of a satellite as 7 =2z« "GLM

Periodic time of a geo — stationary satellite is 24x60x60 = 86400 s.

3
2 ,/@ — 24 x 60 x 60 = 86400 s

’,.3

6.7 x10"x6.0x 10*

86400 =2x272J

r =42400 < 10°m

If earth's radius is 6400km,

height of satellite's above the

earth surface = (42400 — 6400) km
=36000 km

2.3.4 Escape velocity

The minimum velocity with which a body has to be projected from the surface of Earth to
over come Earth's gravitation and never return to Earth again is called the escape velocity
of Earth.

Considering a body of massj\ga placed on the surface on Earth of mass M and radius R, its
potential energy £, =-G Tm
If this body is projected with a velocity v from the surface of Earth, its total energy,

E = Kinetic energy + Potential energy

I S Mm
gy +(‘G R )

10
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If v is the escape velocity, this total energy will be spent and become zero at an infinite
distance. Then according to the law of conservation of energy,

%mxﬂ—G% =0
%mv2=G@

R

M
where G ;- = g = Gravitational Intensity on the Earth's surface

considering g = 9.8 m s and the radius of the Earth R = 6.4 x10°m,

Escape velocity of the Earth =42%x9.8x6.4 x10°
=419.6x6.4 x10°
={196x 64 x 10"
=14x8x10*=112x10°m s
=11.2km s

11
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Solved exercises

1 C, 400 ¢
4 cm
200g A [ B 500¢
4cm O 4 cm

At the two ends A and B of a straight line, AB of length 8 cm are placed masses of 200

and 500 g respectively
At the end C of the perpendicular bisector, OC of the line AB is placed a mass of 400
the length OC being 4 cm
Calculate,
(a) The resultant gravitational field intensity at the point O.
(b) The total gravitational potential at the point O.
(a)
C, 400 ¢
4 cm
g(7
200 ¢ A 8 d & B 500¢
4ecm O 4 cm
Considering x Components,
_ ~ . 500x107 200 x 107
—> &= &, &, =G 4x1072 ~Y @x10?y
300x 107 3x10°

“G@xi0ry ~ Y9 16

Considering y Components,

400 x 107

4x10°

T

Gravitational intensity at O,

AP TR L 5x10°
_GEM +3° =G 16
=3.125x10>°G

12

&= & =0 G0y ©

16

&

&
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(b) Gravitational potential at O,

- {G 200 x10°3 +(;500x104_+(;400x104]

(4 x1072) (4 x107) (4 x1072)
Gx10™!
Zﬁ (2+5+4):_G1}T0
~ 275G Tkg!

13
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Unit 6

Electrostatic Field

15



Unit 6 Electrostatic Field G.C.E. (Advanced level) Physics

Unit 6: Chapter One

Electrostatic Force

1.1 Introduction

During the period of the 6" century B.C a Greek researcher named Thales found that
various solid objects when rubbed with other dry materials possessed the properly of
attracting light things such as little pieces of paper and hair etc. This property was first
exhibited by a piece of amber when rubbed with silk

A number of centuries later, a British scientist William Gilbert and also an American
scientist Benjamin Franklin had carried out systematic research on this property of
attraction of objects rubbed by other materials and after scientific analysis of their findings
the conclusions were summarized as follows.

1. Abody which acquires the property of attraction when rubbed by other materials is
said to be electrically charged.

2. Certain bodies which are being charged by rubbing repel each other while some
other bodies charged in the same way attract each other. Hence two types of charges
which have properties opposite to each other exist and they are named as positive
(+) charges and negative (-) charges.

3. Like charges (+, + and -, -) repel each other while unlike charges (+, -) attract each
other.

4. In a neutral body both types of charges exist equally. Of these only negative (-)
charges are mobile and they are also called " electrons "

5. When negative (-) charges are removed from a body it becomes a positively charged
body due to the excess of positive charges remaining in it while the body receiving
the negative charges becomes a negatively (-) charged body.

1.2 Force between two electrostatic charges

After confirmation of the fact that two like charges repel each other while two unlike
charges attract each other, the French scientist Coulomb who lived in the 18" century
researching on this mutual force between two charges forwarded the following law based
on his results.

16
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Coulombs' law

"The mutual force between two point electric charges is directly proportional to the
product of the two charges and inversely proportionatel to the square of the distance
between them".

Ql Q2

- r >

F JF

<
<

Hence, the electrostatic field produced between O, and Q, charges at a distance of 7,

1
Fo O 0,and F « 2
Therefore, =»> F« %
> F=kx=T2—2 Q Q @ where £ is a constant

The force between two charges also depends on the medium between them. The property
of this medium included in the constant k is known as "permittivity" of the medium. It is

repersented by the symbol "¢". For free space the symbol is "¢," and for other media the
common symbol is "¢"” which is obtained from the ratio g =£- where ¢, is referred to as
the relative permittivity of the medium. 80

However, the constant £ above is represented as, £ = 41% . Accordingly the mutual force

between two charges O, and Q, placed at a distance "r" from each other in free space can

be given as,F=(417r80)Q;2Q2 , 41”80 =9x10°Nm?C>2.

Solved exercise :
Two charges +4 pC and -16 pC are fixed as two points 6 cm apart on a straight line.
Another charge Q placed at a distance "d"” from the charge 4 uC on the same straight line
but outside the charge, is in equilibrium. Find the distance d.
+4 pC
0 ! —16 puC

«—d—> = 6 cm >

For the equilibrium of charge O,

Force of repulsion on Q from charge +4 nC = Force of attraction on Q from charge -16 pC

| 4x10°0 1 16x109Q

dre & dme (6 + dy
4 16
& (6 +dy
2 4
d 6+d
d=6cm

17
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1.3 Electrostatic fields

When a charge enters from outside into the region around any electric charge, the former
charge would experience a force indicating that this region is a field of forces. Since these
forces act on electrostatic charges, this field is called an "electrostatic field"'.

1.3.1 Electric field intensity

An electrostatic (or electric) field can be strong at a certain place, moderate at another
and weak at yet another. This condition of strength of an electric field is measured by the
quantity called "electric field intensity"'.

The electric field intensity at a certain point in an electric field is the force acting on a

unit positive (+) charge placed at that point. Also, field intensity is a vector quantity and

its direction is represented by the direction of the force acting as this positive charge.
", rn

Accordingly, if F'is the force acting on a charge "¢ " placed at a certain point in an electric
field, then, at that point,

Electric field intensity (E) = g (NC).
Hence, the force acting on a charge "q" placed at a point of intensity £ is F' = Egq.
1.3.2 Representation of electric fields

Although an electric (electrostatic) field, is a force field it could be an empty space around
an electric charge or a distribution of charges. However, when studying about this force
field it becomes necessary to represent the paths along which these forces are acting. For
this purpose, a type of hypothetical lines known as "electric lines of force" are used.

An electric line of force can be considered as a path along which a small positive charge
would travel when placed in the field. The direction of the line of force is the direction in
which the " positive" charge would move along the line. A large number of such lines of
force would pass through a very small region in an electric field and no two lines of force
would ever cross or even touch each other.

eg:

1. Electric field around a point electric charge

Electric field Electric field
around a positive around a negative
charge charge
Figure 1.1

18
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2. Electric field around a pair of electric charges

HHe

Field around a pair of like Field around a pair of unlike
charges charges

Figure 1.2

3. Electric field around two parallel charged plates

+0 -0
-/\a
+ S
+ . -
+ -
+ g =
+ N =
+ e -
+ -
+ 4 =
+ . -
+ v -
+ =
+ * -]
+ -
+ L i
+ N -
+ T e
\_/

Figure 1.3

Electric field around two parallel plates charged with opposite charges.

1.3.4 Electric field intensity at a point in the electric field due to a point charge
The simplest of an electrostatic field is the field around an isolated point charge.

P is a point situated in the electric field due to the charge Q which is situated in a medium
of permittivity &, such that its distance from charge Q is r.

In order to determine the electric field intensity at P, let us place a small charge +q at P
and find the force on it.

According to Coulomb's law,

0 +q

< r

\/

Figure 1.4

19
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Force on charge +¢, F 24% T;]
. Blectric field intensity at P, £~ =1 =41 =1
. Electric field intensity at P, —?—47[8 g
_(1)9
E (47r8 2

2

If the electric field is a free space, £ = (L) rQ

dre | 2
o

The variation of this field intensity with the distance r from the charge QO can be illustrated
graphically as follows.

E A

(0,0) r
Figure 1.5
The field intensity at a point due to two or more point charges will be the resultant of all

field intensities caused by all point charges separately at the points.

20
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Solved Problems

Four charges +¢, -2q, +9q and +4q each are placed at the four corners of a square ABCD
of side 'a'. Calculate the electric field intensity at the central point O where the two
diagonals of the square intersect.

If a=2cmand ¢ =200 pC, what is the value of this intensity ?

A a B N
+q -2q r= Eh
h r IfE,.E,, E,. and E, are the electric field intensities
Ec E,JE, of center O of the square due to charges at four
a corners A, B, C and D respectively,
ONEY
2q
1 4q 1
r r E=tme 2 By =ame
_ 1% _ 1 4
D T 4g C+9f] E=dne L= dpe 2
In order to determine the resultant intensity,
“CE=E—E -
dre 12
B -E+E -~ %
dre 12

The resultant intensity ~ ={E+ E,? 4178 % 82+ 6

47r8 2a2/4

_ 1 4x10

e 4 2a?

( 1 ) 2x10

4rel o
Whenétl% =9x10°Nm?C?, ¢ =200 uC and a =2 cm,

- 9x10°x2x10x200x10° 0 N
E= (2><]O2)2 =9x 10N C

21
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Unit 6: Chapter Two

Flux Model of an Electrostatic Field

In the study of electric fields, it was mentioned earlier about the usage of hypothetical
electric lines of force (or flux) to illustrate the forces acting in electric fields. Using this
concept as an opening a flux model for an electric field has been formed. However this
flux model is only a concept used merely to comprehend the action of an electric field.

According to this flux model in a uniform electric field, the lines of force are parallel to
each other and these lines are also known as electric lines of flux.

~
E u ]
ul ]
\\ -
\
Figure 2.1

For the sake of convenience, it is considered that the electric field intensity is the number
of electric flux lines crossing normally a unit area of the field.

Hence the total electric flux crossing normally an area A is given by ¢ = E4

Then the electric field intensity £ = %

Electric flux lines are continuous and are supposed to emerge from positive charges and
end at negative charges.

According to the illustration of the electric flux lines spreading from a point charge, the
gaps between lines widen with increasing distance from the
charge.

4

‘g’ As a result the number of flux lines passing through a unit

= 72 area decreases which means that the electric field intensity
Z 7 decreases with increasing distance from the charge.
The expressions E = 41% % confirms the above fact.
o
Figure 2.2
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2.1 Gauss Theorem
FElectric field lines

Gaussean
surface

Figure 2.3

The electric field intensity at a point P, distance » from an electrostatic charge Q is given
by,

(1) 9 0
E_(47r8)7

0 . :

4 =>(4mr?) E = — h the elect tt fth

D) 4w =(4nr?) - ———(2) where ¢ is the electric permittivity of the

medium

According to geometry, 477 is the area of a spherical surface having the charge O as

centre and radius 7. Then the expression on the left above represents some quantity which

crosses the spherical surface surrounding the charge QO and according to the flux lines

illustration it indicates the electric flux passing normally across that surface.

Hence this expression says that the total normal electric flux crossing a spherical surface
Q

surrounding the charge Q is equal to=.
&

It was proved by scientist Gauss that the above surface need not be spherical only and,
that the above relation is applicable to closed surfaces of any shape. As a result of Gauss
conclusion it came to be known as ""Gauss theorem'' which is stated as follows.

Gauss' Theorem
"The total normal electric flux crossing a closed surface of any shape surrounding a charge
O situated in a medium of permittivity & = .
. _Q
Symbolically ¢ = -

If the area of the closed surface is 4 and its electric field intensity is £, ¢ = EA .

_L
EA =
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Applications of Gauss' theorem

Using Coulomb's law, it was derived that the electric field intensity at a point distant r

from an isolated charge Q is E = (ﬁ) er .

However can this expression be used to find the electric field intensity due to a collection
or a distribution of charges? Gauss' theorem leads the way to determine the electric field
intensity due to symmetrical distributions of charges.

For this purpose an imaginary closed surface of a suitable geometrical shape covering the
charge distribution is considered. This imaginary surface is referred to as a ""Gaussean
surface''.

2.1.1 Electric field intensity at a point in the electric field around a point charge

Point P is situated at a distance r from the point charge O
situated in a medium of permittivity €. In order to determine
the electric field intensity at the point P which is situated in
the electric field due to charge Q, let us assume a spherical
Gaussean surface having Q as its centre and radius 7 and
passing through P (The electric flux originating from Q
intersects this Gaussean surface normally).

Figure 2.4

If E is the electric field intensity at all points including P on the Gaussean surface, then
by Gauss' theorem,

EA=2
&
E><47tr2=g
&
(1) 9
E_(47r8) r?

(This expression has been derived using Coulomb's law too)

2.1.2 Electric field intensity due to a charged hollow conducting sphere

3 _T_ N Consider a hollow conducting sphere of radius R which is
\/\’\Q'Jr’ +1l+ +>\/ given a charge Q (while this charge is spread uniformly
\"/\Jr d h Jr/\\] over the outer surface of the sphere, no charge will exist

|+ C«R_H-F P inside it). Due to the uniformity of the curvature of the
i sphere, the electric flux lines will emerge normally along
}7‘;& AR the surface of sphere.

Figure 2.5
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P is a point at a distance » from centre of the sphere.
(1) Point P situated outside the sphere (» > R)

considering a spherical Gaussean surface of which the centre is the centre of the
sphere and radius is 7, so that the point P is on its surface.

According to Gauss' theorem, if E is the electric field intensity on the surface of the
Gaussean surface,

E4-9
&
Exdm? =<
&
[(1)\9
E= 47r8) 72

(i) Point P situated on the sphere (» = R)

In this situation, the outer surface of the sphere becomes the Gaussean surface.

If E is the electric field intensity on it,

-2
&
Exang? = £
&
(1) Q@
E_(47r8)ﬁ

In this situation, the Gaussean surface exists inside the
sphere.

Since there is no charge inside the sphere

0=0

Hence according to Gauss' theorem,
E 4m? =0

E=0

Figure 2.6
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The following Figure 2.7 shows the electric field intensity variation with the
distance from the centre of a conducting sphere.

(0,0) R 4
Figure 2.7

2.1.3 Electric field intensity at a point close to a uniformly charged conducting
sheet of infinite extent

3
+ + o+ o+ |l + + 4+ F
£  + o+ o+ + o+ o+ o+
+ E “+ - K K + “+ + +
+ - + + + + + K + +
+ + + + + + + + + + +

Figure 2.8
Let o (cm™) be the surface density of charge on the charged surface.

Consider a small cylindrical Gaussean surface as shown in the Figure 2.8 above. Let the
base of this cylinder of area A4 be on the charged surface. Also let the point P where the
intensity is required be on the top surface of the cylinder. Since the point P is very close
to the charged surface flux lines emerging from charged surface cross the top surface of
Gaussean surface normally.

Applying Gauss' theorem for these flux lines,

_9
Ed =
EN =924
&
(&
E=—
&
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2.1.4 Electric field intensity at a point situated at a distance » from a charged thin
wire of infinite length

Figure 2.9

Point P is situated at a distance » from a charged long thin wire of which the linear density
of charge is 4 (cm™).

Consider a cylindered Gaussean surface of which the axis is the axis of the wire and
radius is 7. Also let A/ be the length of this surface. Point P will be on the curved surface
of this Gaussean surface and electric flux lines emerging normally in all directions from
the axis of the wire will cross the curved surface normally.

Then, the charges on the element A/ of the wire inside the Gaussean surface will be
O = A.Al. By considering the electric flux crossing the curved surface of the Gaussean
surface if E is the electric field intensity on this surface, then by Gauss' theorem,

o

EA =7

Ex2mrl= 2

&

)
E_(27r8)r
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Unit 6: Chapter Three

Electrostatic Potential
3.1 Electric Potential

Due to the force acting on a charge placed at any point to an electric field, it has a capacity
for doing work. Hence the charge possesses a certain potential energy. The charge obtains
this energy due to the electric potential of the point in the electric field on which the
charge is placed. If the charge is released now it will get displaced to a point which is at a
lower potential. As a result, the potential energy it possesses would get spent.

On the other hand, if the charge is to be displaced from a point at lower potential to a point
at higher potential, work has to be done on it against the field and the charge would gain
potential energy.

The electric potential at a point in an electric field is measured by the work done in taking
a unit positive charge from the point considered to be at zero potential up to that point.
The most suitable point to be considered as that at zero potential is the one at an infinite
distance away completely out of the region of the field.

Accordingly electric potential can be defined as follows.

"The electric potential at a point in an electric field is the work done taking a unit positive
charge (+1 C) from infinity up to that point."

The unit of the electrostatic potential is J C.
J C! can be given as V (volt) too.

3.2 Electric potential at a point in an electric field surrounding a point
charge.

N r

Figure 3.1

The point P is situated in the field around the point charge O, at the distance » from the
charge.

Force on a charge of + 1 C situated at a distance » from the charge Q,

k) 8

dre | r
o
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Work done in taking this charge a distance Ax towards charge O,

AW = Fx (— Ax)
(1)@
B (471'80) v A
Total work done in taking the charge of +1 C fromx = oo tox =r,
W =2XAW
S I SRR

Lo dme X2

:( 41%)% (can be proved)
1 ) Y

- (a scaler quantity)

Electric potential at point P, I/ =( dne
Charge +Q creates a positive potential while the charge — O creates a negative potential.

Variation of electric potential with the distance from a point charge can be represented
graphically as follows.

@ From charge + O @ From charge - O
+ VA 0 .7
(0] > \J
-V
Figure 3.2

3.3 Potential energy of a charge placed in an electric field

The potential }" at a point in an electric field means that the work done in taking a unit
charge from infinity up to that point is V. Hence the work done in taking a charge g from
infinity up to that point is W = Vg

This work is stored as potential energy of that charge.

.". Potential energy of a charge g placed at a point of potential V' in an electric field, W= Vg
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3.4 Potential energy of a system of a pair of two charges

P
r
q, e o< q,
Figure 3.3

Point P is situated in the electric field due to the charge ¢, , at a distance » from the same
charge.

Electric potential at P, Vp :( 1149,

4re) r

= Work done in taking a charge 1 C from infinity up to P
.". Work done in taking a charge ¢, from infinity up to P, W' = (#8) % q,
This work gets accumulated in g, as potential energy and since this was made possible
due to the contribution of charge ¢,, this energy is considered as the potential energy of

the pair ¢,, g, of the charges.

". Potential energy of a pair of charges ¢, g, situated at a distance r apart,

—(1)4%9%
W (47:8) r

The total potential energy of a system consisting of a number of charges would be the sum
of the potential energies of all positive pairs of charges in the system.
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Solved Problem

1. Four charges + g, - 2q, + 4q and + 6q are placed respectively on the corners of the
square ABCD of side length 'a'.

If a=10cm and g = 1.0 pC, the electric potential at the mid point of the square is,

A a B

—RO— _ _ [2a* _a
+q —2g AO=BO=CO=DO = T_ﬁr
7
r o Since electric potential is a scalar quantity, the
a a resultant potential at mid point O will be the algebraic
sum of all potentials due to the charges of the four
y { corners of the square.
_[.1 9 29 49 6q
Vo _(4718) (*7-7*7*7
_ 99
~9x10°(7)
9x10°x9x1.0x10°
~0r 10— 8L Z X 10 =115 < 10°V

2. On the three vertices of the triangle ABC of which AB=4cm,BC=2cmand AC =
3 c¢m are placed respectively three chargers + ¢, +2¢ and — 3¢ each. If ¢ = 2 uC find
the total electrostatic potential energy of the system.

A

+q 1 +gx2q 2gx—-3q -3gxq
W_47r80 (4x102 + 2 %1072 + 3x10‘2)

S, q 2 63

() — 2
v 3 cm ame, 10 (TT?)
(2x106)2x9><109(l_3_1)
B C N 10 :
2g 2cm —3q 7

=4X9X10‘1><§=12.6J

31



Unit 6 Electrostatic Field G.C.E. (Advanced level) Physics

3.5 Potential difference between two points in an electric field

The potential difference between two points in an electric field is the work done in taking
a unit positive charge from one point to the other (This work is independent of the path
along which the charge is carried).

+ 1C

+1C
Figure 3.4

For example if V, is the potential at a point A and V), is the potential at a point B in an
electric field (V, > V) then,

the potential difference between Aand B, V,, =V, —V,

A B

Suppose that the two points A and B are situated at a very small distance Ax apart along
a line of force and that the electric field intensity remains constant at £ along this range.
E V<L> V= AV

A B

If Vis the potential at A and AV the potential difference between A and B,
work done in taking a unit positive charge from A to B,
AW = Force x displacement = Charge of potential
Ex1xAx =(V-AV)-V
E= _AAXJ (-ve sign introduced to imply that work is done

by the field)

The quantity AV i known as the potential gradient of the electric field. Hence according
to the above expression, the electric field intensity at any point in an electric field is equal
to the potential gradient at that point.

As the distance between A and B reaches the closest limit the expression is given is as

_—=dv
E="ay
Along a range of distz}}lce x in a uniform electric field, this relation can be expressed as
E=—1r
X

Accordingly, the electric field intensity gets an additional unit as V.m .

The unit of measuring electrostatic potential is the 'volt' (V) and it is defined as follows.
"If the work done in taking a unit charge (1 C) from some point in an electric field to
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another is one joule (1 J), then the potential difference between the two points is one volt.

The variation of electric potential with the distance measured from a specific point in
an electric field can happen in various ways. When the potential is plotted against the
distance, the gradient of the curve obtained represents the potential gradient along the
field. Also it explains the variation of the electric field along the field.

V' (Potential)
A D (1) A strong uniform field

@ (2)  Strong at the beginning, but gets weaker
A with increasing distance.

(3) A weak uniform field

®— 3B

@

(4)  Gradient is zero. Hence potential remains
> x (distance) constant. No field exists in the given direction.

Figure 3.5

Ifthe electric potential along a certain surface remains a constant, then that surface is called
an "equipotential surface". Since an electric field does not exist along an equipotential
surface no work is needed to carry a charge along such a surface. However, an electric
field can act normal to an equipotential surface.

Such equipotential surfaces exist around point charges as well as around charged
conducting spheres.

A

Y

Equipotential surface around a Equipotential surface around a
positive point change positively charged conducting
(a) sphere
(b)
Figure 3.6

The unit for measuring potential difference is the "volt" while another unit called the
"electron volt" is used to measure very small amounts of work and energy, specially such
as those in the measurement of radiant energy. An electron volt is the work done in taking
an electron across a potential difference of one volt.

1eV=1.60x10""Cx1V =1.60x 107%J
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3.6 Electric potential due to a charged conducting sphere

M

2

A3)

When a conducting sphere is given an electric charge,
we already know that this will reside only on the
outer surface of the sphere. Consider such a sphere
of radius R and a point P situated at a distance » from
its centre.

\/

Figure 3.7

When point P is situated outside the sphere (» > R)

It is known that in this case, with respect to point P, the charge QO on the sphere acts
as if it were concentrated at the centre of the sphere.

Hence, when r > R the potential at point P,
(1 @
V=l )
When point P is situated on the sphere (» =R)
The above argument for » >R is valid up to the surface of the sphere.
Hence ,when r = R the potential at point P,
- ( 1 ) 0

dne | R

When point P is inside the sphere (» < R).
Since there is no charge inside the sphere the field intensity inside too is zero.
E=0

Potential gradient inside the sphere CZTII,/ =0

Thus starting from the surface of the sphere, the potential towards the inside remains
unchanged and is constant.

Potential at all points inside the sphere,

V' = Potential at surface of sphere

(a3
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Variation of electric potential of a charged sphere with the distance from the centre is
shown in Figure 3.8.

7

A

(0,0) R >y

Figure 3.8
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Unit 6: Chapter Four

Electric Capacitance

4.1 Electrostatic Induction

A s a positively charged body fixed on an insulating
handle. BC is an uncharged body fixed on insulating
stands.

When A is placed near BC as shown, what happens ?

Figure 4.1

The near end B of BC will acquire a negative (-) charge while the remote end C gets a
positive (+) charge. If the sections B and C of BC can be separated, a negatively charged
body B and a positively charged body C can be obtained.

This phenomenon of an uncharged body getting charged instantly when placed near a
charged body is called "electrostatic induction''.

It has been shown by scientist Michael Faraday that the magnitude of the two induced
charges at B and C here are separately equal to the magnitude of the inducing charge in A.

4.2 Condensers (Capacitors)

A B A and B are two conducting plates placed parallel to each other. The
two plates are connected to the two terminals of an electric source
such as a battery, to get charged, and later the battery is removed and
the plate B is earthed.

Or else only A is positively charged. Then B is charged by induction
and earthed to leave it negatively charged.

e i

+ Now this system of two charged plates, A and B is a store of electric
charges. This store of charges is called a condenser or a capacitor.
Figure 4.2

Hence, a capacitor is an electric device which stores static electric charges. As a current
of electric charges from a battery is used for various activities (involving the generation
of mechanical energy and thermal energy etc). Static electric charges stored in capacitors
too are used for various purposes. For example, the capacitor is an essential component
in electric equipment such as radios, TV s, computers and various other communication
equipment.
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Shown in the figure 4.2 is an illustration of the first capacitor, known as a ""parallel plate
capacitor''. The modern capacitor has changed in shape and reduced in size as to that of'a
drug capsule. However all components of these capacitors satisfy the conditions satisfied
by those of a parallel plate capacitor. That is, each of these capacitors has an electric
insulator pressed between two electric conductors.

. B

'95/"0001 05000

Figure 4.3 — Practical capacitors

The variable capacitors shown in Figure 4.3 serve useful purposes in those such as radios,
TVs etc. By altering the capacitance of the capacitor, the amount of charge stored in it can
be varied enabling such as location of channels etc.

The medium between the plates of those capacitors can be either air or any other insulating
medium and this medium is known as the 'dielectric'. In the modern capacitor, a sheet
painted with paraffin wax is pressed between two thin metal sheets and rolled to serve

this purpose.
4.3 Capacitance of a capacitor

The capacitance of a capacitor can be considered as a measure of its ability to store
electric charges. It can be defined as follows.

. . Charge on one plate (Q)
Capacitance of a capacitor (C) = pgential difference between the plates (V)

Hence the capacitance of a capacitor is the ratio its charge subtending to the potential
difference between its plates.

Unit : farad (F)
farad 1=

1 coulomb
1 volt

Practical unit : pF
1 uF=10°F
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4.4 Charging and discharging of a capacitor

B A circuit as shown in figure 4.4 can be used
| to charge and then to discharge a capacitor. C
| is the capacitor of about 100 pF which is to
V) be charged. R is a high resistor in the range
P N of mega ohms (MQ). K is a two way switch
K | | and B is a direct current source of about 6 V.
@ (R Microammeter A and voltmeter V while suits
Q C :
| | the voltage of source B are connected in the
circuit as shown.
Figure 4.4
|
—| |——> : *—»—IE ;—>—| |—
| M
Uncharged Charging Charged Discharging  Discharged
capacitor capacitor capacitor

Figure 4.5

When the switch K is connected to the terminal P, the capacitor C begins to get charged.
The reading of the voltmeter increases gradually while the microammeter after indicating
a maximum reading gradually decreases to zero. Meanwhile the voltmeter showing
maximum reading indicates that the capacitor is charged to the maximum. The reason
why the microammeter now indicates zero is that when the capacitor is charged to the
maximum, the circuit gets disconnected.

Now when the switch K is connected to terminal Q, the microammeter indicates a current
in the direction opposite to that of the initial direction and this current too gradually
reduces to zero. If there is no leakage, the voltmeter reading too which remained constant
so far gradually reduces to zero indicating the discharge of the capacitor.

In the above charging process, electrons flow from the negative terminal of the electric
source to the plate of the capacitor connected to it. At the same time, electrons flow from
the other plate of the capacitor to the positive terminal of the source. So that one plate
of the capacitor gets negatively charged and the other positively charged in this manner.

During the discharge, negative charges (electrons) flow from the negatively charged plate
of the capacitor to the positive plate through the resistance R. This takes place until the
positive charges of the positive plate are completely neutralized.

The variations of the voltmeter and the ammeter readings during charging and discharging
are illustrated graphically below.

38



Unit 6 Electrostatic Field G.C.E. (Advanced level) Physics

Charging Discharging

00 —m»

\/

(0,0 ~ (0,0 . 0.0
Figure 4.6

The graphs in Figure 4.6, clearly indicate that capacitor allows instant current to flow
in both directions. That implies that the capacitor allows the alternate current to flow
through it. Usually capacitors are used in AC circuits but not in DC circuits.

4.5 Parallel plate capacitors

The parallel plate capacitor can be considered as the first capacitor to be planned and
constructed. The practical capacitors which are in use too function according to the same
principle.

metal sheet

»“'/’
ic/fi¢ld (E)
distance
d (m) “1--.
/ S
__..-~-""gaussean
_____________________________________________________ surface

Figure 4.7

Consider a capacitor consisting of two parallel plates each of area. 4 placed at a distance
d apart and having a charge Q spread uniformly over each one as shown.

It can be assumed that electric flux lines emitting from plate + Q pass as a parallel bunch to
the plate - O ( Deviation of flux lines outwards at the edges of the plates can be neglected)
Considering a Gaussean surface passing symmetrically between the plates normally to
flux lines and covering one plate only as shown in Figure 4.7.
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According to Gauss' theorem

AE = Q9
€
_ 9
E= Ae,
v
But £ = potential gradient = d
V=Ed
e A
Capacitance of the capacitor C = IQ/ = EQd = QQ =C= 07
= d
Ae,
If another medium of relative permitting € exists between the plates,
_&.&,4
- d
. . . Ke A
Expressing &, = k ( dielectric constant), C = a?

For free space £ = 1 while for other media £ > 1.
4.6 Systems of capacitors

4.6.1 Capacitors in series

Vl

|]©
A o v v v

0

V
l e |
| |
V—— V,—>——V—>
I Figure 4.8 l

If a number of capacitors are connected so that they carry the same charge then, these
capacitors are said to be in series.

The capacitance of the single capacitor which keeps the same charge and maintains the
total potential difference across the whole system of capacitors is called the "Equivalent
capacitance" of the system.
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DO+Q) +3), V+v,+ V3:Q(l+%+%)4@

Cl 2
If C is the equivalent capacitance,

V1+V2+V3:§—@

QO _ (1.1 .,1
1L (1,11
C_(C+C te

4.6.2 Capacitors in parallel

Yy C Y

©Q +0,%09)
Figure 4.9

If anumber of capacitors are connected so that they maintain the same potential difference
across them, the capacitors are said to be connected parallel to each other.

The capacitance of the single capacitor which while keeping the total charge of the system
maintains the same potential difference across it, is called the equivalent capacitance of

the system.
o-cy—D
0,=Ccy—2
o,=cy—=3
D +2 +B3) 0+0,+0,= (C,+C,+C)V —@)
If C is the equivalent capacitance,
0+0,+0,=cv—-5)
From (4) and (5), CV=(C,+C,+C)V
C=C,+C,+C,
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Solved Problem

Calculate the equivalent capacitance between A and B

2 uF 2 uF
1 uF 3 uF
A al |
| |
2 uF 1 pF
B
Answer
1 uF
) |
1 uF 3 uF
A " |
| o
1 uF
____ 3uF
B
3 uF 3 uF
=
A ‘ | ||
| |
_ 3uF
B

Equivalent capacitance C = 1pF
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4.7 Capacitance of a conducting sphere

+ + 4 A conducting sphere of radius r is charged with a charge + O
(whether the sphere is solid or hollow, the charge would be
distributed uniformly over the outer surface only). In order to

_|_

+ ) . . i
+ consider this sphere as a capacitor, let us assume that the Earth is
N +  the earthed component of the capacitor.
- _(1 )Q
v o4 T Then the potential of the charged sphere, 7, ( ang,)
potential of the Earth, 1, =0
~ Barh N\
Figure 4.10
Capacitance of the spherical capacitor =37 = Q
Voov-v,
Q
C=——""7 —=4ne,r
12 0

dng, 1

C = 4me

4.8 Energy stored in a charged capacitor

When a charged capacitor is discharged, the emission of a spark can be observed between
its plates. This clearly shows that a charged capacitor contains energy and this energy gets
converted to other forms such as heat during the discharge.

According to Q = CV] in a capacitor Q « V. Hence the graph of J against Q is a straight
line and the variation of /" when a small charge of Ag each is carried from one plate to
another until it builds up to Q is illustrated by the graph.

V“- ________ In the situation when the potential is V', if AW is the

M
, work done when a small charge Aq is carried from the
| first plate to the other,
: AW = potential x charge
I =VxAq
|
! o+
| L
|
_ (AB2 + CD) AC

(Q"

0o AZ‘q’C

Figure 4.11
= Area of trapezium ABCD

When the charge Q is built up in this manner by small charges of Ag, the potential becomes

V" and the total work done will be represented by the sum of the areas of small strips such
as ABCD and this area will be equal to the area of the triangle OLM.
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Energy stored in the capacitor W = total work done
W =XAW
W =OLM
W= % OL.LM
w=L1or
5 ¢
, _ Oy Loy 1 1O
Substitute Q = CV and V—?, W=50V=5 Cr:= >C

Solved problem

Two conducting sphere of radius 7, =5 cm and r,= 10 cm are charged as ¢, = +70 pC and
g,=+20 uC respectively. When these two spheres are connected by a short piece of wire
of negligible capacitance, find

(1) the amount of charge remaining in each sphere.
(ii) the loss of energy that takes place.

Answer

Capacitance of sphere A ¢g,= +20 pC
Capacitance of sphere B ¢ =+ 70 pC

When the two spheres are connected by a conductor they reach the same potential V" and
let the charges that remain in the two spheres be g, and g, respectively.

9
4
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q,+q,=70+20=90

B
q, 2
g, +q,=90—2
Solving, ¢, =30 pCq, =60 pC
1 q12 1 q22
i1) Initial ener E == +=—+
(it) gy ' "2¢C T2,
1 q32 1 q42
Final ener E =~-2 +2+4
gy 2 2 Cl 2 C2
Lossofenergy E =E -E,
140 1% (197 14/
2 C, 2 C, 2 C, 2 C,

4'~47 44
C, C,

(70 102 =30 x 1060 | (60 x 1092 —(20 x 10-5)2
5x102 ~10x 107

g
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4.9 Charge distribution over a conducting surface

It is already known to us that when a conducting body is charged the charge will reside
only on the outer surface of the body, whatever the shape of the body is. However the
charge distribution or the way it is spread over the surface depends on the curvature or
the amount it is curved. Hence a uniform charge distribution cannot be expected over a
conducting surface with a varying curvature.

The charge distribution over a surface is measured by the surface density of the charge
which is the amount of charge on unit area of the surface. It can be shown experimentally
that when the curvature of a surface changes its surface density of charge too changes. It
is such that when the curvature of a surface increases the surface density of charge on it
increases while the curvature decreases the surface density decreases.

Accordingly, on a plane surface where the curvature is minimum the surface density of
charge is minimum while when the curvature gradually increases and becomes spherical
an increased uniform surface density of charge would exit.

The maximum surface density would exit on a pointed surface.

The distribution of charges on a conducting surface in the shape of a lotus bud can be
shown as follows.

Figure 4.12

A uniform distribution of charges exists only around a conducting sphere. Due to high
charge density on a pointed conducting surface, the electric field intensity around it
becomes very high. As a result the insulating property of the air around the point falls
and the molecules in the air get ionized. Then those surrounding air molecules which
have acquired a charge equal to that of the charge on the pointed surface get emitted as a
stream. If this phenomenon takes place in the dark the air around the point appears as a
bright covering which is known as a "corona discharge".
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Unit 7

Magnetic Field

47



48



Unit 7 Magnetic Fields G.C.E. (Advanced level) Physics

Unit 7: Chapter One

Magnetic Force

1.1 Introduction

Evidence exists that magnetism was a property which had been identified by man since
thousands of years ago. The first practical experience in this aspect can be cited as the
invention of the compass needle by the Chinese and the subsequent identification that the
Earth behaves as a weak magnet. This property possessed by Earth was named as natural
magnetism.

As the compass needle always sets itself along the North — South line of the Earth, the end
of the needle that points towards the North was named the North pole of the needle while
the other end pointing towards the south of Earth was termed the South pole of the needle.
The compass needle can be considered as the first artificial magnet and with the progress of
science, the construction of artificial magnets such as bar magnets, horse shoe magnets etc
had begun. It was also observed that during scientific experiments a compass needle which
was moved around a current carrying a conductor was continually changing its direction.

Magnetic forces are also found to exist around the Earth and around artificial magnets in
addition to around currents carrying conductors and hence these regions were named as
"magnetic fields ". According to modern concepts, the forces which act in magnetic fields
are a result of the interaction between two magnetic fields which intersect with each other.

1.2 Force acting on a current conducting wire placed in a magnetic field

K
%B
INL An -
Figure 1.1

The conducting wire AB connected in series with a cell and a switch (K) is placed in the
space between the strong poles of a horse — shoe magnet. When the switch K is closed the
conductor (AB) will be thrown aside Why ? When the current starts flowing through the
conductor AB a magnetic field is created around it. When this magnetic field intersects
with the magnetic field between the poles of the horse — shoe magnet an interaction takes
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place between the fields and as a result, a force acts on the conductor which throws the
conductor out.

The strength of a magnetic field is measured by the quantity called "magnetic flux density.
By considering the force on an element of the current carrying conductor above placed
in the magnetic field of the horse — shoe magnet, an expression to define " magnetic flux
density " can be obtained.

> Suppose that the conductor is inclined at an angle 0 to
the magnetic field. It has been experimentally proved
that the force on the element A/,

2
Fol

F" F OCAI
F « sin @

&
A
\ 4

\

\

Figure 1.2

=> [ JAl sin 8
F = BIAl sin 6
where B is the constant of proportionality
. F
B= IAl sin 6

F

when 8 =90°, B = AT

The quantity B above represents the "magnetic flux density" at A/ and using the above
expression, the "magnetic flux density" can be defined as follows. In this definition the
quantity /. A/ is introduced as a " current element ".

1.3 Magnetic flux density

The force acting on a unit current element of a current carrying conductor placed normally
to a magnetic field is the magnetic flux density of the field at that point.

Unit : NA'm™ or T (Tesla)

Force on a length / of a current carrying conductor placed at an angle 6 to a magnetic field
of flux density B can be expressed as,
F =1IBlsin 0

When 6 = 90° then F = Bll
This is the maximum force relevant to the given current.

When 6 = 0° then F =0
That is when the conductor is parallel to the magnetic field, no force acts on it even if a
current passes through the conductor.
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Magnetic flux models are made use of in the study of magnetic fields and their effects.

Example :
1. Magnetic field between the poles of a horse — shoe magnet

Figure 1.3
2. Magnetic field between the poles of a bar magnet

N
ﬁ\\

Figure 1.4

Magnetic lines of force (or flux lines) start from the North pole of the magnet and terminate
at the south pole of the magnet.

3. Magnetic field around a straight conductor carrying a current

Figure 1.5

The direction of the concentric circular lines of force (flux) can be decided by Maxwell's
right handed corkscrew rule.
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4. Magnetic field around a circular coil carrying a current

Figure 1.6
5. Magnetic field around a solenoid carrying a current

A

I —
/

RIBIRIEIRIE N
< l -
Figure 1.7
Deduction of the direction of the force on a current carrying conductor placed in magnetic
field.
[ N | N
yYYY¥YYY
| s | S
1 2 3
Figure 1.8

(1) Magnetic field around a long straight wire carrying a current.

2) Magnetic field between the poles of a strong horse — shoe magnet.

3) The composite field formed when the current carrying conductor is placed
between the poles of the magnet.

According to the structure of the composite field, the two fields have added with each

other to form a stronger field on the left side of the conductor while on the right side of the
conductor the two fields oppose each other resulting a weaker field. The excess pressure
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on the left side of the conductor builds up a force (F) on the conductor towards the right
and if the conductor is free to move it will move towards the right.

Described above is an energy conversion, electrical energy being converted into
mechanical energy. Starting from the electric motor most machinery functioning from
electricity are based on this principle. It is important to know that in this conversion the
presence of a magnetic field is essential.

In the above energy conversion, there are three quantities normal to each other. They are
the electric current, the magnetic field and the final result of the mechanical force or the
motion. In order to decide the direction of the resulting force or motion, the following
rule can the used.

1.4 Fleming's left hand rule

Thumb (Motion / Force) If the fore finger, the middle finger and the

ﬁ ' ) Fore finger (Field) thumb of the left hand are stretched normally
/ ,,f/ to each other with the fore finger indicating

: the direction of the magnetic field and the
/ _ £ middle finger indicating the direction of the
dj Middle finger  electric current through the conductor across
/___,/—-" (Current) it then the thumb indicates the direction of the
4 force on the conductor or of its motion.
Figure 1.9

1.5 Force on an electric charge moving in a magnetic field

No force acts on an electric charge which is at rest in a magnetic field. However if the
charge is moving it is equivalent to an electric current and hence a force would act on it.

AL/
s

Figure 1.10

Consider a charge ¢ moving with a velocity v in a direction inclined at an angle 6 to a
uniform magnetic field of flux density B.

If this charge moves a distance / in a time ¢,
[ =vt
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If the moving charge is considered to be equivalent to a current / flowing along a conductor
of length / placed along the direction of the motion of the charge, then the force acting
on it,

F =BIlsin 0
:BT(] Vit sin 0
F=BqVsin 0

If 6 = 90° then F' = BqV
If the charge moves parallel to the field,

F=0
1.6 Hall effect

Suppose a current carrying conductor is placed x x X X > X X X
in a magnetic field as shown in the Figure 1.11.
Then a force will act downwards onthe conductor. X X X X X X X

Figure 1.11

The force on a conductor is due to a downward forces on the electrons.
x X X X X x X X

X
" v
v
F F
o F
?—»v ?—»v
F F
Y

X X X X X X X X

Figure 1.12
Consider a rectangular block of a conducting material across which passes a uniform
magnetic field of flux density B as shown in the Figure 1.13. Suppose a current / passes
through the block in a direction normal to the direction of the field B. Then the charge
carriers of the current, the electrons would drift in the same path in the direction opposite
to the conventional direction of the current /.

Applying Fleming' s left hand rule according to the conventional direction of I, it becomes
clear that forces act on the charge carriers, the electrons, vertically down words (]), as a
result of which the electrons deviate downwards and begin to collect on the lower surface
Y of the block. This brings the lower surface (Y) to a negative potential relative to the
upper surface X.
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Figure 1.13

The deviation of the electrons to the surface Y stops when the force F, which builds
up with the developing electric field (£) along with the increasing potential difference
between surfaces X and Y equals the force F, which is formed due to the effect of the
magnetic field B on the electrons

At this stage the potential difference between the two surfaces X and Y becomes
a maximum and this maximum potential difference is known as "Hall voltage".

X X X X X X X X

+++++++++++X
FE
Y FB
...................... v

Figure 1.14
This phenomenon is known as Hall effect and was discovered by the scientist Edwin Hall
in 1879 during his research activities.

A d
Y i

Figure 1.15
In order to deduce an expression for Hall voltage let d be the height of the conducting
block and 't ' its thickness. Then the intensity of the electric field formed due to the
potential difference created,

V
E = Potential gradient = 7’{ where V,, is the Hall voltage.
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Hence, the force acting vertically upwards on the negative charge of an electron

V
fFe=Ee=7H e

The downward deviation of the electrons stop when this force balances the downward
force | F, = Bev acting on the electron.

TFEz F,
|4
7” e = Bev

V,=Bvd

Vu

Figure 1.16

Also the relationship between the current / and the drift velocity
1= Avne

where A is the area of cross section of the block and 7 is the number of charge carriers
(electrons) per unit volume of the block.

|

oy L
Ane

By substituting for v in the expression for V,,

g 1 4-p I
Vy=B g d=B 5 .d

_ Bl
net

1.7 Applications of Hall effect

1.Hall effect is made use of to identify the charge carriers in semiconductors. That is
whether a certain semiconductor is of p type or of n type. A semiconductor can be
subjected to the Hall effect test and the direction in which the Hall voltage is building
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up decided This enables to decide whether its charge carriers are negative electrons or
positive holes. Hence it can be concluded whether the semiconductor is of n type or of

p type.

2. Another important use of the Hall effect is the determination of the flux density of a
magnetic field.

3. In the diagnosis of heart ailments doctors use an instrument called the " electromagnetic
flowmeter " to examine the flow speed of blood through arteries. The action of this
instrument is based on Hall effect.

Example

blood artery

As shown in the above figure, a magnetic field of flux density B is activated normally
across a blood artery which is being tested by an electromagnetic flow meter. Since Na*
and C1-ions in the blood are transported along with the blood a Hall voltage builds up
normally to the magnetic field across the artery. The value of the Hall voltage indicated
by the flow meter is V. Assuming that the flow speed of the ions is equal to that of the
blood, derive an expression for the flow speed of blood.

In the state of equilibrium.

Magnetic force ( F,) = Electric force (F})

If u is the flow speed of blood

Bqu = qFE
_E
“='B
7

__H
VH
“TdB
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2.1 Introduction

Unit 7: Chapter two

Magnetic Force Field

In order to confirm the presence of a magnetic field around a
current carrying conductor the set up shown in Figure 2.1 can
be used. A straight vertical conducting wire is passed through a
horizontal sheet of cardboard by piercing it. Tiny amount of
iron powder is spread on the cardboard around the wire. An
electric current is now passed through the wire and at the same
time the cardboard is tapped.

Then the iron powder will be found to set around the wire along
concentric circular paths indicating the presence of a magnetic
field and also its structure. The direction of the lines of force
of this magnetic field can be decided as mentioned earlier, by
Fleming's right handed cork — screw rule.

2.2 Biot — Savart's Law

This law leads to the obtaining of an expression for the magnetic flux density at a point in
the magnetic field formed around a current carrying conductor.

fr A
51/’

Figure 2.2

OCISi,gSine

d0B

d0B

},2

_g 1.8l sin 0

A current / flows through a conductor as shown in figure 2.2 and
P is a point at a distance r from any element 6/ of the conductor.
The straight line drawn from P to this element makes an angle
6 with the element in the direction of the current.

It has been shown that due to the current element 7.5/ the
magnetic flux density at P,

0B o [
0B x o/
0B « sin 6

1
5BOC?

, where K is a constant

The constant K is represented as K = Ho ,where u_is called the magnetic permeability of

free space.

4
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Hy o )
(4 107 Hm~

- 8B :(%) 1.3/ sin 0

I.2

Biot — Savart's Law is represented by the above result and it expresses the magnetic flux
density at a point situated at a distance r from a current element / 6/ of a current carrying
conductor.

2.3 Maxwell's clockwise corkscrew rule

When a right handed corkscrew is passed in the direction of an electric current passing
through a conductor, the sense of rotation of the screw represents the direction of the
magnetic field formed around the conductor.

2.4 Derivations from Biot — Savart's Law

1 .Magnetic flux density at a point around a very long straight conductor carrying a current.
, A very long conductor carries a current /. The perpendicular distance
from an external point P up to the wire is .

p Then the magnetic flux density at P due to the current passing through
the whole conducting wire can be derived by using mathematical
integration for Biot Savart's expression which leads to the expression
for flux density at P as

5 (ﬂ0)21

4

=t

2mr

Figure 2.3

(2). Magnetic flux density at the centre of a flat circular coil of wire carrying a current.
1

0/ A flat circular coil of N turns and radius r carries a current /.

According to Biot- Savart's law, the magnetic flux density at the
centre of the coil due to any current element (Z.6/) of the coil is

_ (o ) .51 sin 90
SB (471' r2
Figure 2.4

Since the magnetic flux at the centre of the coil due to all current elements of the coil pass
normally to the plane of the coil (either upwards or downwards) , the resultant magnetic
flux density at the centre of the coil,

B=38B - 2(4 )If’l

=(th)f2251
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!
(g} amy

uN 1
- 2r

(3). The magnetic flux density along the axis of a long solenoid carrying a current.

Y

in-

Figure 2.5

A long solenoid containing 'n' turns of wire per unit length carries a current /. Using Biot-
savart's law it can be proved that the magnetic flux density along the axis can be given as,

B=unl

Solved problems

1. A current flows down a long vertical conducting wire. A neutral point is located at a
distance of 4 cm from the wire. If the horizontal component of the Earth's magnetic
flux density is B, = 4 x 10~ T, find the value of the current (x, =47 x 10" Hm™)

At the neutral point,
Flux density due to current = component of Earth's field

B = B,
Ay )20 s
() 3 =4x10
107x2/

2. The circular coil shown' in the following figure carries a current of 2 A. Find the
magnetic flux density at the centre of the coil.
2A I I
B_[ 5 x2 Xi]+ [7#0 x 2 XL]
0 L2x4x102 "<t*y 2x2x1072 “<*y
M2z ( 3., 1)
C2x2x102x4

2
A 4rx107x2x21 5
TT2x2x102x4 72

=2.57) 105 T
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2.5 Force between two parallel conductors carrying currents

Two parallel conductors are carrying currents in the same direction. Consider the
composite magnetic field around the two conductors.

1 1

Figure 2.6

5

-
-
.
.
]
L

According to the above lines of force diagram, a weak magnetic field exists between the
two conductors while a strong field exists around the two conductors. This results in an
attraction between the two conductors due to thrusts from outside.

Consider the composite magnetic field around the two conductors when they are carrying
currents in opposite directions.

1, 1

L

7 bl %
Figurez.ﬂ o

According to the above lines of force diagram, a strong field exists between the two wires
while a weak field exists around the wires. The result is that forces act outwards on the
two wires and they repel each other.

P Q

r

[ S — |
1 1

Figure 2.8

Consider two long parallel wires P and Q carrying currents /, and /, respectively in the
same direction.

The current /, along 'P' creates a magnetic field around it and cross 'Q" and the magnetic
flux density of this field crossing the conductor 'Q’,

5, (3]
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The force on a length / of the conductor O,
F,=B11
() A
- [5) 7

Similarly, the magnetic flux density of the field on P due to the current 7, in O,

AR
By = (27) r
The force on a length / of P carrying the current /, due to the effect of the above field,

uo\ L
F,=B 1= [52) 5 11
Hence the force on a common length / of both conductors due to the currents flowing in

them is,

= (o) 2
4 (27: r
I1
Also, the force on a unit length F_ ('M—O) —2
/ 2 r

The above expression is also used to define the unit of current, the ampere (A)

When, I =1,=1A, r=1m, F_ ('UO)P:(/‘O )2[2

[ \2z) 1 \4z) 1
2
ol
= 2x10"Nm™

Hence, when the same current is passed through two infinitely long parallel conductors of
negligible cross — section placed 1 m apart, if mutual forces of 2 x 107 N m™ act on each
conductor, then the current passing through each conductor is 1 A.
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Unit 7: Chapter Three
Torque Acting on a Current Loop

3.1 Effect on a current carrying rectangular coil of wire placed in a
uniform magnetic field

|
Q b I, il
A [
- lF —— 3
a\ Tl/’
o
w,,e/%s F
P 1
Figure 3.1

A rectangular coil of height ' @ ' and breadth 'b' consisting of N turns is suspended in
a plane inclined at an angle € to a uniform magnetic field of flux density B so that it is
capable of rotation about a vertical axis through its centre.

When a current (/) is allowed to pass through this coil, the four arms of the coil experience
forces due to the magnetic field crossing them and the directions of these forces are
decided by Fleming's left hand rule as follows.
(1). Forces F F each act on arms PQ and RS in directions normal to the field B and also
opposite to each other to constitute a couple (or a torque)
F = NBla sin 90° = NBla

The couple on the coil causes it to rotate about the axis of suspension.

(2). Forces F, F each act on sides QR and ST at their mid points in directions opposite to
each other. However since these forces act along the same straight line they cancel
out each other.

Considering the couple of forces acting on sides PQ and RS, its torque,

F
R
b M = Fbcos 8
= NBIa bcos 0
=NBIA cos @ where A4 is the area of the coil
Q [l

bcos 0 ' when 6 = 0", cos (0)=1  hence M = NBIA

Figure 3.2
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This is the maximum torque acting on the coil and acts when the coil is in a plane parallel
to the field.

When 6=90°, cos 0°=0 M=0

Hence when the coil is in a plane normal to the field, the torque reaches its minimum
value zero.

Usingthistorque acting onarectangular coil carrying a current, the moving coil galvanometer
is constructed. The moving coil galvanometer is the one instrument modified and used as
the ammeter to measure electric currents, as the voltmeter to measure electric potential
differences and as the ohmmeter to measure electric resistances. This galvanometer makes
use of an exceptional magnetic field called a " radial field". In this field, radial magnetic
lines of force are arranged to form between cylindrical poles of a magnet.

Figure 3.3

3.2 Moving coil galvanometer

Aa ~ Scale

2 -
e <« Pointer -

Cylindrical magnetic poles

Frame 1
andthe — ]
coil

Soft iron cylinder

A

‘ Main frame

<«——— Hair spring

Spindle ———»

Figure 3.4

The moving coil galvanometer consists of a rectangular coil of thin insulated copper
wire suspended between the cylindrical poles of a strong horse shoe magnet. The two
suspension wires attached to the coil from above and below are fixed to two gem bearings
and current enters and leaves the coil through two hair springs connected to it. The coil is
wound round a light aluminium frame and the damping eftect on it by the field controls
the oscillations of the coil once it is deflected by the current.

64



Unit 7 Magnetic Fields G.C.E. (Advanced level) Physics

The coil wound round the frame is free to rotate around a soft iron cylinder fixed in its
middle. But the hair springs limit its rotation.

The current to be measured is allowed to flow in and out through the coil. The two forces
acting on the vertical arms of the coil form a couple (torque) makes the coil rotate about
the suspension. After the coil has rotated through a certain angle 6, the moment of this
couple is balanced by the moment of the restoring couple of the hair springs to stop the
rotation. Although the coil has rotated in the field it still remains in the plane of the field

For the equilibrium of the coil ,

FE b =C. 6 where C is the torsion constant of the spring

NBlab=C80
N.BI4A = Cg A = a.b = area of coil
I= (NBA)‘ o

Figure 3.5

Since the quantities C, N, B, A are constants for a given galvanometer, / «c 6

Accordingly the current measured is proportional to the deflection of the coil and hence a
linear scale calibrated in accordance can the used. The tip of a pointer attached to the axis
of the coil moving along the scale indicates the current directly.

Sensitivity of moving the coil galvanometer = QI = NCLA

In order to increase the sensitivity of the galvanometer it can be suggested that the area of
the coil should be increased, a more intense magnetic field has to be used and the torque
has to the decreased using finer hair springs.

Solved problem
A straight conducting wire carrying a current of 25 A is to the suspended horizontally

in space by means of a magnetic field acting normally across it. If the mass per unit
length of the wire is 0.02 g m™! what is the flux density of this magnetic field.

F

Wiy
7

\/

mg
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If 'l is the length of the wire, in order to suspend it in space,

F=BIl=mg
B.25.1=(0.02x10%) x 1007 x 10
0.02
B )-sx1001

In order to create this field if another straight current carrying current is placed parallel
to the above wire 2 cm vertically below it what should be the current through this wire ?

B
s 7 o T

r
Il

# 2
T r
21,
10‘7><2 <102 =8 x10™
I =80A

3.3 Direct current motor

The motor can be regarded as the most valuable instrument used for the conversion of
electric energy to mechanical (Kinetic) energy. All machinery functioning by electricity
are based on the principle of this instrument.

The direct current motor, as shown in the figure 3.6
consists of a rectangular coil (PQRS) of wire
installed between the curved poles of a strong horse
shoe magnet. This coil is known as the "armature"
and across a device called the "commutator" is
connected to a direct current source. This
commutator as shown consists of a single ring of
two halves.

Figure 3.6

When the current from the direct current source passes through the commutator to the
armature and as the current flows through the armature forces act on the two arms of the
armature, the directions of which are decided by Fleming's left hand rule. Accordingly a
couple of forces is set up on the armature which makes it to rotate.
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At the end of each half of a turn the positions of the arms of the armature interchange
their positions in the rotating space and at the same instant, according to the plan of the
commutator the current gets reversed in the armature. Due to this, the sense of the couple
and also of rotation of the armature continues without interruption.

Figure 3.7
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Unit 8

Current Electricity
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Unit 8: Chapter one

Basic Principles of Current Electricity

1.1 Introduction

Materials can the sub — divided into three categories depending on their ability to conduct
electricity. That is as conductors, semi—conductors and insulators. Free electrons are
considered as the carriers which conduct electricity in conductors.

Due to the weakness of the bonds in the atoms of conducting materials, they break up
releasing many electrons, as a result of which they are found in abundance in those
materials. As an example in a cubic centimetre of copper which is considered as a strong
conductor of electricity, about 8 x 10?2 of free electrons exist at normal temperature.

In semi — conducting materials the existence of free electrons is not significant. For
example in a semi conductor like silicon, a cubic centimetre contains a comparatively
low amount such as 2 x 10'° of free electrons at normal temperature.

In insulators, the existence of free electrons is almost none. In insulator, such as quartz,
the existence of at least one free electron per cubic centimetre at room temperature cannot
be confirmed.

Considering conductors again, the free electrons in them are in random motion with no

specific directions.
© © ©
7ol Pl P f d
SP s Pad” P 4%

Figure 1.1 Random motion of electrons

When an electric source such as a battery is connected across the ends of such a conductor,
an electric field (E) is formed across it.

Figure 1.2

The result is that forces begin to act on negatively charged electrons in the direction
opposite to that of the electric field () causing a flow of electrons in that direction. This
stream of electrons flowing along the closed circuit consisting the source represents an
electric current. However the conventional direction of the electric current is taken as the
direction of drift of positive electricity which is opposite to that of electrons.
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Although electrons are the charge carriers in an electric current, electric charges are measured
by the unit coulomb (C). (An electron possesses only an amount of —1.60 x 10" C)

1.1 Electric current

An electric current is measured by the rate at which charges flow across a cross-section of
the conductor through which it is flowing.

=

Accordingly the unit of measuring, the electric charge is coulombs per second (C s). It is
this unit which is being called as the "ampere" (A) in general usage.

1.2 Drift velocity

The velocity of the electrons of an electric current flowing through a conductor is called the
"drift velocity' of the electrons.

Let v be the mean drift velocity of the electrons of an electric current / flowing through a
conductor of which the area of cross — section is 4

; 20 YO %0 0% 020 %020 %O
04040 0«0 0«0 O«

—>— o x5 *G ov 5 O ¥ "o !
4O 4040 4Dk O 40404040
e———— v —i

Figure 1.3

Then, if » is the number of electrons contained in a unit volume of the conductor, 'e' is the
charge of electrons.

Considering a portion of length v of the conductor,

Number of electrons contained in a volume v4 of the conductor = vA4n
Charge contained in the volume vA4 = v4ne

Since this is the charge crossing the cross — section A

A
per second, current [ = tQ =Y lne = vAne

[ =vAne

1.3 Current density

The current flowing across unit area of the cross — section of a current carrying conductor is
called the current density of the conductor.

when a conductor of uniform area of cross — section 4'is carrying a current /,

1
The current density of the conductor J = T (unit : A m?)

Since I = vA'ne, J = VAZ’,e = vne
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The flow of a current through a conductor takes place due to the maintenance of an electric
potential (energy) difference between its two ends. Also this current (/) varies with the
potential difference () to a set pattern. Scientist Ohm has explained this variation of electric
current with the potential difference as follows.

1.4 Ohm's law

""The current flowing in a conductor is directly proportional to the potential difference
between its ends provided temperature and its other physical factors remain constant''.

Vol
V' = IR, where R is a constant.

The constant R represents the obstruction to the flow of current through the conductor and
is hence known as "electric resistance".

The unit of measuring electric resistance is "ohm" ().

(1)  When the length of a conductor increases its resistance increases.
(2) When the area of cross—section of a conductor increases its resistance decreases.

4714>

( 0

Figure 1.4

L
A s
The constant p represents the contribution from the material of the conductor to its resistance
and is known as the "resistivity" of the material.

R=p where p is a constant.

Resistivity p = }M (unit : Q m)

The resistivity of alloys such as constantan is high where as that of pure metals is much low.
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Solved Problem

(1)  Acurrent of 5 A flows through an aluminium wire of area of cross—section 4 x 106 m?
which 6.08 x 10?8 charge carriers (or electrons) exist in a cubic metre of aluminium
the charge in an electron is 1.60 x 107" C. Calculate the mean drift velocity of the
electrons through the aluminium wire.

[ =vAne
v = I _ 5
Ane 4 x10°x6.08 x 10%x1.6 x107"?

5x107
6.4x6.08

=1.28x10"ms™!

This answer shows that in a flow of an electric current, the motion of electrons take place
very slowly.

(2)  Theresistivity of the metal copperisp=1.7 x 10-* Q m. In order to make a uniform
cylindrical resistor of resistance 1 Q from 2 g of copper, what should be the length
of the resistor ? The density of copper can be taken as 9000 kg m™.

volume of the theresistor V= 296 58_3 =Al _’® where 4 is the area of the cross
section

Resistance R =1 = plZ
A=pl=17x10%]

From (1), 29658‘3 — 1.7x10%7x]

/2 _ 2x1073 _ 200
9000 x1.7x10®* 153

[? =3.6m

1.5 Variation of resistance with temperatures

When a current flows through a conductor, there is a stream of electrons which during their
motion collides with the ions in the conductor. These collisions obstruct the movements or
drifting of electrons in the conductor. It is this obstruction which appears as the resistance of
the conductor. When the temperature increases the vibrations of the ions become more rapid
resulting in increase of resistance of a conductor with change of temperature. This change
of resistance of a conductor with change of temperature is represented by the following
formula.

R,=R, (1 + a 6), where a is a constant,
R = Resistance of the conductor at 6 °C
R, = Resistance of the conductor at 0 °C
a = Temparature coefficient of resistance
6 = Rise of temperature from 0 °C
Constant oc is known as the temperature coetficient of resistance
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: : R —R
Temperature coefficient of resistance (o) = W
0
This quantity which is the fractional increase of the resistance of a material for a rise of
temperature of 1°C is a property specific for the given material.

The resistivity of the conducting material too increases with increasing temperature
according to the same formula.

Hence p,= p,(1+a6)

Where p, = Resistivity of the material at temperature 6 °C
p, = Resistivity of the material 0 °C

oc and 0 will be the same quantities

What happens to the resistance of an insulator with the rise of temperature? Since the
existence of free electrons in an insulator is negligibly small, there is no compression of
electrons. Hence with the increase of temperature electrons get released in insulators thereby
increasing conductivity and decreasing resistivity.

Thus with the increase of temperature, the resistance of conductors increases but the
resistance of insulators decreases.

1.6 Superconductivity

As the resistance of conductors increases with the rise of temperature, the resistance
of conductors decreases with the fall of temperature. In certain conductors, when the
temperature falls below a certain specific temperature, their resistance becomes exactly
zero and such conductors are known as "'super conductors''. The temperature at which
the resistance becomes zero in this manner is called the "critical temperature'. When a
conductor passes the critical temperature and becomes a super conductor any magnetic flux
that was present in it would vanish. Also in a loop made out of a super conductor, a current
would flow continuously without any power supply.

Most of the super conducting materials are metals. Examples are lead and aluminium.
Mercury is also considered as a super conductor. Many other elements in the periodic table
belongs to this category. It has been shown that these elements become super conductors
when the temperature falls below their critical values.

There are super conductors which do not exist in nature, but can be formed artificially.
Neobium Titanium alloy is an example of such a super - conductors. It becomes a perfect
super — conductor when the temperature falls below the temperature of 9 K.

The common properties of super conductors are,

1. When the temperatures falls below the critical value, their resistance becomes zero.
After the resistance becomes zero, no magnetic flux exists in them.

3. Superconductors do not exhibit any thermo electric properties (such as a thermo
couple).
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Uses of super conductors

1. Super conductors are used with super speed railway lines for the passage of trains
without touching the lines. Absence of friction facilities the movement of trains more
efficiently.

2. Super conductors are used for the production of strong magnetic fields required for
the operation of MRI machines.

3. Inorder to maintain the stability of electric grids and to raise the efficiency of electric
generators, super conductor cables are used in place of normal cables.

4. Inthe electric transmission network of large cites, super conducting cables are used to
minimize space.

1.7 Ohmic conductors

It has been shown that metallic conductors take prominence of place in obeying Ohm's law.
Conductors such as metals which strongly obey Ohm's law are called '"Ohmic conductors"'.

If a current is flowing through an ohmic conductor under a certain potential difference
and the same potential difference is now reversed, the same current will flow through the
conductor in the opposite direction.

Even an electrolyte such as a copper sulphate solution with copper electrodes is found to
obey Ohm's law satisfactrily and hence can be considered as an ohmic conductor.

The I— V graph of an ohmic conductor is as follows.
1

A

\/

\J
-1
Figure 1.5

Those conductors which do not obey Ohm's law are called non-ohmic conductors. The
junction diode which is used an electronic circuits can be cited as an example. When forward
biased it conducts a current but does not do so when reverse biased.

I-V graph of a junction diode
Iy

r 3
v

v Figure 1.6
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Solved problem 1
The resistance of a tungsten filament is 7.0 Q at 20 °C. In which temperature will its

resistance be 14.0 Q. The temperature efficient of resistance of tungsten is 4.5 x 107 °C !
Considering 0°C as the initial temperature
R,=R,(1+a0)
at 20 °C, 7=R, (1 +0.20) —D
at 0 °C, 14=R, (1 +a0—>2)
@+ © gives

B 1+0.6
251+ a20

1+4.5x10°6
2=1745%10° x20

2x1.09=1+4.5x1076

2.18—-1=4.5x10736
9:&:262 OC
0.0045 —/————

1.8 Potential divider

When a certain fraction only of an input voltage is required to be used for another electrical
activity, the circuit set up called the ""potential divider' is used.

[,
A

Figure 1.7

As shown in the above figure for this purpose, two resistors R, and R, are connected in series
with the input voltage V' By this the voltage V' is divided in the ratio R, : R,. The output (V)
voltage can be obtained from the resistance R, or from the resistance R, as required. For

example, the output voltage from the resistance

x+x)
VIZ R1+R2 V

Also, by using a potential divider consisting of a single variable resistor with a sliding key,
any output voltage varying from zero to V' can be obtained.
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£ An output voltage which can be controlled in this manner can be
T used to control the supply voltage of a load such as an electric
R, K lamp. The load is connected between terminals X and Y, and the
B l R required input voltage is obtained by adjusting the sliding key K
% RT Xl along the resistor R. However for V/ the expression given above
2 iVO cannot be used, since the resistance of the load which is
A l_ Y connected between the terminals X and Y also belongs to the
Y. | T circuit now.
Figure 1.8

Solved problem 2

A resistor of resistance 1k (R), is connected to a source of 100 V and a potential divider is
set up capable of obtaining any potential difference from OV to 100 V using a sliding key.

Cl (i) What should be the resistance R, between points A
and B in order to obtain a potential difference of 20 V
between terminals X and Y?
(i) If an electric appliance which needs a voltage of 20 V
° for its operation is connected between terminals X and
100v R K Y, what should be the resistance between A and B to
7 B| = be adjusted by the sliding key? The resistance of the
X4 appliance is 400 Q.
A-I' Y o
. . Rl
0 Using 7, ~(p x|
Rl
20= ( 1000 ) 100
R = 200Q

(i) If R is the equivalent resistance between A and B when the electric appliance is
connected between x and y,

11,1 _ 400+R

R R 400 T T400R,
oo A400R
400+ R,
Now. yy— Ry
1000
R
20 =1}
<1ooo> 00
200 = A00R,
400 + R,
R = 400Q
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Systems of resistors

In complicated electric circuits it becomes necessary sometimes to employ a number of
resistors in them. There are two main systems that are being used in this manner.

1. Resisters in series

I R R

1 2

|
T WWW—— MWWN——MWN——

If a number of resistors are
connected so that the same
current flows through them,
then it is a series connection.

The resistance of the single

I
I
| I
| Vi v, £ i resistor which carries the
I I same current but is maintained
I | [ across it, the total potential
> AWV | difference of the system is
| R | called the equivalent resistance
of the system.
Figure 1.9
v, = IR —>®
v, = IR, —>@
v, R,——()

O+0+G
If R is the equivalent resistance,

Then, V', +V,+V, = IR—(5)

From @ and @ ,

IR =I(R,+R+R)
R= R +R+R,

2. Resistors in parallel

Figure 1.10

V+V,+V, =I1(R+R+ R3)—>@

If a number of resistors are connected so that they
maintain the same potential difference, then it is a
parallel connection. The resistance of the single
resistance which carries the total current passing
through the system but maintaining the same
potential difference across it is called the equivalent
resistance of the system.

1

=t ——®
1
1

I —)
2
1

L=t —®
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O+ +Q) gives 1)

L Lt L=V (g4t}
L ——
R3

2

1
> 1=V g+
Rl 2

-

If R is the equivalent resistance

r
R

—0(5)

I:

from (4)and (5),
v 11
7=(x "% "z
I _1

R™R,

+

S= x|

&,
1

_l’_ —
R2

Solved Problem

Find the equivalent resistance between the terminals of the following network.

A D F %

20

B
20 € 4Q E 40Q ¢

R,,=4+2=6Q
R =“ 1)4:29

" lets
R, =2+4=6Q

&fjé+ﬂ4:zg
R, =4+2=6Q
R, =1 _1\"=2Q
o™ (L4 1)
RCED=4+2=6Q
R.,=11, 1\"'=2Q
[6+3]
R,=2+2+2=6Q
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Unit 8: Chapter Two

Electric Energy and Power
2.1 Generation of energy from electricity

1 Consider a simple circuit in which a continuous current is
allowed to flow through a load. This load could be an electric
motor or an electric drill. When the current flows through

i VI » each appliance the relevant energy gets liberated. If V' is the

potential difference across the load and Q is the amount of
electricity flowing through each load in time the amount of
energy liberated,

W=QV
Figure 2.1
But the current flowing I= %
o=1
W=VIt (J)
: W v
Rate of generation of energy P = =

P=VI Js'(W)

The unit for measuring energy is named after the name of the scientist James Prescott Joule
who performed systematic investigations on the above generation of energy while the unit
of measuring power is named after the name of the researcher James Watt who was an
inventor in the same field.

Heat is mainly liberated when a current passes through a resistor and this is known as "'joule
heating"'.

The above expressions are also valid for appliances used to obtain heat and the resistors
used in such appliances are called ''passive resistors''. Passive resistors are those resistors
in which the electrical energy flowing through them gets completely converted into heat.

Across such a resistor, V= IR —
w=vi —Q2
p=-v1 —B

Substituting V"= IR in®), P = PR
v %
I—? m@,P— 7

81



Unit 8 Current Electricity G.C.E. (Advanced level) Physics

The above expressions can also be used to all appliances used to obtain heat such as
electric lamps used to obtain light and electric motors used to obtain mechanical (kinetic)
energy.

2.2 Consumption of electricity

A special unit is being used to measure the electrical energy consumed by the public and
this unit is known as the 'kilowatt hour' (kW h).

1 kW h = 1000 (J s) x 3600 (s) = 36 x 10°]
. 1kWh=3.6x10°1]

Solved problem

A heating element is to be formed by a metallic thread of cross sectional area of
0.05 mm? and resistivity 1.2 x 10" Q m for an electric appliance of specifications 240
V, 400 W. Calculate the length of the thread required for the element to achieve these
specifications. If this electric appliance is used in a house three times a day at 8 min-
utes each time, find the expense for a month for using it at Rs.8.00 per unit (1 kW h)

Solution
If R is the resistance of the heating element,
_r _ 240 _
From P R R p 100 144 Q
_pl _ R4 _144x0.05x10°
FromR=Pa- 1= % 12x10°

=6.0m

Amount of electric energy spent per month, = P x ¢
=400x8x60x3x301]

0x8x60x3x%x30
3.6x10°

=4.8 KWh

Amount of electric units spent per month,= 40

Expense =4.8x8
= Rs.38.40
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2.3 The simple cell

A potential difference has to be applied across any electrical appliance, if it is to be
activated. A source of electricity is essential to supply this potential difference. The simple
cell can be considered as the first introduction as a source of electricity.

Zn Plate — A Cu Plate

— _ - <t dilute H,SO,

Figure 2.2

The simple cell consists of a copper plate and a zinc plate immersed in a dilute solution
of Sulphuric acid (Figure 2.2). Since Zinc exists above copper metal in the activity series,
Zn?" ions formed due to ejection of electrons from zinc atoms pass into the solution and
the electrons gather on the zinc plate which gives it a negative potential. Relative to the
zinc plate, the copper plate acquires a positive potential and as a result a potential differ-
ence is built up between the zinc plate and the copper plate. The magnitude of this poten-
tial difference depends on the chemical composition of the two metals and the solution.

Due to the potential difference produced between the two terminals of the cell, when the
terminals are connected externally by a conductor a flow of electrons takes place from the
zinc plate to the copper plate and the direction of the conventional current is considered
to be in the opposite sense.

Since the simple cell sends an electric current through an external circuit, it can be con-
sidered as an electric source situation Where no electric current is flowing the potential
difference between the two terminals is known as the electro-motive force.

As seen above the electro-motive force in the simple cell occurs due to a chemical reac-
tivity taking place in it , similar reactions take place in any other electric source to make
electrons gather in one terminal and produce an electromotive force between the two
terminals .

Hence when an electric source sends an electric current through an external circuit , the
conversions of one form of energy into electrical energy takes place.

Dynamo —— » Mechanical energy —» Electrical Energy

Chemical cell —» Chemical energy = ——» FElectrical Energy

Solar cell — » Light —» Electrical Energy
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Unit 8: Chapter Three

Electromotive Force

The electromotive force of a cell is defined as the amount of form of energy existing in the
cell which gets converted into electrical energy when a unit electric charge passes through
a circuit which includes the cell.

Units of electromotive ForceisJCl'and 1 JC'=1V

A resistance acts against the flow of the current inside the cell and it is called the internal
resistance of the cell. This resistance exists in series with the resistance of the external
circuit.

Figure 3.1 illustrates an occasion where a current / flows along a source of electromotive

force E.
Er

I I
|

|
I
Vv

MV
R

Figure 3.3.1

Amount of electrical energy discharged during the flow of a unit amount of charge- E

.. Amount of energy dis charged during the flow of a charge QO - EQ
- Elt
.. Rate of discharge of energy during the flow of a current / = EI

Applying the principle of conservation energy for the energy transformation in the circuit,

Rate of liberation of
heat due to external *
resistance

EI = PR + Pr

E = IR + ]rg@

Across the external resistance it can be written as, J' = IR.

Rate of liberation of heat due to
internal resistance

Rate of discharge of elec-
trical enegy from the cell
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. From equation @, E =V+1Ir
Vo =E-Ir

Given above is an expression for the potential difference between the terminals of a
source when a current is flowing through the source. This is referred to as the "Terminal
potential difference".

In the open circuit V'=E. That is, when no current is flowing along an external circuit, the
terminal potential difference of a source is equal to its electromotive force.

Also, if the internal resistance () of the source is zero V'=E. This reveals that if the inter-
nal resistance of a source is zero, whatever the current that flows through it, its terminal
potential difference equals its electromotive force. Such a source is considered as an ideal
source.

Combinations of electric sources
Cells in series

r E r E r

r 22

E

| | |

I | I
Figure 3.2

If a number of cells are connected so that they carry the same current then the cells are

said to be in series. The equivalent electromotive force of this combination is the algebraic

sum of the individual electromotive forces.

E=E1+E2

The equivalent internal resistance of the combination is the sum of the individual resis-
tances
r=r 1 +r )

Identical Cells in Parrallel

El, r

Figure 3.3

The equivalent electromotive force and the equivalent internal resistance of a combination
like this is given by

r
E=E and r = ﬁl where 7 is the number cells.
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3.4 Maximum power discharge of a circuit

The above curve below (Figure 3.4) shows the variation of the power of a source
discharged with the resistance (R) of the load. According to this curve, the output power
becomes a maximum when R = r . That is when the load resistance equals the internal
resistance of the cell.

P
maximum

R=r
Figure 3.4
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Unit 8: Chapter Four

Electrical Circuits : Kirchhoff's Laws

3.1 Kirchhoff 's laws

When an electric circuit is being set up certain accessories get included in it. Accessories
such as the electric source (cell), the ammeter to measure the current, the voltmeter to
measure the potential difference, the variable resistor (rheostat) to vary the current by
varying the resistance, and the switch etc. are denoted by various symbols in the circuit
diagram. Kirchhoff 's laws indicate how the currents flowing in various parts of a circuit
are being controlled.

3.1.1 Kirchhoff 's first law

A current conservation exists around in an electric circuit. This means that the electric
charges flow without getting collected at any point or a junction of a circuit. Accordingly
the total charge entering a junction of a circuit should be equal to the total charge leaving
the junction. Kirchhoff 's first law states this fact as follows.

"The algebraic sum of the currents flowing across a junction of a circuit is zero".
Example : I+ L+ 1[—-1-1=0

> [+ L+ =1+ 1,

Figure 3.1
3.1.2 Kirchhoff's second law

In addition to the conservation of charges, the energy too gets activated in a circuit. The
electromotive force (E) of a cell, which is the source of electricity in a circuit can be
considered as the energy released when the cell gives out a unit charge. Accordingly when

a charge ¢ is given out whithin time, the rate at which energy is released is, = £ ti =FEIL

If this energy is released as the heat in the only resistance (R) of the circuit, the rate of
release of energy = PR.
Then, According to the law energy conservation EI= PR

o E=1R
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If there are a number of resistors and a number of cells in the circuit, the above relation
becomes, 2E = X IR.

Kirchhoff's second law is stated according to the above expression as follows.
"The algebraic sum of the electromotive forces of a closed circuit is equal to the algebraic

sum, of the products of the currents flowing along all branches of the circuit and their
respective resistances".

Example :
E, E,
A b By N
| |
R, R R,
A E 7 D

8]
—

Figure 3.2

In the above circuit, with the two cells £, and E, which are connected in apposition, two
resistances R, and R, are connected in series. If 7 is the current through the resistance in
the middle then according to Kirchhoft''s first law.

L+1,-1=0
I+ 1L=1——

Considering three closed circuits and applying Kirchhoff 's second law to circuits,
For ACDEFA circuit,

Q - E2+E1:11R3_12R1 4’®

For ABEFA circuit,

O Ez - ]le + IRz —>®

For BCDEB circuit,
E =IR +IR, —@)

The current flowing through the different branches of the circuit can the obtained from
the above equations.
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Solved Problem

In the network below only certain resistances and currents are indicated.

Calculate the following,

1. Current through BC

2. Value of the resistance R

3. Potential drop between A and C

4. Equivalent resistance of the network between A and C

Solution

There are three closed circuit in the network. No electric source (a cell) exists in any of
these circuits.

. For all circuits 2E = 0
> 2IR=10

Let us mark the currents as follows,
(1) Applying Kirchhoft 's first law to the
junction A,
I+1=38
1=8—-1

Applying Kirchhoff's second law to the circuit
ABDA,
7)) 1x9-3x4-1x3=0
9@8-1)-12-3 =0
121,= 60
L=5A

I,=8-5=3A .. CurrentthroughBC = | +3=3+3=6A

(2) For the circuit BCDB,

(I,+3)12—(I,=3)R+3x4=0
B+3)12-(5-3)R+12=0

72-2R+12 =0
2R =84
R=42Q

(3) Potential difference between A and C,
I/A(,' = I/AD+ VD('
=1x3+(,-3)R
=5x3+(5-3)42

=15+84=99V
(4) If R is the equivalent resistance of the network between A and C,
V' =IR
99=8R R = 9879 =12 %
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Unit 8: Chapter Five

Measurement of Electric Current and Potential Difference

5.1 Usage of Ammeters and Voltmeters

The instrument which is been used as the ammeter to measure electric currents is the
moving coil galvanometer which has been calibrated accordingly. This is due to the fact
that it is the electric current which is responsible for the working of this instrument. The
ammeter which is used mainly for this purpose is also modified and used as voltmeters
to measure potential differences and also as ohmmeters to measure electric resistances.

However ammeters are basically constructed as milli-ammeters capable of measuring
small currents in the range of milli- amperes (mA). The milli- ammeter formed in this
manner is then modified to measure currents in the range of amperes using the following
device.

5.1.1 Modification of a milli- ammeter to an ammeter

Consider a milli- ammeter of internal resistance 7. Let i be the maximum current (or full
scale deflection) which can be measured by this milli ammeter.

Suppose this milli- ammeter is to be converted to an ammeter which can measure up to a
larger current /. Then in order to pass the excess current (/ - i), which cannot be allowed
to pass through the milli-ammeter, a parallel resistor is connected across it.

I Al r B I/

)
&

V)
S
i

Figure 5.1
To calculate the value of this parallel resistor which is known as a shunt.

V,=U-i)S=ir

90



Unit 8 Current Electricity G.C.E. (Advanced level) Physics

5.1.2 Conversion of a milli - voltmeter to a voltmeter

The milli - ammeter constructed from the moving coil galvanometer is now calibrated in
units of measuring potential differences to obtain the potential difference.

However since the potential difference is proportional to the current, What is obtained by
converting (or re- calibrating ) a milli-ammeter is a mili-voltmeter capable of measuring
potential differences in the range of milli-volts.

In order to modify this milli-voltmeter to a voltmeter capable of measuring potential
differences in the range of volts (V), the following device is used.

For example, from a milli-ammeter of resistance » and full-scale deflection i , the maximum
potential difference across it would be i which would be its full deflection in mV as a
"milli-voltmeter". Suppose that it has become necessary to convert this milli-voltmeter to
a voltmeter which can be used to measure potential differences in the range of volts (V).
For this purpose, a resistor of resistance R is connected to in series with the milli-voltmeter.

—— 0 o——L
A B
i i
,
R —G)
Figure 5.2

In order to calculate this series resistance,
V,=i(R+r)=V
rR=Y
i
This series resistance is called a "multiplier". The milli - voltmeter along with the multiplier

is now being converted to a voltmeter which can measure up to potential differences in
the range of volts.
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Solved problem

A moving coil galvanometer which is used as a milli - ammeter has a resistance of
5 ohms, while its full scale deflection is 15 milli amperes.
Explain how you would modity this instrument to,

a) an ammeter which can measure up to 1.5 amperes

b) avoltmeter which can measure up to 3.0 volts

Solution
(a)
G
15A A15X10‘3A®59 B
_ -3

1.5-15x%10 A' V,=(1.5-15%x107) 5= 15x107 x5

! 1485><10—3S=1155><1503><55

_ X

A shunt of resistance 95—9 Q should be connected as shown above.

(b) A

—04— —>
15x 103 A A V,=@®R+35)15x107° =3
_3x103
=15 70
—19SQ

A multiplier of resistance 195 Q should the connected as shown above.

5.2 The Ohm meter

A moving coil galvanometer is also used to measure electric resistances by means of a
special arrangement and it is called an ohmmeter. Since the resistor which is to be measured
may be an independent one not connected in a circuit, the ohmmeter is accompanied by
a built in circuit consisting of a small battery, a variable resistor and two terminals to
connect the resistor to be measured.

In addition, since the resistance is inversely proportional to the current, the linear scale

used in the galvanometer to measure currents cannot be used to measure resistances for
which it has to be calibrated especially to make it an ohmmeter.
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In the ohmmeter circuit shown in the Figure 5.3.
P é’ﬂ let £ be the E.ML.F. of the battery, r the resistance

- of the variable resistor and 7’ the resistance of the
| galvanometer (to be used as ohmmeter).

A . .
o. R o A and B are the two terminals between which the
resistor to be measured is connected.
Figure 5.3

Calibration

(1) Theterminals are short —circuited by connecting a suitable conductor (R = 0) between
A, B and the variable resistor  is adjusted until the pointer of the instrument indicates
full scale deflection. Calibrate this point of indication as 0 Q. The resistance r is
now kept fixed.

(2) Standard resistances of values such as R = 10, 20, 50 Q etc. are now connected
between terminals A and B, and the points of indication of the pointer on the scale
are calibrated with corresponding values.

(3) The point on the scale relevant to zero current is calibrated as infinity (o).

In the above, circuit if / is the current corresponding to a certain resistance R which is
being measured, then using Kirchloff's law,

E=IR+r +7r)

=R+r+r

~|try

= T (I’J + I")
According to the above expression,

(1) When R increases / decreases and hence the deflection shown on the scale decreases.

(2) A linear relationship does not exist between R and deflection and hence the scale is
not linear.

5.3 The multimeter
The multimeter is an instrument formed by adapting a moving coil galvanometer to serve

a dual purpose of measuring an electric current as well as an electric potential difference.
In addition an ohmmeter circuit too is included in the multimeter.
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Example :
G
200 Q
10 mA
Rz‘% R, R4‘% 10on\100 mA Rs
1A R
w10V " e S_R
25V 100V /5A ;
o————
, 0 Currrent
3V ‘\ ......... A

| | _| | )NW/ "o Resistors
I ¥

R

1

To

Figure 5.4

The multimeter shown above is constructed using a galvanometer of resistance 200 Q
and full scale deflection 10 mA. A and B are the two terminals of the instrument. R, is the
resistance of the ohmmeter which is being kept fixed. R, R, R, are the multipliers used
when measuring to the corresponding potential differences. R, R, and R, are the shunts
when measuring up to the corresponding currents.

The values of these resistances can be calculated as follows.

(1) To calculate the ohmmeter resistance,

3 =(R,+200) 10 x 10°
300 =R, +200
R, =100Q

1

(2) To calculate the values of the multipliers

2.5=(R,+200) 1%
250 -200 =R,
R, =500

(3) 10 = (R,+200) 10

1000 = R, + 200
R,= 800 Q
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_ 10

() 100=(R,+200) {0
10000 = R, +200
R,=9800 O

To calculate the values of the shunts,

(5) (100-10) 103 RJ. =200x10x107
~ 2000
Rj—w—ZZ.ZQ
(6) (1000 —10) R6 =200x10

~ 2000
R.= 990 — 2.02 Q

(7) (5000 — 10) R, =200 10

~2000
R7— 4990 0.40 Q

The values obtained above show that high resistances are suitable for multipliers while
low resistances are suitable for shunts. Another fact revealed here is that although the
same instrument is used, the ammeters should essentially have low resistances while the
voltmeters should essentially have high resistances.

5.4 Wheatstone's Bridge

The Wheatstone's Bridge circuit provides a principle for comparing two resistances or for
determination of an unknown resistance. The circuit of Wheatstone's Bridge consists of a
network of four resistors as shown below.

E K
|
|

Figure 5.5
In the above circuit, P, O and R are three known but adjustable resistors. S is an unknown
resistance. Between junctions 4 and C are connected a cell (E) with a key K, while
between junctions B and D are connected a centre zero galvanometer (G) and a key K.
One or more of the variable resistors are adjusted until the galvanometer indicates zero
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deflection (As experimental steps the key K, is closed first and is followed by closing
the key K). This situation of zero deflection is referred to as a "balanced" state. In this
balanced state, no current passes through the branch BD of the circuit and hence the
potentials of the junctions B and D are equal.

VB - VD

Vig=Vipand Vy =V,

C
VAB VAD @
_AB _ _AD —
= VB( N VDC
If 7, and I, are the currents flowing through branches ABC and ADC respectively,

I P IR
From@ IlQ :IZS
1

2

P _R

0o S

_OR
S=7p
5.5 Application of Wheatstone's Bridge principle
5.5.1 Metre Bridge

The Metre Bridge is an instrument constructed to use the Wheatstone's Bridge principle
practically to determine resistances. As shown in the diagram below, the metre bridge
consists of a uniform resistance wire of length about one metre stretched on a plank. The
two ends of the wire are attached to thick copper strips fixed on the plank and across two
gaps between these copper strips are connected two resistors. The value of one of these
resistor (Q) is to the found. Between the two ends of the wire are also connected a battery
and a switch, while to the mid point of the copper strip between the two gaps is connected
a sliding key K through a centre zero galvanometer (G).

P Q

I m
WY Wy

Ael l ¢ 18

4—4—11 —> D — ]

\/

2
| ] ()
{

Figure 5.6
In order to find the unknown resistance, the sliding key K is moved from the left end of
the wire along it smoothly until the balance point (D) at which the galvanometer indicate
zero deflection is found.
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Applying Wheatstone's Bridge principle to the balanced bridge,

R K.AD : : : .
}Q) = RAD “KDC — I% (where K is the resistance per unit length of the wire)
DC :

IfAD = [, and DC = L

For a more accurate measurement, it is necessary to consider two small lengths (e, ¢,) at
the two ends of the wire which stretch beyond the metre scale. These lengths are known
as "end corrections".

Hence, = =

p (ite)

0 (te)

The value of O can be calculated from the above expression.

Mentioned below are some important facts to be considered when using the metre bridge.

(M

)

3)

4

When searching for the balance point, care should be taken to protect the uniformity
of the wire by not dragging the sliding key along the wire. Instead the key should be
placed smoothly at points along the length of the wire.

However, in order to minimize any errors due to non — uniformly of the wire,
after taking the first readings on the balance point, the two resistances P and Q are
interchanged in their respective gaps, a new balance point is found and two more
balance lengths are taken. The mean of the two results thus obtained is taken as the
correct result.

In order to determine the values of the end corrections two resistances of known
values are used for P and Q and a separate experiment is to be done.

By obtaining the balance point close to the midpoint of the wire, the results would be
most accurate, since then small values of the end corrections would be insignificant.

Application of the metre bridge

Determination of the temperature coefficient of resistance of a conducting material.

As mentioned before, the resistance of a conducting material changes with temperature
according to the expression,

R,=R,(1+a6)

By finding the resistance (R,) at various temperatures () , the temperature coefficient of
resistance (@) of a conductor can be found graphically using the above expression. For this
purpose, the conductor to be experimented is taken in the form of a small coil, immersed
in a vessel of water and connected to the gap of a metre bridge where resistances to be
found are connected, as shown below.
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W

Figure 5.7
The vessel of water is heated and at various temperatures (€) the metre bridge is balanced.
The balance lengths are found and the resistance (R,) of the coil is calculated.
The graph of resistance (R,) against temperature (6) is then plotted. One should be able to
calculate the value of the temperature coefficient (o) from the gradient and the intercept
of this graph.

Solved Problems

Calculate the equivalent resistance between points A and C of the following resistance
network.

R
A
W
R
R
= 8R
D AVAV \ B
R
C W\Mv
Figure 5.8
Considering the network between A and C,
AB - _ R _1
BC 2R 2
AD 2R _ 1
DC 4R 2
. AB _AD
" BC DC

Wheatstone Bridge principle is satisfied between A and C. Hence no current flows
between B and D. Considering the circuit after removing the resistance 8 R between B and
D, if R, is the resistance between B and D,

r_1r, 1.3 _1
R, 6R 3R 6R 2R
. R =2R
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5.5.2 The Potentiometer

It cannot be taken for granted that the voltmeter adapted from the moving coil galvanometer
provides very accurate readings when measuring potential differences. This is since the
galvanometer absorbs for its working a part of the current responsible for the potential
difference which is being measured.

The Potentiometer is an electrical arrangement constructed to determine potential
differences more accurately using a balancing method. The Potentiometer as shown in
the diagram below consists of a uniform resistance wire about one metre long stretched
on an insulating board. A source such as an accumulator which supplies a uniform current
and a switch is connected in series with the wire to form a complete circuit.

E
| —0O)

Figure 5.9

When the current is allowed to flow through the circuit a potential difference exists
between the ends of the wire. Any other external potential differences (eg. EMF of a cell)
which is either equal or less than this potential difference can be balanced on a certain
length of the wire.

By balancing this way it can be used to find the value of this unknown external potential
difference. For this, the Potentiometer wire has to calibrated as a scale for measuring
potential difference. That is the potential difference per unit length or the potential
gradient along the wire has to be determined.

Calibration of a potentiometer

For this purpose, a standard cell such as a Lechlanche cell or a lead accumulator or some
Nickel Cadmium or Weston — Cadmium cells have to be used. The selected standard cell
is connected to the potentiometer as follows.

1. The positive terminal of the standard cell is connected to the same end of
the potentiometer wire to which the positive terminal of the potentiometer cell
(accumulator) is connected.

2. The negative terminal of the standard cell is connected through a centre zero
galvanometer to a sliding key.

| ——O)
l
Al =< B
E,
Figure 5.10
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The sliding key S is then moved smoothly along the potentiometer wire and the balance
point is found. The balance length 1 is measured. Since no current flows through the
standard cell now, its e.m.f. (£ ) now equals the potential difference across the length / of
the potentiometer wire.

If K is the potential gradient (or the potential difference per unit length) of the wire,

V.=kl

AC s - Es
k £,
=7
After determining the potential gradient (K) in this manner the potentiometer wire
becomes a scale for determining potential differences and e.m.f's.

For example, the potentiometer can now be used to determine the e.m.f. of a cell by one
simple step. That is by removing the standard cell and replacing it with the cell under
question and finding the balance length corresponding to the e.m.f. of the cell.

If / is the balance length, then the e.m.f. of the cell E = &l

Applications of the Potentiometer

1. Comparison of e.m.f.s of two cells
E=2V
I

I I

~

—

N\
&/

! 5kQ

T N
S

Figure 5.11

The circuit consisting of the two cells to be compared is connected to the potentiometer
as shown above and,

1. The switch S, is closed first with S, open and the balance length /, corresponding to
the cell £ is found.

Then, E, = kI, ——(1)

2. The switch S, is closed next with S, open and the balance length /, for the cell £, is
found.

Then, E,=kl,——(2)
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El
O+ @ F=7

ll

2

The e.m.f.s of two cells can be compared using the potentiometer as shown above. In
the above experiment, if for a certain cell the deflection in the galvanometer is always to
one side of the zero thereby not giving a balance point, this could be due to one of the
following reasons.

. The e.m.f. of the cell to be balanced is greater than the potential difference across the

whole potentiometer wire.

The opposite terminals of the cell and of the potentiometer accumulator are connected
to the same end A of the potentiometer wire .

The potentiometer circuit is disconnected at some point.

The cell may be discharged to such an extent that no measurable balance length is
attained.

Note

1.

Since no current passes through the cell in the balanced position, its internal resistance
has no effect on its e.m.f..

When the e.m.f. of a cell is measured by a voltmeter the resistance of the voltmeter
lowers the potential difference between the terminals of the cell and hence registers
a value which is less than the true e.m.f. of the cell. But since this does not happen in
the balancing method of the potentiometer it provides a more accurate value.

Longer the balance length (/) lesser the error in measuring it. In addition, the end
correction of the wire gets less significant.

In order to locate the exact balance point, a highly sensitive galvanometer should
be used. Also in order to safeguard it from high currents, a safety resistor should be
connected as shown below.

C

P 1

Wire of the potentiometer

S
Sy [ |
N

Safety Resistor

Figure 5.12

At first, the switch S is kept open and an approximate balance point is found. Next, the
switch S is closed and the exact balance point is located.
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Determination of the internal resistance of a cell using the potentiometer

Another important application of the potentiometer is the determination of the interval
resistance of a cell using it.

For this purpose, the cell under question is connected in series with a resistance box in a
closed circuit and then connected to the potentiometer to balance the potential difference

between the terminals of the cell.
) K
L ()

A B

E e
— T ®

IMA S .
"R Safety resistor
Resistance arrangement
box

Figure 5.13

After the circuit is set up, the first step is to keep the cell in open circuit and find the balance
length L. (The infinity plug of the resistance box can be pulled out for this purpose).
Then if E is the e.m.f.of the cell,

Then, E = kL
Next, a known resistance (R) is offered from the resistance box and the balance length
[ is obtained. Since the cell is now in closed circuit what is being balanced is a terminal
potential difference (7) which is less than the e.m.f.(E) of the cell.

Then, V' =kl
E _L
y=7 U

If r is the internal resistance of the cell, applying Kirchhoff's law for the closed
circuit,

E=IR+r)
Also using Ohm's law across the resistance R,
V=1IR
E R—+vr
= = —>
Vv R @

From (1) and 2) R;r :l£
_L
[

r
1+§
1 _(r\1 1
T (L)R+L

Using different known values for R from the box, the corresponding values of / are found
1/11s plotted against //R and the gradient and the intercept of the graph are obtained from
which the value of the internal resistance of the cell can be calculated.
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Solved Problems

When the e.m.f. of a cell is balanced on a potentiometer the balance length obtained is
25.0cm when a resistance of 20 Q is connected across the terminals of the cell and the
potential difference between the terminals of the cell is balanced on the potentiometer the
balance length obtained is 20.0 cm. Finally, when the e.m.f. of the cell is measured by a
calibrated voltmeter of resistance 40 € the value obtained is 1.60 V.

Find (i) the internal resistance of the cell
(i) the e.m.f. of the cell

p—

) | ——(

From @,E=kl
4|E G
r
| ——O)
(ii) //\409
20cm___ C [
A > B I
I ff G E
0, 'ropr |
00 ’
From @, V==K From@,E=l (40 +r)
V=k20 —»2) V=140
E _40+r
and E=1(20+7r) V40
V=120 E 4045
E _20+r 1.60 40
Vo20
E=% x1.60
k.25 —1+7 40
20
k.20 E=180V
L_r -
4 20
r=5Q
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Unit 8: Chapter Six

Electromagnetic Induction

6.1 Magnetic Flux

The magnetic flux across a certain space in a magnetic field is a measurement of the
number of lines of force across that space.

As shown in Figure 6.1 (a), the magnetic flux across an area 4 normal to the magnetic
flux density B at a place is given as ¢ =AB.

(a) (b)
Figure 6.1

As shown in figure 6.1 (b), if the lines of force pass inclined to the area concerned , then
the magnetic flux across an area A is given as ¢ = AB sind.

Units of magnetic flux is Wband 1 T=1 Wb m?
6.1.1 Magnetic flux bond number

The net magnetic flux across a conducting coil is expressed as the magnetic flux N¢,
where N is the number of turns of the coil.

6.2 Electromagnetic Induction

It is already known to us that a magnetic field is produced by an electric current and you
are also aware of the reverse effect, where an electric current or an electromotive force
is produced by a varying magnetic field, as discovered after a long research by scientist
Michael Faraday (1822). This phenomenon is known as "Electromagnetic induction".

Electromagnetic induction can be briefly introduced as a phenomenon where an
electromotive force is produced between the ends of a conducting coil or any other
conductor when the magnetic flux intersecting is changing.

104



Unit 8 Current Electricity G.C.E. (Advanced level) Physics

The different ways of changing magnetic flux along the conducting coil are mentioned
below by Figure 6.2, Figure 6.3 and Figure 6.4.

1. Changing the distance between bar magnet and the conducting coil.

/

Figure 6.2

2. Rotating the conducting coil near the bar magnet

fjf—:» E— A

3.Changing the current of a solenoidal coil near the conducting coil

Figure 6.3

L<l \

Figure 6.4

Despite all these, by changing the surface area of the coil and the number of turns of
the coil magnetic flux the bond number can be changed.
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6.3 Laws of electromagnetic induction

6.3.1 Faraday's law

The magnitude of the electromotive force induced in a conducting coil or a circuit at
any instant is directly proportional to the rate of change of the magnetic flux or the flux
linkage number intersecting it at that instant.

A¢ d(N¢)
Hence, E o or E o T
A
E =K A where K is a constant
e D dp d(Ng)
InSlunitK=1 .~ E= i

6.3.2 Lenz's law

The direction of the induced electromotive force is such that its current flows in a direction
opposing the change of flux causing it.

—_— fp—
N S [@ N S

Figure 6.5

When the South pole approaches the coil, the flux across the coil increases. The
electromotive force is induced in the coil to repel the approaching South pole. Thereby
inducing a clockwise current at the closer end of the coil.

When the south pole leaves the coil, the flux linked with the coil decreases. The
electromitive force is induced in the coil to attract the leaving south pole. Thereby
inducing an anticlockwise current at the closer and of the coil.

The following expression is formed by combining both Faraday's and Lenz's laws,
__d(Ng)
E=="a

Here E - Induced electromotive force (V)

Where dcng is the rate of change of flux linkage numbers (Wb m)
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6.4 Electromotive force induced in a conductive rod moving across a
magnetic field intersecting it

X X
X X
S1x X
'X X
XX

Suppose that a conducting rod of length / is moving across a uniform magnetic field of
flux density 'B’. If the rod moves a distance 's ' normally to the field in a time 7,
The area intersected by the rod across the field A=lIs

Magnetic flux intersected by the rod in time # A¢ = BA
= Bls

Ag
A

t

= Blv

*. Electromotive force induced between the ends of the rod E

where v is the speed of the rod.

If the rod moves in a direction inclined at an angle 6 to the
field, the normal component of the field will affect,

. E=Bsin 6.y

B sin @ = Blvsin 0

.". The induced electromagnetic force in a conductive rod, £ = Blv sin 6.

6.4.1 The direction of electromotive force induced in a conducting rod moving in a
magnetic field

We know that the electromotive force induced in a straight conductor of length / moving
in speed v in a direction perpendicular to a magnetic field is given by £ = B[ v

The direction of the correct caused by this induced electromotive force can be deduced

by Len'z law but the direction of this current can be easily obtained by using fleming's
right hand rule.
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Fleming's right hand rule

M M
(\ A
|
B '.\ '\
... 3
\‘m_h "———-\ \ B <«
\-._;‘ \\. <
/// ,ff/v. 7 <€
- /(""“ 1
1 A ; ) O,
= e
— <
Figure 6.8

When the forefinger, the thumb and the middle finger of the right hand are streched at
right angles to each other with the forefinger indicating the direction of the magnetic field
and the thumb indicating the direction of motion of the conductor, then the middle finger
indicates the direction of the current induced in the conductor.

6.5 Electromotive force induced in a conducting rod rotating across a

magnetic field
XX X X XX

X X X X X

X
X

X
Figure 6.9

Consider a conducting rod of length '/ ' rotating in a plane normal to a uniform magnetic
field of flux density ' B' at a rate of 'f' rounds per second (r.p.s)

Area intersected by the rod when it rotates one round A =nl
. Magnetic flux intersected by the rod when it rotates one round A¢ = AB
= nl’B
Periodic time of rotation of the rod t= }—
. e.m.f. (voltage) induced between the ends of the rod,
g% v
o1
f
= nl’Bf
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If w (rad s!) is the angular velocity of the rod ,

w =2xf
- W
/ 2
. Inducedem.f E = anB.%
T
E = 1 2Bw
2

6.6 Electromotive force induced in a conducting disc rotating in a
uniform magnetic field

XX XX XXX XX

X X X X X

X X X X X

X(X X X X

X X X X X

X X X XX X X
Figure 6.10

A circular conducting disc of radius 7' rotates about its centre at a rate of f (r.p.s) at a
place normal to a uniform magnetic field of flux density 'B".

Since the disc is a conductor, there exists a conducting rod between the centre of the disc
and at every point on the circumference of the disc this rod keeps on turning across the
magnetic field. As a result, an e.m.f. (or a voltage) is induced between the ends of this rod
between the centre of the disc and its circumference.

As shown previously, this em.f. E = zr’Bf

Hence an electric current can be obtained by setting up a circuit between the centre of the
disc and at any point on the circumference.

Worked example

(1) A telegraph wire 40 metres long placed horizontally at a height of 10 metres from the
ground in a direction normal to the Earth's magnetic meridian falls from rest on to the
ground . What is the electromotive force induced between the two ends of the wire at
the instance it strikes the ground.

(Horizontal component of the Earth's magnetic field, B, =6x10° T, g = 9.8 ms7)

Solution

If v is the velocity of the wire when striking the ground,

v =u+2gh
=0+2x9.8x10=196
v=14ms!
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E.M.F. induced between the ends of the wire when it strikes the ground,

E = Blv
=6x10°%x40x%x 14
=336x10°T

(2) A flat coil of 50 turns and area 40 cm?is placed in a plane normal to a uniform
magnetic field of flux density 100 x 10~ T. What is the e.m.f. induced in the coil in
each of the following situations?

(1) Magnetic field reduces to zero in 1170 seconds
(i1) Magnetic field increases to 150 x 10~ J in 217) seconds

(iii) Magnetic field gets completely reversed in %seconds

Solution
Ap AB
E_E_nAE
oo 40 _100x10* _ 5x4x10 _ 3
() E = 50 x e x o= = 20000 =20 107 v
—4 —1
(i) E=50x 40 20 00° - 322010720 gg 004 v
4
(i) £ =50 40 2004079055 59100 v
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6.5 Electromotive force induced in a rectangular coil rotating about
an axis normal to a magnet field

Consider a rectangular coil rotating about an axis normal to a uniform magnetic field of
flux density B.

S
O!
P ///,
— B
O’// R
Q
Figure 6.11
o L —>
O = >
»— »—
pe— »— B e »—
/.() o4 O 00) O\pr B
) ¢ > x »—
B »—
Q >— >
<_
© (b)
(a) 0
p— G »—
»— »—
% — >— B A~ »—B
/. o’
- »—
O >
> —p
(c) (d)
Figure 6.12

(1) Consider a rectangular coil PQRS placed in a plane normal to a uniform magnetic
field of flux density B, beginning to rotate about an axis OO' with a uniform angular
velocity. Figure shows only the arm PQ. At this instant both arms PS and QR move
parallel to the flux in lines of the field and hence do not intersect with the flux lines.
No e.m.f. or current is induced in the coil. (E=0, 7= 0)
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(2). The coil has rotated through an angle of 90° and both arms PS and QR intersect the

(3).

magnetic field normally. Hence the rate of intersection of flux lines has reached a
maximum. Thus a maximum e.m.f. as well as a maximum current is induced in the
coil. (E ., 1)

After the coil has rotated through a further 90°, the arms PS and QR are again moving
parallel to the magnetic flux lines not intersecting the field. The induced e.m.f. and
the current are again reduced to zero. (£ = 0, I = 0)

(4). The coil has rotated through another 90° and the arms PS and QR again intersect

the field lines normally. The induced e.m.f. and the current have reached maximum
again. However the directions of motion of arms PS and QR relative to the magnetic
flux is opposite to that in situation (2). Hence according to Lenz's law, the direction
of the induced e.m.f and the current through the coil is opposite to that in situation
(2). But their magnitudes are equal (-£, , -/ ). [When the coil rotates further this
cyclic process is repeated].

If T is the period of rotation of the coil, the variation of the induced current with time can
be represented graphically as follows. (The variation of the induced e.m.f. with time is
similarly represented).

Current
+7 1

m

Figure 6.13

I above is the peak value of the induced current. This current which is induced in the
rotating coil is called an alternating current (A.C.) and its main features are as follows.

1.

2.

The induced current varies periodically between a maximum and zero.

The current gets reversed after every half turn of the coil.

The e.m.f. which is responsible for an alternating current is known as an alternating e.m.f.
In order to find the peak value of the alternating e.m.f., consider the instant when arms
PQ and RS are moving normally to the magnetic field.
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OI
] >
P e S
| > B
a
i >
Q | R >
S
O
Figure 6.14

Suppose the arm PQ moves up with a velocity v and the arm SR moves down with the
velocity v.

The maximum e.m.f. induced in eacharm = Bav
". The total e.m.f. induced in the arms =2 Bav
. . . , Yy 2y
the angular velocity of the coil about axis 00', w = b2 b
. y=bo
.V 5
The maximum (peak) e.m.f. induced in the coil, £, = 2Ba bTw
=2B4 % A=ab

= BAw
where '4' is the area of the coil.

If N is the number of terms in the coil, £ = NBAw .

6.8 Alternating current generation (A.C. dynamo)

The discovery of the phenomenon called electromagnetic induction by scientist Michael
Faraday in 1831 is considered as the beginning of the electrical engineering technology.
The sole methodology for the production of high tension electricity required for
transmission through long distance cables as well as for operation of powerful machinery
has been electromagnetic induction. Up - to - date what is being utilized for this purpose
is the alternating current generator, a creation based on electromagnetic induction.
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Figure 6.15

As shown in the Figure 6.11, the alternating current generator consists of a rectangular
coil PQRS made to rotate between the poles of a strong horse-shoe magnet. The two
terminals of this coil are connected to a commulator consisting of two slip rings. (A, A,)

When the coil rotates in the magnetic field an alternating current is induced in it and this
induced current is supplied to the external circuit through the commutator. The passage of
the current takes place across two brushes (B, B,) which are continuously in contact with
the slip rings of the commutator.

In the same way as an alternating current varies with time the alternating current liberated
by an A.C generator too varies with time as follows.

Note

E

A

Figure 6.16

1. By modifying the commutator of the a. c. generator as shown below, it can be converted
to a direct current (d.c) generator.

rd
rs

”~

-

[ 2 3

Figure 6.17

2

D.C. Voltage .

-

The commutator of this generator consists of one split-

{Leads to coil ~ ring instead of two rings. The two terminals of the coil

are connected separately to the two halves of the split
ring. In the instant when the induced current in the coil
gets reversed, the two halves of the ring get exchanged in
the two carbon brushes which act as terminals of the
external circuit. Thus the current received by the external
circuit is not an alternating current.
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However it is not a uniform current, but vary periodically between zero and a peak value
as shown below.

Current
A

T T

P time
o 12 T 3772 2T

Figure 6.18

The following characteristics can be observed in instruments used as electricity generators.

1.

The horse-shoe magnet which supplies the magnetic field to the rotating coil is not a
permanent magnet, but an electro-magnet which turns out to be a magnet only when
the generator is operating. It is converted to an electro magnet by passing a current
through a coil wound round it. This current is obtained from a direct current source.

. The coil of the generator is wrapped round a soft iron core which too rotates with the

coil. By this arrangement the coil is made to rotate in a more intense magnetic field.

. Initially although the coil rotates freely, with the development of the induced current, a

torque is produced on it which according to Lenz's law acts opposite to that of the coil.
This phenomenon is known as the motor effect of a dynamo. Due to this the rotating,
torque of the coil has to be increased to prevent the decrease of the rotating speed of
the coil.

. When the coil rotates the magnetic flux passing through the soft iron core is subjected

to a variation. When the magnetic flux passing through a conducting medium varies a
type of an electric current is induced in a direction normal to this magnetic flux. This

current which is known as an "eddy current" causes intense 'joule heating' (2Rf) of the
medium. In order to prevent this the soft iron core is "laminated". In this a number of
plates of the medium is taken as a pile with an insulating oxide applied between every
two adjoining plates. No current is allowed to get induced across this insulation.

- P Space .= Serration
Laminar .- :

Middle bolt_

edge
f/‘l
Cut - — - /
. Lenticels
Laminated
Figure 6.19
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6.8.1 Eddy current

When a block of a metal moves across a magnetic field or when a varying magnetic field
passes across it, an electromotive force is induced in the block causing a circular flow of
current. This current is called an eddy current as mentioned earlier.

Since this eddy current passes through paths of low resistance in the metal, high currents
are produced even if the induced e.m.f is low. Hence considerable heating effects and
magnetic effects would occur.

6.8.2 Heating effect

This effect is made use of in inductive hearths. In these an alternating current of high
frequency is passed through a coil which is wound round the metallic part to the heated.
The magnetic field which varies at a high rate in the coil produces a high eddy current to
heat up the metallic part.

6.8.3 Magnetic effect

According to Lenz' law eddy currents always flow in a direction opposite to the direction
of motion which causes the induction of eddy currents. Thus formation of eddy currents
can be made use of to control the motion of a metal. This result can be demonstrated by
the following activity. Shown by the following Figure 6.14 of two pendulums.

Non-uniform
magnetic field

into paper
x 3} 5 5% x
7 ~
- ”
- -
- p— - -
— — — e - -
A X X X X W W
Slotted
copper
plate
Figure 6.20

High eddy currents are formed within the thick copper sheet. Hence its motion is soon
damped. In the slotted sheet the possibility of the existence of eddy currents is confined
to a narrow space . Due to smaller eddy currents thus formed the oscillation takes place
with lesser damping.

6.9 The root mean square value of an alternating current
When a coil of N terms and area A rotates with an angular velocity w about an axis normal
to a uniform magnetic field of flux density B, the e.m.f. induced in the coil at the instant

"t ' seconds after it begins to turn can be given by the general expression,

E = NABw sin wt
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Since the peak value of the induced e.m.f. is given as, E = NABw, the above expression
can be modified as, £=E  sin wf

Alsoif [ isthe peak value of the induced current, the induced current in the above instant
can be expressed as,
I=1 sin wf

Accordingly both the induced e.m.f. and the current vary sinusoidally with time. In
practical usage an alternating current is measured and also expressed by its root mean
square (r.m.s.) value.

The root mean square value of an alternating current is the value of the direct current
when flowing through a certain resistance liberating heat at the same rate as the alternating
current.

If 1 is the peak value of an alternating current its root mean square value is given by,

m

Lns =92

Similarly the root mean square value of an alternating e.m.f. or a voltage is given by,
Vm
Vims = V2

where V' is the peak value of the voltage.

For example, what is supplied by the national electric grid of Sri Lanka to the consuming
community of the country is an alternating voltage of which the r.m.s. value is about 240 V.

m

Hence 240 = el

". Peak value of the supply voltage V =240V x V2

=3394V
Thus the peak value of the alternating voltage supplied to the Sri Lankan consumers is
about 340V and the value of the voltage specified in the electric appliances used in the
household is the r.m.s. value which could cope up with the above mentioned peak value.

If I is the root mean square value of a certain alternating current and / the value of the
direct current which liberates heat in resistance R at the same rate, then according to the
definition of I . .

Rate of liberation of energy P =P, R = PR (W)

Hence this rate of liberation of energy by an alternating current can be obtained by using
its r.m.s. value.

2
AlsoP=V I =P xR =—im (W)

rms. ~rms. r.m.s R

117



Unit 8 Current Electricity G.C.E. (Advanced level) Physics

6.10 The Transformer

Distribution of electricity in a land is done by high tension supplies of thousands of volts
through a cable system running all over the land. When the current flows through the
cables joule heating causes loss of energy resulting in a drop of voltage along the cables.
Hence action is taken at specific positions along the cable lines to raise the voltage to the
standard value.

On the other hand when electricity is to be distributed to households etc. for human
consumption, the transmitting high voltage has to be lowered to a safety value such as
240 V. For this raising and lowering of the A.C. voltage while being transmitted through
cables, a special device called the "transformer" is being used.

Of'the transformers mentioned above, those which are used to raise voltages are called 'step
up' transformers while those used to lower voltages are called "step down" transformers.

Accordingly, the transformer is an electrical device which is used to transform an
alternating voltage to another either at a higher value or at a lower value without any
change of its frequency.

Since the operation of transformers is essentially by alternating currents, the electricity
produced on a large scale for distribution is inevitably produced as alternate currents.
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Figure 6.15

The figure 'B' in Figure 6.12 illustrates the general plan of a transformer, while the figure
'A' represents a modern transformer.
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The step-up transformer consists of a soft iron frame around one arm of which is wound
a lesser number of turns of insulated thick copper wire while around the other arm of the
frame is wound a larger number of turns of insulated thin copper wire.

The first mentioned coil (P), known as the primary coil, is connected to an alternating
current supply. Due to this current flowing in the coil, a magnetic field which alternates
continuously is formed around it. Its varying magnetic flux transmitting through the soft
iron wire of the frame intersects the secondary coil (S). As a result an alternating voltage
is induced in the secondary coil.

If N, is the number of turns in the primary, N, 1S the number of turns in the secondary,
V. _ N,
V', is the input voltage and V_is the output voltage, 7, —
r s VP NP

Also if the transformer is an ideal one, the input power supplied from the primary will be
output from the secondary without any loss,

Hence, VPIP= VSIs

I, v, N,
I, v, "N,

Thus in a step up transformer the current flowing in the secondary is less than that in the
primary.

Laminated soft iron medium

P )
Alternative i [ | s
Voltage Suppl e =
I | > ‘ | Load
H L= |
Primary Coil | || ! ] )
I\'l":—_—_—_—_—_—_‘t—_—_—_—_—_"_/ Secondary Coil

step down transformer
Figure 6.16

Note
1. In the step down transformer the primary coil has a higher number of turns and the
secondary has a fewer number of turns.
2. The soft iron core of the frame guides the magnetic flux emitting from the primary to
the secondary minimizing leakages of flux to the outside.
3. The transformer when operating can get heated due to following reasons.
1. Production of eddy currents : This is minimized by laminating the soft iron core.
2. Joule heating
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1. Eddy current loss

When the magnetic field around the soft iron core on which the coil of a transformer is
wound increases, a small current develops around every line of force in such a way that
a magnetic field is produced in the opposite direction in the conductor. All these currents
which are formed in the same direction get added to form a large eddy current. Since the
magnetic field is reversing continuously the eddy current too gets reversed in the same
way. As the metal has a resistance, heat is produced causing a loss of energy.

AN d ,41 Magnetic lines of force

) Production of small eddy
w currents
| I

| |
| | | |
T
| | | |
|
—L_ ~ :
\:@ <> Formation of small Formation of a la.lrge
DT eddy currents eddy current with
T Coil the addition of small
T +—— Soft iron core eddy currents

Figure 6.17

The soft iron core of a transformer is laminated as shown below. This prevents the
small eddy currents getting added and hence minimizing eddy current losses. The thin

conducting sheets here are insulated. laminated soft iron
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Figure 6.18
2. Joule heating

This heat (FR¢) is produced due to the resistance of the coils wound round the soft iron
core.
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6.11 Transmission of electrical energy

Electrical energy produced in electric power stations has to the transmitted to places as
required for consumption. Since electrical energy is an outcome of electric current as well
as electric potential difference its transmission is possible either by using a low current
from a high voltage or by using a high current from a low voltage. However due to the
resistance of the electric cables used for transmission of electrical energy, the loss of a
part of this energy as heat cannot the avoided. If 'R’ is the resistance of the electric cable,
the heat produced in a time by a current '/ ' flowing in the cable can be given as FRT.
According to this expression the energy loss is proportional to the square of the current.
Hence more efficiency can be expected by using a low current under a high voltage. This
way of transmission is known as high tension transmission.

An advantage of high tension transmission is that very thin electric cables can be used for
the purpose and hence expenses too will be low. However, in the usage of high tension
transmission thick insulation is needed for the cables which in turn would increase the

expenses.

6.12 Electric Motor

The motor can be regarded as the instrument used for the conversion of electric energy to
mechanical (kinetic) energy. The function of the electric motor is opposite to the simple
current generator (dynamo).The armature placed between the magnetic polls of the direct
current generator and the split ring commutator connected to it contains in the electric
motor too. When the current from the direct current source passes through the commutator
to the armature; as the current flowing through, the armature force acts on the two arms of
the armature, the directions of which are decided by Fleming's left hand rule. Accordingly
a couple of forces is setup on the armature which makes it to rotate.

Figure 6.19

At the end of each half of a turn the positions of the arms of the armature interchange
their positions in the rotating space and at the same instant, according to the plan of the
commutator the current gets reversed in the armature. Due to this the sense of the couple
and also of rotation, the armature continues without interruption.
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6.13 Dynamo effect of a motor

When a motor is working the rotation of a coil in a magnetic field fulfills the conditions
of a generator (dynamo). The result is that an electro motive force (emf) develops in the
armature due to induction. According to the laws of induction, this emf acts in the sense
opposite to that of the input emf. Hence it is known as a "Back emf". If the back emf is
E and the input voltage is V, the armature current is,
V—-FE . .
I = R where R_is the armatures resistance.

a

This back emf is proportional to the flux density of the magnetic field and the speed of
rotation of the armature. When the motor is activated its back e.m.f. is zero but the current
develops fast along with the speed of the armature. This instantaneous increase of initial
current would be harmful to the armature. Hence in order to control it, a device called the
" starter switch" is set up along with a resistor in the motor circuit.

—M—

Supply
e

REROK—

Sln

Figure 6.20

Initially the switch K is connected to the terminals (Start) and the starting current is
controlled. Then, when the back e.m.f. too has developed along with the speed of the
armature, the switch K is connected to the terminal R (Run).

Example

A motor with an armature of resistance 2 Q is connected to a supply of 240 V. Without a
load the armature turns at a rate of 300 r.p.m. and the armature current is 5 A with a load
if the current becomes 35 A, what is the rate of rotation in r.p.m. of the armature?

Using [ = VgiE ( where E is the back e.m.f)

a

without the load, 5= #
E=230V

with the load, 35= #
E=170V
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Since the speed of rotation of the armature is proportional to the back, e.m.f

230 _ 300
170 m
_300x170 _
30 222 r.p.m
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