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ABOUT THE AUTHOR 

The complexities of Physics have given nightmares to many, but the homegrown genius of Jaipur
Ashish Arora has helped several students to live their dreams by decoding it. 

Newton Law of Gravitation and Faraday's Magnetic force of attraction apply perfectly well with this 
unassuming genius. A Pied Piper of students, his webportal https://www.physicsgalaxy.com, The 
world's largest encyclopedia of video lectures on high school Physics possesses strong gravitational 
pull and magnetic attraction for students who want to make it big in life. 

AshishArora, gifted with rare ability to train masterminds, has mentored over 10,000 IITians in his past 24 years of teaching 
sojourn including lots of students made it to Top 100 in IIT-JEE/JEE(Advance) including AJR-1 and many in Top-I 0. Apart from 
that, he has also groomed hundreds of students for cracking International Physics Olympiad. No wonder his student Navneet 
Loiwal brought laurel to the country by becoming the first Indian to win a Gold medal at the 2000 - International Physics Olympiad 
in London (UK). 

' His special ability to simplify the toughest of the Physics theorems and applications rates him as one among the best Physics 
teachers in the world. With this,Arora simply defies the logic that perfection comes with age. Even at 18 when he started teaching 
Physics while pursuing engineering, he was as engaging as he is now. Experience, besides graying his hair, has just widened his 
horizon. 

Now after enconntering all tribes of students - some brilliant and some not-so-intelligent - this celebrated teacher has embarked 
upon a noble mission to make the entire galaxy of Physics inform of his webportal PHYSICSGALAXY.COM to serve and help 
global students in the subject. Today students from more than 180 countries are connected with this webportal and his youtube 
channel 'Physics Galaxy'. Daily about more than 30000 video lectures are being watched and his pool of video lectures has cross 
and sutdents post their queries in INTERACT tab nnder different sections and topics of physics. 

Physics Galaxy video lectures have already crossed 24 million views till now and growing further to set new benchmarks and all 
the video lectures of Physics Galaxy can be accessed through Physics Galaxy mobile application available on iOS and Android 
platform. 

Dedicated to global students of middle and high school level, his website www.physicsgalaxy.com also has teaching sessions 
dubbed in American accent and subtitles in 87 languages. 
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FOREWORD 

It has been pleasure for me to follow the progress Er. Ashish Arora has made in teaching and professional career. In the last about 

two decades he has actively contributed in developing several new techniques for teaching & learning of Physics and driven 
important contribution to Science domain through nurturing young students and budding scientists. Physics Galaxy is one such 

example of numerous efforts he has undertaken. 

The Physics Galaxy series provides a good coverage of various topics of Mechanics, Thermodynamics and Waves, Optics & 
Modeni Physics and Electricity & Magnetism through dedicated volumes. It would be an important resource for students 
appearing in competitive examination for seeking admission in engineering and medical streams. "E-version" of the book is also 
being launched to allow easy access to all. 

After release of physics galaxy mobile app on both iOS and Android platforms it has now become very easy and on the go access 

to the online video lectures by AshishArora to all students and the most creditable and appreciable thing about mobile app is that 

it is free for everyone so that anytime anyone can refer to the high quaiity content of physics for routine school curriculum as well 

as competitive preparation along with this book. 

The structure of book is logical and the presentation is innovative. Importantly the book covers some of the concepts on the basis 
of realistic experiments and examples. The book has been written in an informal style to help students learn faster and more 
interactively with better diagrams and visual appeal of the content. Each _chapter has variety of theoretical and numerical 

problems to test the knowledge acquired by students. The book also includes solution to all practice exercises with several new 

illustrations and problems for deeper learning. 

I am sure the book wi\l widen the horizons of knowledge in Physics and will be found very useful by the students for developing 

in-depth understanding of the subject. 

Prof. Sandeep Sancheti 
Ph. D. (lJ.K.), B. Tech. F/ETE, MJEEE 
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PREFACE 

For a science student, Physics is the most important subject, unlike to other subjects it requires logical reasoning and high 

imagination of brain. Without improving the level of physics it is very,difficultto achieve a goal in the present age of competitions. 
To score better, one does not require hard working at least in physics. It just requires a simple understanding and approach to 
think a physical situation. Actually physics is the surrounding ofour everyday life. All the six parts of general physics-Mechanics, 
Heat, Sound, Light, Electromagnetism and Modem Physics are the constituents of our surroundings. If you wish to make the 
concepts of physics strong, you should try to understand core concepts of physics in practical approach rather than theoretical. 

Whenever you try to solve a physics problem, first create a hypothetical approach rather than theoretical. Whenever you try to 
solve a physics problem, first create a hypothetical world in your imagination about the problem and try to think psychologically, 

what the next step should be, the best answer would be given by your brain psychology. F9r making physics strong in all respects 

and you should try to merge and understand all the concepts with the brain psychologically. 

The book PHYSICS GALAXY is designed in a totally different and friendly approach to develop the physics concepts 
psychologically. The book is presented in four volumes;'which covers almost all the core branches of general physics. First 
volume covers Mechanics. It is the most important part of physics. The things you will leam in this book will form a major 
foundation for understanding of other sections of physics as mechanics is used in all. other branches of physics as a core 

fundamental. In this book every part of mechanics is explained in a simple and interactive experimental way. The book is divided 
in seven major chapters, covering the complete kinematics and dynamics of bodies with both translational and rotational motion 

then gravitation and complete fluid statics and dynamics is covered with several applications. 

The best way of understanding physics is the experiments and this methodology I am using in my lectures and I found that it 
helps students a lot in concept visualization. In this book I have tried to translate the things as I used in lectures. After every 
important section there are several solved examples included with simple and interactive explanations. It might help a student in 
a way that the student does not require to consult. any thing with the teacher .. Everything is self explanatory and in simple · 
language. 

One important factor in preparation of physics I wish to highlight that most of the student after reading the theory ofa concept 

start working out the numerical problems. This is not the efficient way of developing concepts in brain. To get the maximum 

benefit of the book students should read carefully the whole chapter at least three or four times with all the illustrative examples 
and with more stress on some illustrative examples included in the chapter. Practice exercises included after every theory section 

in each chapter is for the purpose of in-depth understanding of the app1ications of concepts covered. Illustrative examples are 
explaining some theoretical concept in the form ofan example.After a thorough-reading of the chapter students can start thinking 
on discussion questions and start.working on numerical problems. 

Exercises given at the end of each chapter are for circulation of all the concepts in mind. There are two sections, first is the 
discussion questions, which are theoretical and help in understanding the concepts at root level. Second section is of conceptual 
MCQs which helps in enhancing th" theoretical thinking of students and building logical skills in the chapter. Third section of 

numerical MCQs helps in the developing scientific and analytical application of concepts. Fourth section ofadvance MCQs with 
one or more options correct type questions is for developing advance and comprehensive thoughts. Last section is the Unsolved 
Numerical Problems which includes some simple problems and some tough problems which require the building fundamentals of 
physics from basics to advance level problems which are useful in preparation ofNSEP, INPhO or !PhO. 

In this second edition of the book I have included the solutions to all practice exercises, conceptual, numerical and advance 
MCQs to support students who are dependent on their self study and not getting access to teachers for their preparation. 

This book has taken a shape just because of motivational inspiration by my mother 20 years ago when I just thought to write 
something for my students. She ·always motivated and was on my side whenever I thought to develop some new lea;ning 

methodology for my students. 

! 
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I don't have words for my best friend my wifeAnuja for always being together with me to complete this book in the unique style 
and format. 

I would like to pay my gratitude tci Sh. Dayashankar Prajapati in assisting me to complete the task in Design Labs of 
PHYSICSGALAXY.COM and presenting the book in totally new format of second edition. 

At last but the most important person, my father who has devoted his valuable time to finally present the book in such a format 

and a simple language, thanks is a very small word for his dedication in this book. 

In this second edition_ I have tried my best to make this book error free but owing to the nature of work, inadvertentiy, there is 
possibility oferrors left untouched. I shall be grateful to the readers, if they point out me regarding errors and oblige me by giving 
their valuable and constructive suggestions via emails for further improvement of the book. · 

Ashish Arora 

PHYSICSGALAXY.COM 
B-80, Model Town, Malviya Nagar, Jaipur-302017 

e-mails: ashisharora@physicsgalaxy.com 
ash ash I 2345@gmail.com 
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Electrostatics 1 
FEW WORDS FOR STUDENTS 

You know without electricity our life will be very limited and the foundation of electricity is based on 

behaviour and analysis of charges. To understand the roots of topic we need to understand these in 

detail. To understand charges its essential to study their behaviour and effects in surrounding in state 

of rest as well as in motion. In this chapter we will discuss everything that forms the basis for our 

knowledge in relation to static charges. This chapter is going to build foundation of all types of effects 
produced by charges whether at rest or in motion which includes electric current and magnetism. 

CHAPTE~ CONTENTS 1.10 Electric Pote11tial 

1.1 Charge & its Characteristics 
1.11 Electric Pote11tial Inside a Metal Body 

1.2 Coulomb's Law 
1.12 Electric Dipole 

1.3 Electric Field 
1.13 Electric Li11es of Forces & Electric Flux 

1.14 Gauss's Law 
1.4 Electric Field Stre11gth due to a Poi11t Charge 

1.15 Co11cept of Solid A11gle 
1.5 Electric Field Stre11gth due to a11 Exte11ded 

Body 1.16 Electric Pressure 

1.6 Electric Field Stre11gth due to Surface a11d 1.17 Distributio11 a11d I11ductio11 of Charges 011 

Volume charge distributio11s Cavity Surfaces i11 Co11ductors 

1.7 Charge Distributio11 011 a Metal Body 1.18 Earthi11g of Charged or U11charged Metal 

Electric Field Stre11gth due to No11 U11iformly 
Bodies 

1.8 
Charged Bodies 1.19 Field E11ergy of Electrostatic Field 

1.9 Electrostatic Pote11tial E11ergy 1.20 Dielectrics 

COVER APPLICATION 

Figurc-(a) Figure-(b) 

We experience static electricity in our day to day life. Figure-(a) shows a door knob being touched-by a finger charged with static charges 
due to friction in normal routine thats is why in dry weather touching a metal body causes electric discharge from body and we feel a slight 
electric shock. Figure-(b) shows small pieces of paper .which are attracted by a comb charged with static electricity after combing hairs. Its 
4ue to friction comb recieves charges and by induction pieces if paper are attaracted. 
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All matter is made up oftinyuuits called atoms. Naturally all 
atoms are electrically neutral having equal amouut of positive 
charge on protons and same charge on its electrons. Electrons 
are loosely bouud particles in an atom ofany material whereas 
protons are tightly fused and confined within the nucleus only. 

The simplest way to charge a body_is to add or extract electrons 
from it. 

When a body is charged in state of rest or in motion it exhibits 
several different phenomenon and efrects, applications of which 

are used in many practical cases in our surrounding. All the 
phenomenon concerned to charges including electricity and 
magnetism are divided in two parts - Electrostatics and 
Electrodynamics. This chapter of electrostatics deals only with 
study, effects and applications of charges at rest. 

I.I Charge & its Characteristics 

Charge is a property of physical matter due to which all types of 
electric and·magnetic phenomenon are produced. Every body 

is made up ofatoms in which both positive and negative charge 
are there in form of electrons and protons in equal ·quantity 
that's why by nature every body is electrically neutral. In 
common practice a body can be charged by exchange of 

electrons as protons are confined within the nucleus of atom 
and in general cases it requires high amount of energy to extract 

or add a proton from the nucleus of an atom which is not possible 

in normal practical and natural conditions whereas extraction of 

electron require very small amount ofenergy which is possible 
in practical conditions. 

When electrons are added to a body, it gets negatively charged 

and when electrons are extracted from a body, it gets positively 
charged as shown in figure-Ll(a) and (b). 

+ + + 
+ + + 
+ +· + 

(a) (b) 

Figure 1.1 

In general whenever we talk about a positively charged body 
then it means the body is electron deficient and if we talk about 
a negatively charged body then we consider there are excess 
electrons on the body. In this chapter by charged body we will 
mean that the body is charged by either addition or removal of 
electrons from it. 

__ -_ ~ ·· ---· ~- ·· Electrostatlcsl 

1.1.1 Charging of Metallic and Non-metallic Bodies 

In a metal body charges are free to move due to free electrons in 
it whereas in non metals charges are not allowed to move or 
flow within the body volume. 

When charge is supplied to a metallic body, due to its conducting 
behaviour, the charges (excess electrons as negative chargef 

or electron deficiency as positive charge) within the volume of 

body repel each other and spread outward till these all charges 
reach the outer surface of the body as shown in figure-1.2. 

Always remember that in case ofa charged metallic body whole 
of its charge resides only on its outer surface in normal 
conditions. 

e~~,------..0_ .. . -.. · .. ·. ·. e~ .. ·· ·' ,. . 
,-.-

,,:,, ~&·+·, 

0 -
= --- --- - -

Figure 1.2 

Figure-1.2 shows a body on which e_xcess electrons are supplied 
to make it negatively charged. When the electrons are placed 

on the metal body, inside the body volume these electrons 

repel each other and spread out till all these reach on the outer 
surface of the body where the charge distribution becomes 
stable. 

,,.,. 
"F...... _......_ - e 

e e . 

+ + + 

-,-

Figure 1.3 

Similarly in figure-1.3 we can see a metal body from which 
electrons are extracted to make it positively charged after which 
the positive charges on body which can be considered as 

electron deficient places, will repel each other ( or attract other 
free electrons of the body from outside).and finally in stable 
state whole positive charge will distribute on the outer surface 
of the body. 

In case of a non metal body as charges are not free to move 
within its volume, the supplied charge whether positive or 
negative will remain within the volume of body at the location 
where the charge is supplied by removal or addition ofelectrons 
to it. 
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Charge is a scalar physical quantity soon supplying more charge 

to an already charged body, its total charge will be the sum of 
algebraic addition ofall the total charges supplied to it. 

1.1.2 Friction Electricity 

Atoms of different materials hold their orbiting electrons with 
different strengths so when the two bodies of different materials 
are rubbed against each other, due to friction electrons from 
one body will get transferred to the other body which has more 
electron affinity and due to transfer of these electrons, one 
body gets positively charged and other gets negatively charged. 
Figure-1.4(a) shows the case when a glass rod is rubbed with 
silk cloth then due to higher electron affinity of silk it extracts 
electrons from the glass rod and gets negatively charged and 
the glass rod becomes positively charged. Similarly figure- l.4(b) 
shows a case when an ebonite rod which is a very hard rubber 
is rubbed with fur, the ebonite rod gets negatively charged and 
fur becomes positively charged. This process of charging 
bodies by friction is called "Friction Electricity". 

Silk cloth 
(a) 

(b) 

Figure 1.4 

By friction electricity only non metallic bodies can be charged 
as if metal bodies are rubbed against each other, some transfer 
ofelectrons may take place due to different materials but due to 
conductivity of both bodies in contact charges will flow back 
and neutralize each other that's why metal bodies cannot be 
charged by rubbing them. At least one body must be non metal 
so that after electron transfer due to contact bodies will not get 
neutralized. 

It is also important to note that two identical bodies having 
different charges will have different masses. This is because 
the difference in number of electrons on the bodies as these 
have different charges. 

1.1.3 Quantization of Charge 

The magnitude ofcharge ofan electron is e = 1.6 x 10-10c which 
is also called elementary or fundamental charge. Whenever a 

--37 
body is charged, always it can attain charge in multiples of 
elementary charge only as electrons cannot be exchanged in 
fractions so charge can vary on a body in steps of e. Thus any 
charge on a body in nature can be expressed as an integral 
multiple of elementary charge as 

q=Ne (NEI) 

Thus the charge ofany object can be increased or decreased in 
steps ofe only. This is called 'Quantization of Charge' as any 
physical quantity which varies in discrete steps is called a 
'Quantized Quantity' and something which can vary 
continuously such as time at macroscopic level is called 
'Continuous Qua~tity'. 

1.1.4 Conservation of Charge 

It is considered that for an isolated system, the net charge of 
system is always constant. Within the system charge may be 
transferred from one body to another which does not affect the 
net charge of the system. Thus charge can neither be created 
nor be destroyed and this is called 'Conservation of Charge'. 

It is also important to note that in a mechanical system the 
charge on a body does not affect the inertial properties of the 
body. Charge on a body is invariant i.e. it does not depend on 
the reference frame from which a body and its different 
mechanical parameters are observed. 

1.1.5 Charging by Conduction 

When a charged metal body is connected to a uncharged metal 
bodythen charge flows from charged body to the neutral body 
until the potential energy of the charges on both bodies become 
equai. Figure-1.S(a) shows a charged metal body which is 
connected to a neutral metal body via a switch. When switch is 
closed charge flows to the neutral body and charge is distributed 

on the outer surface of both the bodies. In later part of this 
chapter we will discuss about the numerical calculation of 
amount of charge after redistribution between the two bodies. 

A 

+ + 

(a) 

+......_. +--+~ + ___,,,,+ 

+ Charge flows + 

(b) 

Figure 1.5 

B 

+ + 

B 
+ 

+ + + 
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1.1.6 Charge Distribution on an Isolated Conductor 

When some charge is supplied to. an isolated conducto_r then 
due to mutual repulsion within the volume of the body charge 
is distributed ou the outer surface of the conductor in such a 
way that the surface charge density (C/m2) remain inversely 
proportional to thefocal radius of curvature of the body surface 
at any point. Figure-1.6 shows a conductor which is having a · 
random shape and at different points on the surface it has 
different radii of curvature. When charge is supplied to this 
conductor, it is distributed. on its. outer surface with varying 
surface charge density given as cr C/m2• At different points of 
the surface where radius of curvature is r, under isolated 
conductions the surface charge density is observed to be given 
as 

+ 

I 
(JOC -

r 

'+ 

+ ' ' '" + 
+ 

Figure 1.6 

... (LI) 

+ 

+ 
+ 

NOTE: Proof of above expression in equation-(!. I) is explained 
in section-1.1.1.5 but for various applications in different 
questions it is essential to understand and remember above 
result and standard observation as a fact given here. 

1.1. 7 Concept of Charge Induction in Meta!Bodies 

' To understand the concept of charge induction first we need to 

understand the behaviour of free electrons in a metal body. In a 

. metal body we can consider free electrons behave like gas atoms 
in a container which are in random Brownian motion and all 
distributed uniformly across the volume of body. As a neutral 
body contain equal number of electrons and protons, the motion 
of free electron does not put any affect on total charge of body, 

it remains zero. Toe concept .of charge induction is largely 
associat~d with the behavior and motion of the free electrons in 
a body in presence of external charges. 

Figure-I. 7 shows an isolated neutral conducting body. When a 
positively charged body is brought close to this body then this 
positive charge attracts the free electrons in the neutral body 
and causes these free electrons to displace toward the positive 
charge as shown. The force on free electrons due to external 
positive charge will cause these electrons to accumulate on the 

surface of body facing this posit_ive charge as shown in 

Electrostatics 1 

figure-I. 7. As the electrons are displacing toward this surface, 
the opposite side of body the surface will become electron 
deficient and this surface will get negatively charged as shown 

in figure but the overall charge of the body remain zero as it is 

neutral. In the process the charges appearing on the two surface 
of the body are called induced charges and the phenomenon of 

separation of charges in a body by some external factor_is called 
'Charge Induction'. 

. + 

(0 
+q 

Figure 1.7 

+ 
+ 

+ 

+ 

+ 

C 

·1n extended conducting bodies which are not point sized ( also 
called extended bodies) 9harge induction is very common as 
free electrons of body can easily drift and develop induced 
charges on opposite faces of the body. 

In case of point sized bodies as there is no separation space of 
charges within the body; we ignore the concept of charge 
induction' in analyzing different situations. 

1.1.8 Charge Induction in Non-Metals 

To understand charge induction in non-metals, we first consider 
a neutral atom placed nearby a charge+q as shown in figure-1,8. 
In an atom we assume its nucleus is at geometric centre 
surrounded by a unifurmlyspreaded negatively charged electron 
cloud as shown in figure-l.8(a). 

L 
+q 

€i) 
+q 

0 
+q 

(a) 

(b) 

(c) 

Figure 1.8 

Atom 
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rElectrostatlcs __ _ 

When a point charge is brought close to an atom, it will attract 
electron cloud of the atom and repel the nucleus, due to which 
the electron cloud gets distorted in the shape· shown in 
figure-I .8(b). We can say that earlier electron cloud was uniformly 
spreaded in a spherical volume so that the negative centre of 
charge for this electron cjoud was at nucleus but after distortion 
ofelectron cloud as shown in figure-l.8(b), the negative cenire 
of charge is displaced toward left. Thus due to the presence of 
an external charge+q, an atom gets transformed into an electric 
dipole as shown in figure-l.8(c). Thus when we place a charge 
near a non-conducting body, almost all of its atoms (dipoles) 
get aligned toward the external charge as shown in figure-I .9. 

Nonconducting body 

Figure 1.9 

This alignment of dipoles in a non-conducting body due to an 
external charge is called induction in non-conducting bodies or 
'Polarization' ofnon-conducting bodies. As the separation of 
charges in a non conducting body)s bya very small distance at 
atomic level only so in many numerical cases we ignore the 
effect of charge induction unless a specified question requires 
it to be considered. 

Thus in both the cases of conducting and non-conducting 
bodies when a positive charge is brought closer, opposite 

charges are developed in the bodies due to charge induction 
and the negative induced charge is close to the external positive 
charge as compared to positive induced charge hence always 
the body is attracted toward the external charge. 

This phenomenon also explains why always a charged body 
attracts a neutral body. It is also obvious that in conductors 
induction is more due to drift of free electrons hence attractive 
force on neutral _conducting body will be more due to any 
external _charge. 

1.1.9 GoldLeafElectroscope 

An electroscope is an early scientific instrument that is used to 
detect the presence and magnitude of electric charge on a body. 
Several electroscopes were made \½th low and high sensitivity 

for measurement of charges on bodies. Gold Leaf Electroscope 
was one such instrument. It consists of a vertical metal rod, 
made up of brass. At the end of which two parallel strips of thin 
.flexible gold leaves are attached as shown in figure-I.IQ. A metal 
ball terminal is attached to the top oftlie rod. When an external 
charged body is brought close to the ball terminal, due to 
induction opposite charges are induced on the ball and same 
polarity charges are induced on the gold leaves as shown in 
figure-I.I 0. Due to the similar charge on flexible gold leaves 
these repel each other and diverge. The angle of divergence of 

gold leaves is dependent on the magnitude of charge. More 
charge will cause more diverging angle and less charge causes 
less diverging angle. By proper calibration of instrument it can 
be used to measure the charge on the external body by 
measuring diverging angle of gold leaves._ 

,.___ Glass container 

Figure 1.10 

,J.2 Coulomb's Law 

Coulomb, through his experiments found out that the two 
charges 'q1' and 'q,' kept at distance 'r' in a medium as shown 
in figure- I. I I exert a force 'F' on each other and tlie magnitude 
of the force Fis given as 

F
- K q1q2 
- 2 r 

F . r F 
I 0>-----------<C)-----+ 

+qi +q2 

Figure 1.11 

.. . (1.2) 

This law gives the net force experienced by each of the charges 
q I and q2• This law also accounts for the surrounding medium 
in which charges are submerged. In above equation-(1.2), K is 
electrostatic constant which depends upon the surrounding 
medium. About electrostatic constant K we will discuss further 
in section-1.2.2 and also in secrion 1.20. 
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: 6 '--=------ . .. 
This force Facts along the line joining the two charges and is 
repulsive if q1 and q2 are of same sign and is attractive if they 
are of opposite sign. 

1.2.1 Coulomb's Law in Vector Form 

As the Coulombic force acts along the lin_e joining the two 
charges, in vector form the expression of force by Coulomb's 

law for the two charges separated by the position vector 1 as 
shown in figure-1.12 can be written as 

_, Kq,q2 -
F =--r 

2 r2 

Figure 1.12 

Here as the two forces on the two charges are in opposite 
direction, we have 

--> --> 
F, =-F, 

1.2.2 Force Dependency on Medium 

When two charges are placed in vacuum or when the s!'me set 

of charges are fully submerged in a medium, the net force 
experienced by the charges will be different. The effect of 

presence of medium is accounted in the proportionality constant 
K. This electrostatic constant K is defined as 

where 

1 K=-
4it E 

e=e E 0 r 

Here eis the absolute permittivity of medium and e
0

is called 
permittivity of free space which has a constant value given as 

Here e, is called relative permittivity of medium with respect to 
free space, it is also termed as dielectric constant and is given 
as 

E 
E =

r Eo 

For free space e, = 1 
1 

and K= -- =9 X 109 N-m2/C2 

4it Eo 

Here we can say when two charges are placed in vacuum (or air) 

the force experienced by the charges can be given as 

F = _1_ q,q2 
air 41t Eo r2 

When these charges are submerged in a medium, having 
dielectric constant e,, then force becomes 

as Er>l => Fmed<Fair 

As per above analys_is we can state that in a medium force 

experienced by the charge q1 and q2 decreases but it can also 
be stated that the net force which q1 is exerting on q

2 
remains 

same, no matter in whichever medium charges are placed. This 
is because medium does not affect the forceq

1 
is exerting on q

2
, 

but due to both of these charges, medium atoms get polarized 
and the polarized atoms or dipoles in the medium exert another 

force on these charges which is always in opposition to the 
force between the two charges in free space thats why in a 

medium net force between the two charges is always less than 
that compared to free ·space and Coulomb's law gives this net 
force and as already explained that electrostatic constant Kor 

the dielectric constant of medium in it accounts for the effect of 
medium on the net interactio_n between the two charges. 

As anal~ed and explained above the net force between the 

two charges decreases when the charges are submerged fully 
in a medium at same separation. The force may also increase if 

medium exist only between two opposite polarity charges and 

not occupying the whole surrounding of charges. This can be 
easily explained as shown in figure-1.13. 

Dielectric Slab 

Figure 1.13 

As shown in figure if there exist a dielectric slab between the 
two charges then we can see that both the charges being of 

opposite polarity attract each other, say with a force F
1 

and 
both of the charges will polarize the medium d_iploes on the 
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facing slab of the dielectric as shown and due to which these 
dipoles will exert an attractive force Fm on these charges in the 
same direction of F1 and this increases the net force on the two 
charges. 

Similar to this we can easily prove and· explain that if a dielectric 
slab is inserted between two same polarity charges then the net 
force between the two charges decreases as shown in figure-1. l 4 
as force Fm by medium on the charges acts in opposite direction . 
to the force F1 between the charges. 

Figure 1.14, 

Thus we can state that on inserting a dielectric slab between 
two point charges the net interaction .between the charges 
increases if the charges are of opposite sign and it decreases jf 
charges are of same sign. 

1.2.3 LimitationsofCoulomb'sLaw 

As analyzed in previous article Coulomb's law gives the net 
interaction between two charges. Applications of this law have 
some limitations which must be nnderstood carefully before 
applying this law i_n different physical situations. Tliere are two 
specific limitations or conditions in which this law cannot be 
applied which are explained below in detail. 

(i) Limitation for Point Charges : Coulomb's Law is only 
valid for point charges i.e. if we have 2 large conducting spheres 
having charges q1 and q2, then we cannot use Coulomb's law to 
determine the interaction force between the two. This is because 
of charge induction on extended bodies. 

Figure-1.1 S shows two uniformly charged spheres with charges 
q1 and q2 placed at large separation. At large separation the 
effect of charge on one sphere on another is negligible. so no 
charge induction take place and we can consider the two spheres 
to be having nniform charge distribution as shown ii: figure-I. IS 

+ + 

Figure 1.15 

As these spheres are brought closer, due to charge induction 
effect of one on another the effective centres of the charge of. 
spheres will shift from centre of spheres to points_ P

1 
andP

2 
as 

shown in figure-1.16 due to tlieir mutual repulsion, and now the 
distance between the two charge centres is not taken as r. it will 
be considered as r,,r(r,,r> r). 

' 

<+------ 'err·------

Figure 1.16 

Thus the actual force acting between the two sphere shown in 
figure-1.16 is given as 

F = K q1q2. 
actual 2 

r,ff 

Where by Coulomb's law it is given as 

. K <1Jq2 
F Coulomb= _r_2_ 

Here it is more than F ,ctu,1• thats why if charged bodies are not 
point sized or extended in dimensions then we avoid using 
Coulomb's law as the charge distribution on the bodies get 
modified due to charge induction and in such cases effective 
charge centers do not coincides with geometric centers ·of 
bodies. 

In above case if sphere I is positiv,ly charged and sphere 2 is 
negatively charged, then the separation between the-charge 
centers decreases and actual force becomes more than that 
given by Coulomb's law as shown in figure-1.17. 

r 

+ 

-q, 

i+---- ',rr---~ 

Figure 1.17 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



CT . - ___ --
(ii) Limitation for Static Charges Coulomb's law is 

considered to be valid only for static charges because moving 
charges may involve magnetic interaction which is not 
accounted by Coulomb's law. 

If the two charges are moving, both the charges will also have_ 

an associated magnetic field in their surrounding. The net force 

will then be the vector sum of electrostatic force and the magnetic 
force exerted by the two charges on each other. Coulomb's law 
only accounts for the electrostatic force between the two charges 
so in condition of moving charges Coulomb's law does not give 

the net interaction force beiween the two charges. 

/_v'-----~-~ 
q, r q, 

Figure 1.18 

In fignre-1.18 two charges q1 and q2 are moving with velocities 
v1 and v2 respectively and due to their motion they wili also 

exert a magnetic force on each other. The electric interaction 
between the two charges is given·as 

F = K q1q2 
Coulomb r2 

But the net interaction between the two charges is given as 
-> -> -> 
F =F +F actual Coulomb magnetic 

In above case or in similar cases if one of the charges is at rest, 
-> 

then F m,gneti, = 0 and under this condition Coulomb's law can 
be used for determining the net interaction between the charges. 

Thus we can state that Coulomb's law can be applied to point 

charges only if at least one of these charges is at rest. 

1.2.4 Principle of Superposition for Electric Forces 

As already discussed that Coulomb's law gives the net 

interaction force between two charge particles. When in a system 
there are more than two charges then net electric force on ally 
charge due to all other charges is given by 'Principle of 

Supe1positio11' stated as given below. 

"When more than two charges are interacting in a system of 
particles then net force on any given charge is the vector sum 
of all the individual forces acting 011 the given charge by all 

other charges considered independently." 

Fignre-1.19 shows a system of particles in which charges q1, q2, 

q,. ... exists and their separaticn from a charge q0 is given by the 

position vectors 'i, ~, ;:; .... then due to all the charges in 
system the net force experienced by the charge % is given by 

Principle of Superposition as 

pq3 
' ' q, ' 

o... "3/ 
----~----- I 

. Electrostatics I 

............. : -+ 

F.,,+----=f)< -------~~------0 
q, 

Figure 1.19 

1.2.5 Equilibrinm of three particles under Electrostatic Forces 

Figur'<:J .20 shows three charge particles in equilibrium under 

their mutual electrostatic forces only. In this situation each 

charge will be experiencing two forces due to other two charges 

and for equilibrium of the system on each charge both the forces 

must cancel each other. If we carefully see the system and 

analyze then it is possible only if q1 and q2 are of same sign and 

q3 is of opposite sign. Students can consider various 

possibilities and analyze the cases also. 

r, r, 

q, q, 

Figure 1.20 

With theabove explanation aJ!d analysis of situation for a system 

of three charge particles to be in equilibrium only under 

electrostatic forces some conditions can be stated which are 

given below. 

Conditions for equilibrium of three charge particles only under 

electrostatic forces-

(i) The charges must be collinear 

(ii) The charges must not be of same sign 

(IiI) The charges must not be of same magnitude 

(iv) The equilibrium in this situation will always be unstabie 

Students must think carefully upon the above mentioned point 

(iv) as for stable equilibrium restoring force is needed to bring a 

particle back to its initial position if any of these charges is 

displaced. 
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1.2.6 Stable and Unstable Equilibriumofa Charge Particle 
between 1\vo Fixed Charges 

When two equal magnitude charges of same sign are fixed at a 
given separation and a third charge is placed exactly midway 

between these two charges then we can discuss different cases 

ofequilibrium of the middle particle based on the sign of middle 
charge. 

Case-I: When middle charge is of Same Sign 

Figure-1.2 l shows .two fixed positive charges q I at a separation 

2r and .a third charge +q2 is placed midway between the two 
charges. In this case in figure-1.21 ( a) we can see that the middle 
charge on displacing along the bisector of the line joining the 

side charges, the force on q2 due to both q I will push it away 

from the equilibrium position and we can state that at mid point 
for displacement along the bisector of line joining the side 

charges middle charge is in unstable equilibrium. 

2Fcos 0 
+ 

FsinB:~---~: ~----:FsinB 
_,,--- e -------

,,; __ ; __ ,, .. -- X ............... , ...... 

0--------------- ---------------0 
+q1 r +q2 r +q1 

F= Kq,q2 
(r2 +x2) 

(a) 

F-i ....-..+-+ F1 

0---------------......!.-....---------o 
+qi +q2 +q, 

(b) 

Figure 1.21 

Similarly from figure-1.2 l (b) we can see that the middle charge 
when displaced along the line joining the two charges, the 
repulsive force ori it due to the nearer charge is more than that 
due to the other side charge hence net force on it will be the 
restoring force which tend to bring it back to the equilibrium 

position and we can state that at the mid point for displacement 

along the line joining the side charges the middle charge is in 
stable equilibrium. 

Case-II : When middle charge is of Opposite Sign 

Fignre-1.22 shows two side fixed side charges +q1. and middle 

free charge -q2 for which we analyze the type of equilibrium for 

its displacement along the line joining the side charges and 

along the perpendicular bisector of this line. Figure-l.22(a) 

shows the case when the middle charge is displaced along the 

bisector of the line joining the side charges. Due to opposite 

sign the forces on middle charge due to side charges are 

attractive and thus the resulting force will be toward the 

equilibrium position and the equilibrium of middle charge for its 

displacement along the bisector is stable equilibrium. 

FsinB+~---------+FsinB 
· F 0 F 

,, .... ----2Fcos 0 x ............... 
;,,,, ......... 

o-- ------------- ------------- --o 
+qi -q2 +q2 

F- Kq1q2 
- rz +x2 

(a) 

F2~F, 

0--- ------------......!.-....- --------0 
+q1 -qz +q1 

F = Kq1q2 and F. = Kq1qz 
I (r-x)2 2 (r+x)2 

(b) 

Figure 1.22 

Similarly from figure-l .22(b) we can see that the middle charge 

when displaced along the line joining the two charges, the 

attractive force on it dne to the nearer charge is more than that 

due to the other side charge hence net force on it will be acting 

on it away from the equilibrium position and its equilibrium for 

displacement along the line joining the side charges is unstable 

equilibrium. 

# Illustrative Example I. I 

A cube is given with eight point charges q on each ofits vertices. 

Calculate the force exei:ted on any of the charges due to rest of 
the seven charges. 

Solutio11 

The cube with the charges on its vertices is shown in figure-1.23. 

We will calculate the net force on charge at vertex A which can 

be given by vector sum of force experienced by this charge due 

to all the other charges on different vertices of the cube. 

For this we use vector form of coulomb's law as 

... (1.3) 
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Where i;' is the position vecior of point A and r, is'the position 

vector of the vertex due to which for~e on charge at A is giveo· 
by the force vector giveo in above equation-(1.3) 

z 

(a, 0, a) 
'4<S<t--------'<ii)_ 

(a, a, a) (0, a, a). 
3 . 2 

5 , A (0,0,0) 
-----'l::}---+---flJ, 
X (a, 0, 0) 

6Ti;,:r-------{i•J,'-(0, a, 0) 

(a,a, 0) 7 

Figure 1.23 

y 

From tbe figure-1.23 the different forces acting on A are given 
as 

2 -Kq (~ak) 

a' 

--> Kq2(-a}-ak) 
F - ~'-'-,,...,-=-~-

A2 - (..J2a)3 

2 " ,., " 
j! = -~~q~(-_a~i ~-~a1_· -_a_k~) 

A3 (,/3a)3 

2 - ---, Kq (-aj-ak) 
FA4= (..J2a)' 

The net force experienced by A can be giveo as 

__, -Kq2 
~ Fne1= --,

a 

. -----. _, ---~- ~-- ----
- ______ -----=E:clec=trccos:.:ta;:;t:.:ic.=..1s I 

# Illustrative Example 1.2 

Two particles, each of mass of5 gm and charged witb charge 
1.0 x 10-7 C each stay in equilibriwn at the verge of sliding on a 
horizontal table witb a separation of! o· cm.between tbem. The 
coefficient of friction µ between each particle and the table is 
tbe same. Find µ. · 

Solution 

Figure-1.24 shows tbe situation described in the problem. The 
forces acting on A are coulombic force'and frictional force and 
at the limiting equilibrium limiting friction acting on it will be 

· equal to the coulombic force by other part_icle which are given 
as 

· Kq2 9xl09 x(I0~7)2 

F = - =--~~~ 9x !0-3N 
c ,2 (IOx!0-2)2 

and f= µN= µmg=µ(5 x 10-3 x 10)=µ(5 x I0-2)N 

Figure 1.24 

F,orequilibrium, wehave 
. Fc=f 

9 X !0-3 = µ(5 X !0-2) 

9x!0-3 

----=- =0· 18 
5x!0-2 µ 

# lllustrative Example 1.3 

. · Two particles A and B having charges q and 2q respectively are 
placed on a smooth table at separation d. A !bird particle C is to 
be clamped on tbe table in such a waytbat tbe particles A and B 
will be in.equilibrium on the table under electrical forces only. 
What should be tbe charge on C and where should it be clamped 
for this? 

Solutio11 

For tbe charges to be in equilibrium forces should be balanced 
an A on well as on B. Figure-1.25 shows tbe situation described 
in the question. 

+q -Q +2q 

1//,1//,/$.l,/mff//7//7/IJtW,r/7/,7//7//7~////. 
l+---x--.+ 

l+------d-----+I 

Figure 1.25 
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Forces acting on particle A are shown in figure-1.26 and given 
as 

. KqQ 
FAc=-2-

x 

Figure 1.26 

For eqnilibrium of A these forces are balanced so we use 

=> 

=> 
2qx2 

Q=y ... (1.4) 

Forces acting on particleB are shown in figure-1.27 and given 

The negative value ofx implies that the particle Cwill lie toward 

left of A at a distance ( .Jz- I )d from A ( as x was measured 

from A) 

Forthepositionx=x1 =( ..fz- l)d, Q= Q1 =-q (6- ..fz) 

andforx=x2 ,,;-d( .Jz + I), Q=Q2 =-q(6+4..fz) 

Thus the two possibilities obtained above are shown in 
figure-1.28 below 

?)///¼77//Jl//,?7////Tc//7/7/))////7/7~1//////. 

f..--- x,,--+I 

l+------d------>I 

or 

Q, +q +2q 

½1///J.T7/7/7/,7J///>PJ777//7//Jl7///7/7J0fW//,7/. 

f<-X2--.J-<---d---.i 

Figure 1.28 

as But second possibility will not be correct for equilibrium of 

F = 2Kq(Q) 
BC (d-x)2 

Figure 1.27 

For equilibrium of B these forces are balanced so we rise 

2KqQ Kq(2q) 

(d-x)2 d 2 

=> 
Q .!L 

(d -x)2 d 2 

Solving equation-(1.4) and (1.5), we get 

=> 

=> 

=> 

=> 

2qx2 q 
-2- = 2 (d-x)2 

d d 

2x2=(d-x)2 · 

2x2=d2+x2 -2xd 

x2 +2xd-d2=0 

x=(..fz-l)d or -d(l+..fz) 

... (1.5) 

both charges A and B as direction of forces are not opposite on 

A as Q2 is negative. · 

# Illustrative Example 1.4 

Three charges of magnitudes 5.0 x 10-7 C, -2.5 x 10-7 C and 
1.0 x 10-7 C are fixed at the three corners A, B and C of an 

equilateral triangle of side 5.0 cm. Find the electric force on the 
charge at vertex C due to the rest two. 

Solution 

Figure-1.29 shows the situation described in the question in 
which forces acting on charge at Care also shown. These forces 
are given by Coulomb's law as 

=> 

F = KqAqC 
AC d2 

9x!09 x5xl0-7 xlxJ0-7 

F =----~---
AC (.05)2 

FAc=0.18N 

Force on C due to B is given as 

F = KqBqC 
BC d2 

=> 
9x!09 x-2.5xl0-7 xlxl0-7 

F =----------
Bc (.05)2 

=> F ,;,,-0·09N BC , 
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a a=5cm 

A~}------~•:__ _____ -«.~B 
q1 =5 x 10-1c q2 =-2.s x 10-7c 

Figure 1.29 

Net force on charge at C is given as 

=> IFN,,/= ~(FAc)
2 

+(FBc)
2 

+2(FAc)(FBc)cos(l20°) 

=> IFNe1/=0.l56N 

# Illustrative Example 1.5 

A particle A having with a charge q = 5 x I 0-7 C is clamped in a 

vertical wall. A small ball B of mass 100 g and having equal 
charge is suspended by an insulating thread of length 30 cm 

from the wall. The point of suspension is 30 cm above the 

particle A as shown in figure-1.30. Find the angle 0 which the 
thread makes with the wall in equilibrium. Take g = 10 rn/s2• 

I 8 

~ 
30cm 0 

l B 

,· A 

' 
Figure 1.30 

Solution 

The forces acting on the the ball Bin equilibrium are shown in 
figure-l.3l(a) and FBD ofballB is shown in figure-1.3 l(b). 

_ -···· --~~~~.~---- _· __ _::E=.:l•:.cc.c.tro=.:s:.;;ta=.:ti=cs j 

r 
30cm 

t,, Kq' 
F--

(AB)2 

T 

(a) 

mg 

(b) 

Figure 1.31 

F 

In FBD of ball B as it is in equilibrium under the influence of 
three forces; we use Lami's theorem, which gives 

mg _ F 

sin(~+%)- sin(1t-0) 

mg Kq' 
-co_s_~ = (2x0-30)xsin~xsin0 

2 2 

mg Kq' 
-0= 0 0 0 
cos- (0-60)sin-x2sin-cos-

2 2 2 2 

• 2 0 Kq2 
sm - = 

2 2mg(0-60) 

(
0) [9xl0

9 
x(sx10·

1
)') 

sin 2 = 2x0.lx!Ox0.60 

0=17° 

# Illustrative Example I. 6 

Ten charged particles are kept fied clamped on the X axis at 
points x = 10 m, 20 m, 30 m, ... 100 cm. The first particle has a 
charge 1 o-" C, the second 8 x 1 o-" C, the third 27 x 1 o-" C and so 
on. The tenth particle has a charge 100 x -10·8 C. Find the 
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I Electrostatics. 

magnitude ofelectric force acting on a 1 C charge placed at the 
origin. 

lC 

Figure 1.32 

Solutio11 

Force on IC charge at origin can be given by sum of forces 

acting on it due to all the ten charges by Coulomb's law as 

Kq1 xi Kq2 xi Kq3 xl 
F = 32+ 32+ ,2+ ... 

net (!Ox!O-) (20x!O-) . (30x!O-) 

_ Kxl0-8 [f+ 23 
+f+ ~) 

Fne,- 10-4 J2 z2 32 ···102 

F =9x 109 x 10-4x55 
net 

F =495x 107N net · 

# Illustrative Example I. 7 

Two positive charges q1 and q2 are located at the points with 
position vectors 11 and f:,. Find the magnitude of a negative 
charge q3 and the position vector 13 of the point at which it is 
to be placed for the force acting on each of the three charges to 
be equal to zero. 

Solution 

Fignre-1.33 shows the situation described in the question. As 
already discussed for equilibrium under electrostatic forces three 
charges must be collinear. 

y 

Figure 1.33 

In above situation for equilibrium of q3 force on it due to the 

two side charges must be zero, so we have 

Kq2q3(f,-t,) Kq1q3(i(-1,) 
3 + 3 =O 

lr2-r3I l'i-r31 
... (1.6) 

As the charges are collinear, we have 

Thus from equation-(1.6), we get 

Now for equilibrium of q1, force on it due to other two charges 
must be zero so we have 

Kq1q3 (i(-1,) Kq,q2(1,-,i) 
, + 3 =O 

l'i-r3I lr2-'il 

q 3 = I q2 i2 x h- r31' 
rz -1j 

Substituting the value of r3 in above equation, we get 

-q,q2 

#Illustrative Example 1.8 

... (1.7) 

Three small balls, each of mass IO gm are suspended separately 

from common point. by silk threads, each one meter long. The 

balls are identically charged and hang at the corners of an 

equilateral triangle of side 0.1. metre. Find the charge on each 
ball? 

Solution 

Fignre-1.34 shows the situation described in the question. The 
difrerent forces on ball A ·are also shown in fignre-1.34. 

/ 

a= 0.1 m 

mg 

Figure 1.34 
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The force ofrepulsion on A due to charge q at B is given as 

F = Kqq 
I (AB)2 

Kq2 
F 1 = --2 along BA 

(0.1) 
... (1.8) 

The force ofrepulsion on A due to charge q at C is given as 

Kq2 
F 2 = --2 along CA ... (1.9) 

(0.1) 

The force of gravity acting downward is given as 

W=mg 

W=0.01 x 9.8=0.098N 

The tension Tin the thread is along A 0 

... (1.10) 

The resnltant of F 1 and F 2 is F which is acting along MA and it 
is given as 

F=F, cos30+F2 cos30= Ji F 
-> -> 

[F=IFila<IF2ll 

Here Mis the centroid of equilateral triangle ABC. 

If we drop a p_erpendicular on the base of triangle ABC from 0, 
then it passes through M. Taking moments of all the forces 
about 0, we have 

(mg)· AM=F· OM 

Substituting the values, we get. 

(0.01 x 9.8) (¾x0.!xcos30) 

... (I.II) 

._fj 2 { . 2}1/2 
= K 

3
'; x oi2-(3.xo.Ixcos3o) 

· (0.1) 3 , 

and we also have 

OM= [(OA)2-(AM)2]"2 

Solvingforq, wegetq=6.2x Jo-8C 

Above situation can also be solved by balancing horizontal 
and vertical forces on ball A. Students can also try with that 
method and verify that result obtained is same. 

# lllustrative Example 1.9 

Two identically charged spheres are suspended by strings of 
equal length. The strings make an angle of30° with each other. 
When suspended in a liquid of density 0.8 gm/cm3 the angle 

. remains same. What is the dielectric constant ofliquid. Density 
of sphere= 1.6 gm/cm3• 

/ 

Solutio11 

30" 
' ' ' ' ' 

Figure I.JS 

Electrostatic~ 

mg 

When set up shown in figure-1.35 is in air, we have 

·F 
tan 1s0 = - .· .. c1.12) 

/ 

mg 

30" 
' ' ' ' ' 

. ----- - . ----(;,)--+ f_ 
E, 

Figure 1.36 

When set up is immersed in the medium as shown infigure-1.36, 

the electric force experienced by the ball will reduce to F usid, 

and the efilctive gravitational force will be changed to W,ffgiven 
as 

and 

F 
Finside= -

E, 

W =mg (1-£!..). 
eff Ps 

Thus now after snbmerging in the medium, again for equilibrium 
of spheres we have 

F 
tanl5°=-----

mg E, (J- ~'.) 
I 

E =--=2 , 1-£!.. 
P, 
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# lllustrative Example 1. I 0 

A ring of radius R with a uniformly distributed charge q as 
shown in figure-1.37. A charge q, is now placed at the centre of 
the ring. Find the increment in-the tension in ring. 

Figure 1.37 

Solution 

Initially when q0 was not placed there was some tension in the 

ring. This was due to the repulsion of the already present charges 
on ring. When q, is placed the repulsion will increase. And 
hence tension will increase. The increment in tension iiTwill 

therefore balance the repulsion due to q,. 

To determine the tension increment we consider an infinitesimal 

element of ring subtending angle d0 at centre as shown in 
figure-1.38. 

F, 

A B 
-dfl/2 -- --

0/2 

/J.T :de aa: /J.T ,- 2! '2 

Figure 1.38 

The element is now shown exaggerated. For equilibrium of this 
segment, we have 

F, =2iiTsin( :
0J ... (1.13) 

Where F, is the electric repulsion on the element due to the 
charge q0 

Charge on element is given as 

dq= _tJ_ xRd0 
2,rR 

The electric outward force on element is given by Coulomb's 
law as 

Now from equation-(1.13), we can use sin (0/2)"' 0/2 for 0/2 

to be very small, ~e get 

Kqq0d0 
2 

d0 
-'--'--'--c-"' iiT-

2trR2 2 

# lllustrative Example 1. 11 

Four small particles charged with equal positive charges Q each 
are arranged at the four corners ofa horizontal square of side a. 
A unit positive charge mass m is placed at a point P, at a height 
h above the centre of the square. What should be the magnitude 
of charge Qin order that the unit charge remain in equilibrium. 

Solution 

The situation is shown in figure-l.39(a). 

p 

(a) 

Figure 1.39 

Fcos 9 
F 

h 

A al-ff 0 

(b) 

Fsin9 

F2rce experienced by unit positive charge placed at P due to a 

charge Q at vertex A is given by Coulomb's law as 

Similarly, equal forces also act on unit positive charge at P due 
to charge at B, C and D. When these forces are resolved in 

horizontal and vertical directions, the horizontal components 
(F sin 0) cancel each other due to their opposite directions and 
the net vertical upward force on the unit charge is added up to 

4Fcos 0. 
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Thus net upward force on the uoit charge is given as 

4KQ 
Fv= ( 2 )·cos0 

h1 a +-
2 

For the equilibriwn ofuoit positive charge at P, 

=> 

Fromfigure-l.39(b), we have 

case={ h } 
~(h1 +a1/2) 

... (1.14) 

Substituting the value ofcos0 in equation-(1.14), we get 

4KQh 

( 

2)3/2 =mg 
h1 a +-

2 

( )

3/2 
4K mg 2 a 2 · 

Q=-- h +-
h 2 

# lllustrative Example 1.12 

. Two small particles charged with equal positive charges Q each, 
are fixed apart at a distance 2a. Another small particle having a 
charge q lies midway between the fixed charges. Show that 

(i) For small displacement (relative to a) along line joining the 
fixed charges, the middle charge executes SHM'if it is +ve and 

(11) For small lateral displacement, it executes SHM ifit is-ve. 
Compare the frequencies of oscillation in the two cases. 

Solution 

- -•"•• -----•-'OC••·--'r 
Electrostatics f 

"" ----------

(i) Let x be the displacement of the charge +q from the mean 
position. Now net force acting on the charge q toward its 
equilibriwn position is 

=> 

=> 

F= _K_,Q=q'--- KQq 

(a-x)1 (a+x)1 

F= 4KQq ax "' 4KQq ax 
(a2 -x2)2 a• 

F= 4KQqx 
a3 

[As x« a] 

After displacement restoring acceleration of particle is given as 

. F 4KQq 
a=- =---x 

m ma3 ... (1.15) 

1n above expression we've included a ·negative sign which 
shows restoring tendency of acceleration. As acceleration in 
above equation-(1.15) is directly proportional to displacement 
of the particle, it verifies that particle is executing SHM. For 
·sHM ofa particle, its acceleration is given as 

a =-ro'-x ... (1.16) 

Comparing equations-(1.15) and (1.16) we get angular frequency 
of SHM, given as 

. _. (4QqK) 
OJ- 3 

ma 

The time period ofSHM is given as 

2it 
T=-

' OJ 

ma 1t e0 ma ( '3) J¥ T1 = 2it 4QqK = 2it qQ 

· (n) Restoring force on - q toward its mean position is given by 
the vertical components of the Coulombic forces on it due to 
the two clamped charges, given as 

2KQq 
F= 2 2 cos 0 

(a +x ) 

The two situations are shown in figure-! .40 in which the middle 
charge is displaced along the line joining or normal to it laterally. => F= 2KQq x 

(a2 +x') ~(a2+x2) 

+Q q X q +Q 

~------- a -------~ (i) 

' . 
' --<J 

+Q -·-------~------- +Q 
~------ '¢ ------~ 

: (ii) 
~------- a ------->i / . 

/ Figure 1.40 

=> 
F= 2KQqx _ 2KQqx 

(a1 + x2)3/2 - a3 [As x<<a] 

After displacement restoring acceleration of particle is given as 

F 2KQq 
a=-=---X 

m ma3 ... (1.17) 

1n above expression we've included a negative sign which 
shows restoring tendency of acceleration. As acceleration in 
above equation-(1.17) is directly proportional to displacement 
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of the particle, it verifies that particle is executing SHM. For 
SHM of a particle, its acceleration is given as 

a=-ro2x ... (1.18) 

Comparing equations-(!. I 7) and (1.18) we get angular frequency 
ofSHM, given as 

ro= (2QqK) 
ma3 

Hence the time period ofSHM is given as 

21t 
T=-

2 (j) 

21t E0 'ma3 

qQ 
... (1.19) 

Comparing the two frequencies ofSHM in cases (i) and (ii) we 
have 

Web Reference atwww.physicsgalaxy.com 
i . . 
i AgeGroup-Grade11&12 !·Age17-19Years 
: Sectioq-l;\J'$CTROSTATICS 

Topic- 'l'Jectrostatics 
Module Number - 1 to ,18 

Practice Exercise I.I 

(i) Two identical small non conducting balls are charged by 
rubbing against each other. They are suspended from ceiling 
rod through two strings oflength L = 20 cm each. The separation 
between the suspension points being d = 5 cm. In equilibrium 
the separation between the balls is r = 3 cm. Find the mass m of 
each ball and the tension in the strings. The charge on each ball 
has magnitude 2 x 10-s C. 

[7.96g, 7.72.x 10-2 N] 

(ii) Two positively charged small particles, each of mass 
I. 7 x 10-27 kg and carrying a charge of 1.6 x 10-19 Care placed 
apart at a separation r. If each one experiences a repulsive force 
equal to its weight_, find their separation. 

[0.117 m] 

(iii) . Twofreeparticlescarryingcharges+qand +4q are placed 
apart at a distance /. Find the magnitude, sign and location ofa 
third charge which makes the system in equilibrium. 

(Iv) A charge Q is to be divided on two small objects. What 
should be the value of the charges on the objects so that the 
force between the objects will be maximum. 

(v) Three charges q1, q2 and q3 are shown in figure-1.41. 
Determine the net force acting on charge q 1• The charges and 
separation are given as q1 =- 1.0 x I~ C, q

2 
=+ 3.0 x Io--"C, 

andq3 =-2:0 x 10-oc, r 12 = 15 cm, r13 = IO cm and 8=30°. 

y 

8 

Figure 1.41 

[2.64 NJ 

X 

(vi") Three Charges of magnitude IOOµC are placed at the 
corners A, Band C ofan equilateral triangle of side 4m. If the 
charge at A and Care positive and the one at point B is negative, 
what is the magnitude and direction of total force acting on 
charge at Cl 

[5.625N] 

(vii) Two negative charges ofunit magnitude and a positive 
charge q are placed along a straight line. At what position and 
for what value of q will the sys,em be in equilibrium? Check 
whether it is stable, unstable or neutral equilibrium. 

[mid point, 0.25C] 

(viii) A charge Q is placed at each of two opposite comers of 
a square and a charge-q is placed at each of the remaining two 
comers. If the resultant force on Q is zero, how are Q and q 
related 

(ix) Two balls of the same radius and weight are suspended 
on threads so that their surface are in contact. A charge of 
%= 4 x I0-7C is given to the balls which makes them repel each 
other and diverge to an angle of 60°. Find the mass of the balls 
if the distance of balls from the point of suspension to the 
centre of ball is 20cm. Find the density of the material of the 
balls if the angle of divergence becomes 54° when the balls are 
immersed in kerosene of density 800kg m·3• dielectric constant 
ofkerosene is e, = 2 

[1.592g, 2559kg/m3] 
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[fa 
(x) Two equal positive point charges are separated by a 
distance 2a. A point test charge is located in a plane which is 
normal to the line joining these charges and midway between 
them. 

(a) Calculate the radius r of the circle of symmetry in this 
plane for which the force on the test charge has a maximum 
value. 

(b) What is the direction of this force, assuming a positive 
test charge ? 

[al J2, radial and away from the center] 

(xi) Consider a fixed charge Q and another charge q is placed 
at a distance x0 from Q on a smooth plane surface. Find the 
velocity of charge q as a function of x. 

[ 
Qq { I l}r [ -- --- 1 

21t9>m x0 x 

(xii) A positive point charge 50µC is located in the planezy at 

the position vector r0 = 2/ + 3 J , where i and } are the unit 
vectors of~hex andy aJcis. Find the vector of the electric field 
strength E and its magnitude at the point with radius vector 

r = 8/ - 5 J . Here ii, and r are expressed in meter. 

[4.5kV/m] 

(xiii) Four point charges, each ofcharge +q, are rigidly fixed at 
the four corners of a square planar soap film of side 'a'. The 
surface tension of the soap film is cr. If the he system ofcharges 
and planar fihn are in equilibrium, then side of square is given as 

[ 

2 ]II N 
a= k ~ , find the values of k and N. 

[ ]

Ill 

[ ·-
1
-(1+ 1,;;-) , 3] 

4x e0 2v2 

(xiv) Two identical beads each having a massm and charge q. 
When placed in a hemispherical bowl of radius R with 
frictionless, non-conducting walls, the beads move, and at 
equilibrium they are a distanceR apart (figure-I .42). Determine 
the charge on each bead. · 

Figure 1.42 

( 
, )1/2 

[ 4rr,;°JigR- J 

- - - - -- ------El-e-ct-,o-s-ta_ti_cs-! 

1.3 Electric Field 

When a charge is brought close to another fixed charge then it 
experiences some force on it due to the presence of the fixed 
charge. This region in surrounding of a charge where any other 
charge experiences a force is called the electric field of the 
charge. In other words we can say that electric field is the space 
surrounding an electric charge q in which another charge q' 
experiences an electrostatic force of attraction, or repulsion. 

Electric field is measured as a vector quantity which has ·a 
direction and magnitude which is called strength or intensity of 
electric field. The direction of electric field is radially outwards 
in surrounding ofa positive charge and is radially inwards for a 
negative charge as shown in the figure-1.43. 

Electric field for a positive cbaige Electric field for a negative charge 

Figure 1.43 

For electric field there are some points always to be kept in mind 
for understanding its applications in different situations. These 
are 

(I) Electric field can be defined as a space surrounding a charge 
in which another 'static' charge experiences a force on it. 

(2) A moving charge can experience a force by magnetic fields 
also thus moving charges cannot be used to detect the presence 
of electric field whereas magnetic field does not exert force on 
static charges. 

(3) In a region ofelectric field ifa positive charge is placed, it 
exerts a force on the charge in the direction of electric field 
whereas on a negative charge the direction of force is opposite 
to the direction of electric field as shown in figure-I.~ 

Figure 1.44 
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(4) It is importantto note that with every charge particle, there 
is an electric field associated which extends up to infinity and 
this field is not affected by presence of any other charges or 
bodies in surrounding. 

(5) No charged particle experiences force due to its own electric 
field. 

1.3.1 Strength of Electric Field 

. Intensity or strength of electric field at a point in a region where 
electric field is present can be defined as the force experienced 
by a unit charge placed at that point. The unit used for 
measurement of electric field strength is newton per coulomb or 
N/C. Another unit used for electric field strength is volt per 
meter or V /m which we will discuss and analyze later. 

+q 
Fixed charge 

Figure 1.4S 

F 

As shown in figure-1.45, at a distancex from a fixed point charge 
q, ifwe wish to find the electric field strength at point Pwhich 
is located at a distancex from the charge, we place a+ IC charge 

at P and find a force on it due to +q which can be given as 

Kq(+I) Kq 
F= --2 - = - 2 ••• (1.20) 

X X 

Here equation-(1.20) gives the magnitude of electric field 

strength at point P due to charge +q. But calculation of electric 
field is not very easy like this ifit is not a point charge. Let us 

· consider the an example to understand this. 

+ 

+ 

+ 

(a) 

(b) 

Figure 1.46 

X 
p 

, --~--"'-- - - -""! 

-·-·--- 191 

Fignre-l.46(a) shows a metal body A, which has charges 

distributed on its surface, Here we wish to calculate electric 

field strength at point Pat a distancex from its surface. For this 

if we place +IC charge at point P, as shown in figure- l.46(b ), we 

can see that due to repulsion of+ IC charge, charge induction . 
takes place on the body and the distribution of charge on body 
surface changes. All most of the positive charges are shifted to 
back surfa,ce of the body due to repulsion, the net force 
experienced by+ IC charge in this case will not give the electric 

field at point P which. was to be determined due to original 
distribution of charges as shown in fignre-l.46(a). 

Thus ifwe want to determine electric field strength at a point 

due to a point charge such as explained for figure-1.45, the 
force on+ IC charge will give the desired result but if we want to 
calculate the electric field strength at a point due to charges 

distributed on a metal body, use of+ IC charge at that point will 
change the distribution of charges on body because of charge 

induction on the body and it changes the electric field at the 
point where it was to be determined, and the force on +IC 

charge in this case will give the electric field strength due to 

this new charge distribution and not due to the original 
distribution. 

Thus for calculation of electric field at a point in surrounding of 
extended charged bodies, this method is not appropriate. Now 
we'll discuss another method of electric field calculation in 

surrounding of charged metal bodies. Consider the following 
situation shown in figure-1.47. 

(a) 

(b) 

Figure 1.47 

X 
p 

The situation shown above is similar to that of previous case. 
Now at point P we wish to determine the electric field strength, 

for this at point P we place a very small positive charge % as 
shown in fignre-l.47(b). This charge% is considered to be so 
small that it can not produce any significant force on any charge 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k
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on body to change its charge distribution. Now ifwe find force 
on this charge due to the body, if it i~ F then the force perunit 
charge at point P can be given as 

F 
E=-

P qo ... (1.21) 

As the charge % is not producing any induction effects on the 
body, the electric field calculated as given in equation-(1.21) 
will be the electric field due to original charge distribution on 
the body. Here the charge·% used in this analysis is called a 
test charge. So we can define as test charge as "a very small 
positive charge which does not produce its significant electric 
field in surrounding"; 

Thus electric fjeld strength at point in space can be defined in 
general as "Electric field strength at any point in space to be 

the electrostatic force per unit charge on a test charge." 

!fa charge q placed at a point in electric field, experiences a net 
force F on it, then electric field strength at that point can be 
expressed as 

.... 
..., 1· F E= un -

q~O q 

Here % is the test charge. 

~.3.2 Electric Force on Charges in Electric Field 

In previous article we have discussed that electric field strength 
gives the force per unit positive charge at a point in the region 
ofelectric field, so ifin a region if electric field strength is E and 
at a point we place a charge +q then this charge will experience 
a force in the direction of electric field which is given as 

F=qE ... (1.22) 

Even if charge is negative the magnitude of force is given by 
the same expression as given in equation-(l.22) but the direction 
of force will be opposite to the direction of electric field as 
shown in figure-1.48 

--------------+£ 
+~>----., F= qE 

Figure 1.48 

Electrostatics j 

1.3.3 Motion of Charge Particle in Electric Field 

In uniform electric field when a positively charge particle is 
released from rest it starts moving in the direction of electric 
field with uniform acceleration given as 

qE 
a=-

m 

If a particle is moving in a uniform electric field along the direction· 
of electric field then we can use speed equations for constant 
acceleration for analysis ofits motion. If particle is thrown in a 
uniform electric field in the direction different from the direction 
of electric field, it will follow a parabolic trajectory like a projectile 
motion. Consider the example shown in figure-l.49. 

Figure 1.49 

A particle of mass m and charge q is thrown from ground at an 
angle 9 with initial speed u. In space a uniform electric field 
strength E exist in vertically downward direction as shown. 
After projection during motion we can consider the effective 
gravitational acceleration on the particle can be given as 

g =g+ qE 
eff m, ... (1.23) 

In above case we can use all the concepts of projectile motion 
by replacing g by g,tr If electric field in space exist in upward 
direction, effective acceleration due to gravity can be given ~s 

qE 
g =g--

eff m ... (1.24) 

Thus in uniform electric field, motion of a charge particle is 
similar to the projectile motion of a particle under gravity. ,In 
absence of gravity when a charged particle is p_rojected in a 
uniform electric field, it follows a parabolic trajectory such that 
the velocity component of particle perpendicular to electric field 
direction remain constant. We will take up some illustratjve 
examples soon to understand this better. 

1.3.4 Milikan Oil Drop Experiment 

Milikan's apparatus consists of two horizontally mounted 
parallel metal plates A and B as shwon in figure-I.SO, with a 
small gap between them. From outside of plate A, oil is sprayed 
in small drops from an atomiser above the npper plate and a few 

of the drops are allowed to fall through a small hole in this plate 
as shown .. A light beam is incident between the plates, and a 
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I Electrostadds .... 

telescope is used to see this motion of oil drops between the 
plates. In free fall motion oil drops attains terminal velocity due 
to air friction. It is found that some of tire oil drops are electrically 
charged because of friction at orifice ofatomiser. The drops can 
also be charged by many other ways. The drops are usually 
negatively charged in this experiment. 

A r-=: v.fsL,, • 
B· 

~ ~"""' 

mg mg 

Figure 1.50 

Suppose a drop has a negative charge q and plates are 
maintained at a potential difference by a battery which produces 
a downward electric field E = VAB Id between the plates. The 
forces on the drop are its weight mg and the upward force qE, 
Battery voltage is adjusted in such a way that the drop comes 
in equilibrium between the plates. So when stationary drops are 
observed by telescope then we can use 

qE=mg 

mg 
q=

E . . 
If r be the radius of the drop and p be the density of oil, then 
mass of oil drop is given as 

4 
m= p X -rr,-3 

3 

4n pr3gd 
q=---

3 VAB 
.... (1.25) 

Now we switch off the field and allow the drop to fall freely then 
due to viscosity of air these drops attain terminal velocity very 
soon. Ifvris thetenninal velocity of the oil drop, then by Stoke's 
law, viscous force on drops is given as 

... (1.26) 

As oil drop falls freely and due to low air density we can neglect 
the buoyant force exerted by air so in steady motion of drops 
we can use 

mg=Fv 

4 
=:- 3 nr3pg = 6mirvr 

=:, r= 3JTJVr / 2pg 

Substituting the value ofr in equation-(1.25), we get 

q=l8n~ ~. 
VAB V2ri ... (1.27) 

Thus by above analysis using Milikan's Experiment the charges 
on the different drops of different oils can be measured and in 
this experiment it is found that every drop had a charge equal to 
some small integral multiple of charge e. That is, drops were 
observed with charges of e, 2e, 3e, ... etc that verifies the 
phenomenon of 'Quantisation of Charge' we've studied in 
article-1.1.3. 

1.4 Electric Field Strength due to a Point Charge 

As discussed earlier that every charge produces electric field in 
its surrounding space, if we consider a point charge +q then in 
its surrounding at every point electric field exist in radially 
outward direction. As shown in figure-1.51 if we consider a 
point P at a distance x from the charge q, the electric field 
strength at this point P due to the charge is given as 

E= f_ = l_ (Kq;_•) = Ki 
qo qo x x 

+q 
Fixed charge 

Figure 1.51 

... (1.28) 

F 

If the position vector of point P from the location of charge is 

given as .ithen the electric field vector at point P due to the 
charge is given as 

- Kq -
E·=-3 X 

X 

# Rlustrative Example 1.13 

... (1.29) 

A wooden ball covered with an aluminimum foil having a mass m 

hangs by a fine silk thread / metre long in a horizontal electric 
field E. When the ball is given an electric charge q coulomb, it 
stands out d metre from the vertical line passing through !he 

· suspension point of thread. Show that the electric field is given 
by 

mgd 
E=-=== 

gJ12 -d2 
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Solution 

From figure-1.52 we can write for equilibrium ofball 

Tian 0=qE 

Tcos0=mg 

, 
' ' ' ' ' 

1· \.: 
L~-,.,'H-----+qE ' ,. 
' r· mg 

Figure 1.52 

From equations-(1.30) and (1.3 I), we have 

qE 
tan0=-

mg 

d qE 

J 12 _d2 = mg 

E= mgd 

qJ12-d2 

# Illustrative Example 1.14 

... (1.30) 

· ... (1.31) 

A particle of mass m and charge q is thrown with initial velocity 

v O at an angle !l with the horizontal. In space there exist an 
electric field of strength Eat angle f3 with the downward vertical 

away from the point of projection. Find the time of flight and 
range of projectile on horizontal ground. 

Solution 

Figure-1.53 shows the sitnation described in the q_uestion. 

y 

~\\\\ 
v, 

a 
q"--'---------------

x 

Figure 1.53 

- . - ---·--1 
Electrostatics- 1 

In x and y-direction the components of initial velocity of particle 

vx and vy is given as 

Vx = v0 COS a. 

vy=v0 sina 

Acceleration of particle in x and y-direction ar~ given as 

and 

a= 
X 

qEsinf3 

m 

aY= ( ~ cosf3+g) 

Time of flight of projectile on horizontal ground is given as 

2v, 
T=

f a 
y 

2xv0 sino. 

( ~ cosf3+g) 

In x-direction range of projectile can be given as 

I 
R=ut+-ai' 

2 

We on substitnting the values u = v and a = a , we get the 
, , X X 

range as 

[ 

2v0 sin!l ] l(qEsinf3) R = V cos (l --"--- +-
0 qE 2 

~cosf3+g m 
m 

# Illustrative Example 1.15 

[ 
~v

0 
sin!l l2l 

Lcosf3+g 
m 

An inclined plane making an angle 30° with the horizontal is 
placed in a uniform horizontal electric field E of 100 Vim as 

shown in figure-1.54. A small block of mass I kg and charge 
0.01 C is allowed to slide down from rest from a heighth= Im. If 
the coefficient of friction is 0.2, find the time it will take the block 
to reach the bottom of incline. 

Figure 1.54 

Solution 

During sliding along the inclined plane, different forces on the 
block are shown in figure-1.55. 
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N 

' \ 
\qEsin 30° 
' ' • mg mgcos30" 

Figure 1.55 

As the block is sliding along the incline, all forces on it normal 
to incline are blaanced so we use 

N = mg cos 30° + qE cos 60° 

During sliding the friction on the block is given as 

f= µN= µmgcos30°+ µqEcos60° 

If a be the acceleration ofblock during sliding, we can write its 
motion equation as 

mg sin 30° - µN- qE cos 30° = ma 

a= g sin 30° - µg cos 30° - µqE cos60° - qE cos30° 
m m 

Q =9.8 X 0.5-0.2 X 9.8 X (..{3 /2) 

0.2x0.0lxl00 0.0lxl00 ..[3 
[ X 0.5- X-

a.=4.9-0.98 X l.732-0.10-0.5 51.732 

a =4.9-1.697-0.10-0.866= 2.237m/s2 

2 

If the block takes a time tin sliding the distance ~long incline 
which is s = l/sin(30°) = 2, it is given as 

1 
s=0+ -at2 

2 

~ t = ~( 2_;37) = 1.345s 

#Illustrative Example 1.16 

A ball of mass m with a charge q can rotate in a vertical plane at 
the end of a strlng of length I in a uniform electrostatic field 
whose lines of force are directed upwards. What horizontal 
velocity must be imparted to the ball in the upper position so 
that the tension in the string in the lower position of the ball is 
15 times than the weight of the ball? 

Solutio11 

The situation described in question is shown in figure-1.56. 

qE 

Reference 

T1 
mg 

0 

T, 

qE 

level ,,A 

mg 

Figure 1.56 

E 

By using work energy theorem between position Band A, we 
have 

l 1 
- mv2 +2mgl-2qE/= - mv2 
2 I 2 2 

For the forces acting on ball at position A we have 

2 mv2 T+qE= -
1
- +mg 

lqE=mv,2-14mgl 

From equation-(l .32) we have 

qE/+ 14-mgl=mv/+4 mgl-4qEI 

v 2 = 5qE + 10mg 
1 m m 

V = I 
5qE/ +lOgl 

m 

[
51 ]½ 

v1 = m(qE+2mg) 

# Illustrative Example 1.17 

... (1.32) 

A simple pendulum has a bob of mass m = 40 gm and a positive 
charge q =4 x 10-6 C. It makes 20 oscillation in 45 s. A vertical 
upward electric field of magnitude E = 2.5 x l 04 N/C is switched 
on in space. How much time will the simple pendulum will now 
take to complete 20 oscillation. 

Solution 

Figure-1.57 shows the simple pendulum and the forces acting 
on the its bob in presence of electric field. 
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/ 

qE 

I q=4 x 10-{iC 

mg 

Figure 1.57 

Initially when no electric field is present, time period of pendulum · 
is given as 

T=2rr. II= 45 fg 20 
... (1.33) 

After switching on·the electric field in the region effective gravity 
on bob will be given as 

qE 
gdf=g--;;; 

Thus using effective gravity as given above, the new time period 
ofoscillation is given as · · 

... (1.34) 

Dividing equation-(1.33) and (1.34), we get 

F. !_ = = ~1- qE = 
T' mg 

=> T=2.6s 

For 20 oscillation, time taken is given as 
t=20x2.6 
t=52s 

#RlustrativeExample 1-18 

4xl0-6x2.5xl04 

40xl0-3 x!O 

A bob of mass m carrying a positive charge q is suspended 
from a light insulating string oflength I inside a parallel plate • 
capacitor with its plates maki~g an angle f3 with the horizontal 
as shown in figure-1.58. The plates of the capacitor are · 
connected with a battery to establish an electric fieldEbetween 
the plates with its upper plate negatively charged. Find the 

• ' Eleclrdsfalicsd 

period of small oscillations of the pendulum and the angle 
be1;ween the thread and vertical in equilibrium position of the 
bob. 

..,.--s-JJ ----·------------------
Figure 1.58 . 

Solution 

Different forces acting on pendulum bob are shown in 
figure-1.59. 

..,.--s-Jl --------------
Figure 1.59 

0 

qEcos {3 
u 

Tcos a 

T 

Tsin !l 

For equilibrium ofbob, from its FBD in figure-l .59(b ), we balance 
forces on bob in horizontal direction as 

. Tsin a.= q E sin f3 

In vertical direction we balance forces which gives 

Tcos a.+ qE cos f3 =mg 

=> Tcos a.=mg-qEcos f3 

From equations-(1.35) and (1.36), we have 

qEsinf3 
tana=-~-~

mg-qEcosf3 

=> -I( qEsinf3 ) a.=tan 
mg-qEcosf3 

... (1.35) 

... (1.36) 

... (1.37) 

The effective acceleration on the bob due to mg and qE is given 
as, 
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Time period of pendulum in this state can be given as 

1/2 

I 
T=21t 

#lllustrative Example 1.19 

A rectangular tank of mass m0 and charge Q is placed over a 

smooth horizontal floor. A horizontal electric field£ exist in the 

region. Rain drops are falling vertically in the tank at the 

constant rate of n drops per second. Mass of each drop is m. 
Find velocityoftank as function of time. 

Solution 

In above situation there are two forces acting on the tank 

during motion. First is the electric force which is the driving 

force on tank and other is the opposing force due to increase 

in weight of the tank. If v be the velocity of tank at an instant 
t = t then the extra momentum gained per second by the tank 
due to rain fall is mnv which can be considered here the 

opposition force on tank due to thrust of rainfall on it. Thus 

net force on tank during motion can be given as 

F0 " = QE - mnv 

dv 
(m0 +mnt) · dt = QE-mnv 

rv dv r' dt 
Jo QE-mnv = lom0 +mnt 

1n(QE~~nJ = 1n( m0
:;nt) 

QE m0 +mnt 

QE-mnv m0 

v= QE( 
1 

) m0 +mnt 

Students can also try solving this question with the method of 
impulse momentum equation explained in the chapter of system 
of particle by considering momentum of tank at time t and I+ dt 
and then integrate the equation thus obtained. That will also 

give the same result as above. 

-··-··· ,. ---'-------------~ ! Web Refetenc~'at~www.ph¥sicsgalazy.com 

l AgeGroup.-Grade11&121Agel7-19Years 
, Section-ELEGIB.OSTATICS 

1 Topic-Elect:!:psta#ts 

; Module ,N'µmbe~ - 1.9 to 26 
' 

Practice Exercise 1.2 

(i) A block of mass m with a positive charge q is placed on 

a smooth horizontal table which terminates in a vertical wall as 

shown in figure-1.60. The distance of the block from the wall is 

d. A horizontal electric field E is switched on in the space in 

rightward direction. Consider elastic collisions with the wall, 

find the time period ofresulting oscillatory motion of the block. 

Analyse the motion and state ifit is a simple harmonic motion. 

[2pmd] 
qE 

Figure 1.60 

(ii) Two horizontal parallel conducting plates are kept at a 
separation d = 1.5 x I o-2 m apart one above the other in air as 
shown in figure-1.61. The upper plate is maintained at a positive 

potential of! .SkV while the other plate is earthed which maintains 
it at zero potential. Calculate the number of electrons which 

must be attached to a small oil drop of mass m =4.9 x 10-15 kg 

between the plates to maintain it at rest. Consider density of air 

is negligible in comparison with that ofoil. If the potential of 

above plate is suddenly changed to -l .5kV, what will be the 
initial acceleration of the charged drop? Also calculate the 
terminal velocity of the drop if its radius is r= 5.0 x 1<0'm and 
the coefficient of viscosity ofair is 11 = 1.8 x 10--5 N-s/m2• 

y 

Figure 1.61 

[J, 2g, 5.7 X W-5m/s2] 
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(iii) A uniform electric field of intensity E = 106 Vim exist in 
vertically downwards direction in a region. A particle of mass 
m = 0.0lkgandchargeq= io--6Cissuspended byan inextensible 
thread oflength I= Im. The particle is displaced slightly from 

its mean position and released. Calculate the time period ofits 

oscillation. What minimum velocity should be given to the 
particle at rest from its equilibrium position so that it completes 

a full circle in vertical plane? Calculate the maximum and minimum 
tension in the thread in its circular motion in vertical plane. 

[0.6s, 23.42 mis, 6.59N, OJ 

(Iv) Figure-1.62 shows an assembly of deflecting plates A 
and B ofan ink-jet printer which causes moving ink droplets to 
deflect at desired displacements by continuously varying 

electric field between the plates. An ink drop with a mass 
m = 1.3 x 10-10kg ·and a negative charge of magnitude 

q = 1.5 x 10-nc enters the region between the plates, initially 

moving along the x-axis with speed v, = 18mls. The length of 
plates is L = 1.6cm. The plates are connected with a varying 
voltage and thus produce an electric field at all points between 

--> 
them. Assume that field E for some duration is constant and it 
is acting in downward direction as shown and has a magnitude 

of E = I .4 x 106 N/C, find the vertical deflection of the drop at 

the far edge ofthe plate? As the gravitational force on the drop 

is very small relative to the electrostatic force acting on the 
drop, it can be neglected for this analysis. 

+ + + + + + + + + 

L 

Figure 1.62 

[6_4 X J0-4 m) 

___ E_l_et?_trostaiics] 

(VI") In a region an electric field is setu!l with its strength 

E = 15 N/C and it makes an angle of30° with the horizontal 

plane as shown in figure-1.64. A ball having a charge 2C, mass 

3kg and coefficient ofr!'Stitution with ground 0.5 is projected 

at an angle of 30° with the horizontal along the direction of 

electric field with speed 20 mis. Find the horizontal distance 

travelled by ball from first hit with the ground to the second 

time when it hits the ground. 

Figure 1.64 

[70.,/3m] 

(vii) In a hydrogen atom an electron of mass 9.1-x 10-31 kg 

revolves about a proton in circular orbit of radius 0.53 A. 
Calculate the radial acceleration and angnlar velocity of electron. 

[8.9 x 1022 m/s2, 4.1 x l0 16 s-1] 

(viii) An electron is released with a veiocity of5 x 106 mis in 

an electric field cifl 03 N/C in same direction ofits motion. What 

distance would the electron travel and how much time would it 

take before it is brought to rest ? 

[0.07m, 2.9 x 10-s s] 

(ix) A particle is thrown vertically upward from ground level 

with a speed of 5 ..fs mis in a region of space having uniform 

electric field. As a result, it attains a maximum height h. The 

particle is then given a positive charge q and it reaches the 
(v) A uniform electric field E is establisheil between two same maximum height h when thrown verticallyupward with a 
parallel charged plates as shown in figure-1.63. An electron 
enter the field symmetrically between the plates with a speed u. 
The length of each plate is I. If the electron does not strike any 
of the plates, find the angle of deviation of the electron as it 

comes out of the field at the other end of plates. 

[tan-I ( eEI )1 
mu' 

e----.u lE 
+ + + + + + + + + 

Figure 1.63 

speed of13 mis. Next, the particle is given a negative charge q. 
Ignoring air resistance, determine the speed with which the 

negatively charged particle must be thrown vertically upward 

so that it attains the saine maximum height h. 

[9 mis] 

(x) A particle of charge q and mass m is suspended from a 

point on the wall by a rigid massless rod oflength L = :itm as 

shown. Above the point of suspension another particle is 

clamped which has a charge --q at a distance L .from point of 

suspension. On slight displacement from the mean position, 

the suspended particle is observed to executes SHM. Find the 

time period ofSHM. (For calculations consider Kq2 = 2mgL2 
andg=i') 
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i 
L 

l 
q 

Figure 1.65 

[4s] 

(xi) A non-conducting ring of mass m and radius R is charged 

as shown in figure-1.66 and placed on a rough horizontal non 

conducting plane. The charge per unit length on the charged 

quadrants ofring is A.. At time t = 0, a uniform electric field 

E = E0i is switched on and the ring starts rolling without 

sliding. Determine the magnitude and direction of friction force 

acting on the ring when it starts rolling. 

Figure 1.66 

[i..RE0 along positive x-axis] 

1.5 Electric Field Strength due to an Extended Body 

Figure-l.67(a) shows an extended non conducting bodywhich 

is charged in its volume and if wish to find the electric field due 

to this body at a point P as shown in figure then for this we 

consider an elemental charge dq within the body as shown in 

figure-l .67(b) which is located at the distancex from the point P. 

Now we find the electric field dE due to dq atPusing the result 

ofthe point charge as given in equaiion-(1.29) which is given 

as 

- Kdq_ 
dE =--x 

x' 
... (1.38) 

+ 

+ 
+ + 

+ 

+ + 
+ 

+ 
+ 

+ + + 
+ 

,t + 
+ 

+ 

(a) 

(b) 

Figure 1.67 

op 

~ 

dE 

Thus net electric field strength at P duet~ whole body is given 
by integrating the expression in equation-(1.38). 

- s- fKdq_ E = dE= - 3-x 
X 

In above integration we substitute limits according to the charge 

distribution and shape of the extended body. This will be 

clarified better with the different cases explained in upcoming 

articles. 

Next we will first discuss some standard cases of electric field 
calculation dne to uniform line charge distribution on different 
bodies such a rod, long wire, ring and a circular arc. 

1.5.1 Electric Field Strength due to a Uniformly Charged Rod 

For a uniformly charged rod here we will discuss two cases of 

determining. electric field in its surronnding - at a point on the 
axis ofrod and ata point on its bisector which is also called the 

equator ofrod. 

Case-I : Electric Field at an Axial Point 

Figure-1.68 shows a rod oflength L, uniformly charged with a 
charge Q. Now we wish to determine the electric field strength 

at a. point P located at a distance r from one end ofit as shown 
in figure. Here the extended line along the length ofrod is called 

the axis ofrod and here point Pis the axial point of this rod. 

. L 
---f __ J~-{ '+:';f,j ,.t.~-f: +A-·+ __ +.·.-+~·+>i::cl • r 

Axis of rod 

Figure 1.68 
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Now we consider an element oflength dx on rod as shown in 
figure-1.68 at a distance x from the point P. The charge on the 
elemental length dx is given as 

dq= 2 dx 

L 
---------l+C + _.+,:-+ .. +,. 4•+-~~-M~ :£,;,t i/ 

->I dx:1+----x 

Figure 1.69 

r p df -

This dq can be considered as a point charge, thus using the 
result of electric field due to a point charge we can give the 
electric field dE due to this element at point Pas 

Kdq 
dE=-2 . 

X 

KQ 
dE=-2 dx 

Lx. . 
... (1.39) 

The net electric field strength at point P can be given by 
integrating this expression over the whole length ofrod. Here 
due to all elements of the rod the direction of electric field at 
point Pare in same direction so directly we can integrate the 
expression given in equation-(! .39) as 

~ 

~ 

~ 

r+L KQ 
Ep= J dE = J Lx2 dx 

' 
KQ r+L l 

E=- J-tix 
P L x2 

' 
E = KQ [-.!.J+L 

P L X r 

E = KQ [.!. __ !_] 
P L r r+L 

Case-II : Electric Field at an Equatorial Point 

... (1.40) 

Figure- I. 70( a) shows a rod oflength L, uniformly charged with 
the charge Q. Now we wish to determine the electric field strength 
due to the rod at a point P situated at a distance r from center of 
the rod along the perpendicular bisector of the rod which is 
also known as equator of the rod. 

' ' ,. 
' ' P• ' ' ' ' ' :, 
' ' ' ' ' ' j+ .+ ·+ -+_-+ +-f A,.+.--+ + + +) 

!+------£-----• 

' :..-Equator of rod 
' ' ' 

(a) 

ElectrostatlcsJ ---

r 

+_+ __ + .+ .. +·~+ .+._+~--.. +::-.+ 

~ dx I+-
' ' ' ' ' ' ' ' 

(b) 

Figure 1.70 

To calculate the electric fie!d due to whole rod at P, first we 
consider an element oflength dx at a distance x from centre of 
rod as shown in figure-l.7O(b). 

The charge on this element can be considered as a point charge 
which is given as 

Q" 
dq= -dx 

·L 

If the strength ofelectric field atpointP due to this point charge 
dq is dE, then it can be given as 

Kdq 
(,2 +x2) 

dE 

In this situation ifwe integrate the electric field for the whole 
length of rod then the direction of electric field at P due to each 
element is different so first we need to resolve the electric field 
dEinto its rectangular components as shown in figure-I. 7O(b). 
the component dE sin 0 will get cancelled because of equal and 
opposite components due to elements of the rod on the two 
sides ofits center and net electric field at point P will be due to 
the component dE cos 0 which will all be added up. 

Thus net electric field strength at point P can be given as 

Ep= J dEcos0 

+Ll
2 KQdx r 

Ep= J 2 2 X ~ 
-L/2 L(r +x ) ,2 +x2 

KQr +L/2 dx 

~ Ep= L _£i (r2 +x2)312 

For integration we substitute 

x=rtane 

dx= rsec2 0 d8 
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Substituting above values in the integrand, we get 

E = KQr J rsec
2 

0 d0 
PL r 3 sec3 0 

=> 

=> 

= KQ Jcos0 d0 
Lr 

KQ 
= Lr· [sin0] 

X . X 
Substituting 0 = tan-1 - = sm-1 ,--,--------:, , we get 

r yx-+r2 

KQ [ x· ]+½ 
Ep= Lr x2 +r2 -½ 

=> 
KQ [ L/2 L/2 . ] E -- +~==== 

P- Lr )CL/2)2 +r2 )CL/2)2 +r2 

E = __,,;;2k~Q~ 
P r~L2 +4r2 

... (1.41) 

1.5.2 Electric Field due to a Uniformly Charged Long Thread 

Figure-1.71 shows an infinitely long wire/thread which is 
uniformly charged with linear charge density A C/m. Here we 
wish to determine electric field at a point P locate_d at a normal 
distance r from the wire as shown. 

For this we consider au element oflength dx at a distancex from 
point 0. This element we consider as a point charge and the 
charge on this element is given as 

dq =A.dx 

dE-sin 0 

0 r 

X 

dx A 

i 
: A. C/m 
' ' ' ' 

Figure 1.71 

dE 

Due to this elemental charge dq, the electric field at point P can 
be given as 

dE= Kdq 
(x2 +r2) 

As discussed iu previous article, here also due to symmetry of 
thread the component of electric field dE sin 0 will get cancelled 
and net electric field at Pwill be due to the component of electric 
field dE cos 0 in direction normal to wire. 

Thus net electric field strength at point P can be given by 
integrating dE cos 0 for the whole length of wire as 

Ep= J d£cos0 

=> 
..,,, KAdx · r· 

Ep=lcx2+r2) X .[xz;;i 

=> 
..,,, KA r 

Ep= J ( 2 + 2)"2 dx -oox r _ 

To integrate we substitute x = r tan 0 

=> dx= rsec2 0 d0 

Changing the limits of integration according to !he above 
substitutiol!, we get 

JC 
atx=-oo 0=- -, 2 

" and atx=oo,0=+ 2 

Thus by transforming limits of integration after substitution we 
get 

_ +iz KAr 
2 EP- J 3 3 xr2sec0d0 

-i, r sec 0 

=> 
KA +i, . 

E =- J cos0d0 
P r -i, 

=> E = KA [+ ~in e]+Yz 
P r -i, 

=> E = 2KA 
P r ... (1.42) 

1.5.3 Electric Field due to a Uniformly Charged Semi-infinite 
Thread 

Figure-1.72 shows a semi-infinite unifonnly charged wire/thread 
with line"! charge density A C/m.Here we wish to determine the 
electric field strength at point Pat a distance r from the end O of 
wire as shown. 
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dE cos B 
dE 

K'A. rrJ2 . 
E = - f sinBdB 

X r 
0 

dEsin 9 
0 

K'). ,12 
E = - [-cosBJ0 

X r 

r K'). 
E = - [O+l] 

X r 

X A.C/m K'). 
E=-x r ... (1.43) 

Figure 1.72 Similarly in y-direction net electric field at point P can be given -
by integrating the component dE cos 0 as 

For this we consider an element oflength dx at a distancex from 
end 0. The charge on this element dq, can be given as EY = f dE cos 0 

dq=J.dx 

Due to the elemental charge dq, the electric field strength dE at 
point P can be given as 

dE= Kdq -
(x2+,2) 

Similar to previous articles here also to calcul_ate the net electric 
field at pointP, we resolve the electric field strength dE alongX 
and Y dir_ection and in this case we need to integrate both the 
components separately as none of these will get cancelled. 
Thus in x-direction electric field strength due to dq can be 
given as 

dE, =dEsin 0 

The net electric field inx-direction is given by integrating above 
component as 

E,= f dE, = f dEsin0 

rof Kdq -'. 
E- ~~~x~== 
,- o(r2+x2) ~r2+x2 

ro K').xdx 

E, = [ (r2 +x2)3/2 

For integration we use substitution 

x=rtan B 

and dx= rsec2 0 dB 

For changing the limits ofintegration, we use 

at x=O,0=O 

7t 
andatx= oo 0= -

' 2 

By substituting the above values in above integrand, we get 
• n/2 . 2 

E = f K').-rtan0xrsec B dB 
x O r3 sec3 0 

rof KJ.dx X 
E= ~-~x~== 

Y o(r2+x2) ~r2+x2 

ro K').r dx E-f~~ 
y -

0 
(,2 + x2)312 

For integration we use substitution 

x=rtane 

and dx=rsec2 0 dB 

For changing the limits ofintegration, we use. 

atx=O,0=O 

and at x= oo 0= 2: 
' 2 

By substituting the above values in above integrand, we get 

rrJ2 2 
E = f K').rxrsec 0 dB 

y r 3 sec3 0 0 

K'). rrJ2 
E = ~ f cos0 dB 

Y r 
0 

K'). [. B]rr12 E=- sm 
Y . r o 

K'). 
E=-[l+O] 

Y ·r 

K'). 
E=-

y r ... (1.44) 

Thus net electric field at pointP can be given by the vector sum 
of the results obtained in equations-(1.43) and (1.44) as 

E = /E2 +E2 
p '\J X y 

-_ (K).)2 (K).)2 

E- - +-
P r r 

E = -Jz K'). 
P r . -- (1.45) 
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The net electric field strength vector is at an angle 0 with 
horizontal, which can be given as 

Ey 
0=tan·1 - =tan·1 (1)=45" 

Ex 

Following figure-I. 73 shows the direction of electric field due 
to a uniformly charged semi infinite straight wire. 

E, 

E 

45° 
E, p 

r 

1.C/m 
·E'.:::+~+--· '."+'."._ +·' .+··i .':.+. +.::· + .. "+·,.: ------

Figure 1.73 

_ 1.5.4 Electric Field Strength at a General Point due to a 

The electric field dE due to the elemental charge dq at point P 
can be given as 

dE= Kdq 
(x2 +r2) 

As point P is not symmetric with respect to rod here also we 
resolve the electric field dE in rectangular components as shown 
in figure-1.74(b ). The electric field strength in x-direction will be 
given by integrating the component dE sin 0 as 

E,= J dE,= J dEsin0 

J Kdq X 

Ex= (r2+x;)x ~r2+x2 

J K'/..xdx 
E, = (r' +x2 ) 312 

For integration we use substitution 

Uniformly Charged Rod d 
an . dx= rsec2 e d0 

Figure-I .74(a) shows a uniformly charged rod and Pis a general 
point in surrounding ofrod, to determine electric field strength 
at P, like previous articles we consider an element on rod of 
length dxat adistancexfrompoint Oas shown in figure-l.74(b). 

The charge on this element can be considered as a point charge 
. which is given as 

Q 
dq= -dx 

L 

_O 
M---------L--------.i 

(a) 

, , 

, , , , 

dEcos0 dE 

lf-:c-- dE sin 0 
/P 

/0 

/ r 

,,/" 

, , , , 
/ 

--->I dx ,_ __ x~--->I 

(a) 

Figure 1.74 

After substitution in above integrand, we get 

dE = J-KQ rtau0.rsec
2 

0 d0 
x L r3 sec3 0 

dE, = f 1; sin 0d0 ... (1.46) 

As shown in figure- I. 7 4( a) the angles subtended by the end 
points of the rod at point Pare 01 and 02, correspondingly we 
substitute the limits ofintegrati~n for 0 in. equation-(1.46) as 

Q 
+01 

E = !!_ f sin0d0 
x Lr -e, 

KQ [ )+01 E =- -cos0 
x Lr -82 

KQ 
~ E, = Lr [cos 02 - cos 0 1] 

Similarly. electric field strength at pointP due to dq in y-direction 
is given as 

Ey = J dE, = J dEcos0 

E =J KQ dx xcos0 
Y L(r' +x2) · 

For integration we use substitution 

x=rtan e 
and dx = r sec2 e d0 

After substitution in above integrand, we get 

- JKQrsec2 0d0 
0 E = xcos 

Y Lr2 sec2 8 
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~ EY= f ~; cos0d0 

For calculat_ing net electric field strength at P due to dq in 
y-direction again we use the limits of integration from 01 and 02 
which gives 

KQ +a, 
E = - J~cos0 d0 

Y Lr -a, 

E 
KQ [ . 01.a, 

=- +sm 
Y Lr -82 

Thus net electric field components at a general point in the 
surrounding ofa uniformly charged rod which subtend angles 
01 and 02 at the two corners of rod can be given as 

In x-direction or along the length of rod 

KQ 
E, = Lr (cos 02 - cos 01) 

In y-direction or perpendicular to length of rod 

... (1.47) 

... (1.48) 

Net electric field at pointP due to rod is given by vector sum of 

the field components given in equations-(1.47) and(l.48). 

Using the results of equations-(1.47) and (1.48) we can directly 
obtain the electric field strength due to a long uniformly charged 

wire by substituting 81 '." 02 = rr/2. Using these values the 
expression in equation-( aa) becomes zero and expression in 

equation-(! .48) becomes 

For a uniformly_charged long wire oflinear charge density).., we 

Q 
use L = ).., thus we get 

KJ.. ZKJ.. 
E = -(1+1)=-y r r 

_Above expression is same as obtained in equation-(! .42) in 
article-1.5.2. 

1.5.5 Electric Field due to a Uniformly Charged Ring at its 
Center 

Figure-I. 75 shows a uniformly charged ring of radius R and 

charge Q. By symmetry we can say that electric field strength at 
centre due to every small segment on ring is cancelled by that 

due to the segment diametrically opposite to it as shown. The 

electric field strength at centre due to segment AB is cancelled 
by that due to segment CD and same is valid for all segments 

on the ring. Thus net electric field strength at the centre of a 

uniformly charged ring can be given as zero. 

Figure 1.75 

Above analysis of a ring can be extended to any symmetric 

uniformly charge distribution in a plane like the cases shown in 
figure- I. 75. In figure- l .76(a) three equal point charges are placed 
at the vertices of an equilateral triangle, in figure- I. 76(b) four 

equal point charges are placed at the vertices of a square and in 

figure- I. 76( c) five equal point charges are placed atthe vertices 

of a regular polygon. In all these cases by symmetry we can 

state that t_he electric field strength at the center of the polygon 
is equal to zero. 

+q +q +q 

R o---------------0 
, ' , ' , ' , ' , ' , ' , ' , ' , . ' 

/ C \ , ' , ' , ' , ' 

• C 

6---------------b 0---------------6 
+q +q 

(a) 

+q 

+q +q 
(b) 

., .. ,,JJ .......... 
.,,." .... 

+q <l/ ',,"C)+q 
' , 
' ' ' . ' 
\ C / 

' ' ' ' ' ' ' ' ' ' 0----------cl 
+q +q 

(c) 

Figure 1.76 
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I Electrostatics _ • _ _ _______ _ 

1.5.6 Electric Field due to a Uniformly Charged Ring with a 
cut 

Figure-1.77 shows a uniformly charged ring ofradius Rand 
charge Qwith a small cut of width w(w<<R) in it. If cut is not 

there then we have already analyzed in previous article that the 
electric field at the center will be zero due to symmetry but in 

this case, the electric field due to the element on the ring 

diametrically opposite to the cut will not get cancelled out and 

will remain present at the center of rinK Other than this all other 
elements ofring will produce net zero electric field at center. If 
we consider the element is of same width 'w' as that ofcut then 
charge on this element of ring is given as 

q'= Lxw 
2rul 

Figure 1.77 

Electric field due to the above discussed element at center of 
ring is given as 

E = Kq' = KQw 
c R2 2rul' 

Above analysis can also be extended for the symmetric charge 
distribution of equal point charges placed at the vertices of a 

regular polygon. Figure-I. 78 shows a regular pentagon with 

four equal point charges placed at the vertices of the pentagon. 

If the distance of each charge from the center of pentagon is a 
then in this case the net electric field due to the four charges 
present can be considered to be equal to that of the fifth charge 

which is absent at the vacant vertex of the pentagon because if 
there were all five charges present then the net electric field at 
center would have been zero. 

,,, 
_ _.,. r ', 

///, 1: E, '<,,,,, 
.,, .. , 

+qq____ _ __ "C)+q 
\ ------ ___ ...... -- / 

I I ' I 
\ IC\ f 
I , \ I 
\ I \ I 
\ I \ I 
\ , \ I 
\ I • \ I 
I / \ I 
\ ,' \ / 
I / \ / 

0------------0 
+q +q 

Figure 1.78 

Thus the net electric fi~ld due to the four charges present at 
center is given as 

Kq 
E =c - a2 

1.5.7 Electric Field dne to a Uniformly Charged Ring at its 
Axial Point 

Figure-1.79 shows a uniformly charged ring of radius Rand 

with a charge Q. Pis a point on the axis ofring at a distance x 

from the center of the ring. We will calculate the electric field 
strength at point P due to the ring. Now we consider a small 

element of length di on rihg as shown. As total charge is 
uniformly distributed on right, the charge on this elemental 
section is given as 

+, + , 
+• R + 
+ + 
+ 

C + 
+ + ' +, + 

dEsina 

+ + 
+g,-

Figure 1.79 

Due to the elemental charge dq, electric field strength dE at 
point P can be given as 

dE= Kdq 
(R2 +x2) 

· As shown in figure, we can see that the component of this field 
strength dE sinu which is normal to the axis of ring will be 

cancelled out due to element on ring located diametrically 
opposite to di whereas the component of electric field strength 
along the axis of ring dE cosa due to all the elements on right 
will be added up. Hence net electric field strength at point P due 

to the ring is given by integration of this component of the 

electric field for the whole circumference of the ring, given as 

Ep= J dEcosa 

zrui Kd 
E = J q X X 

P o (R2+x2) -JR2+x2 

2rul 

Ep= J KQx di 
o 2rul(R2 + x2 )"2 

E = KQx 
P 2irR(R2 + x2)312 

2rul 

J di 
0 
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E = KQx 
P (R2 + x2)3'2 , .. (1.49) 

The above expression of electric field varies with the distance x 
from center of ring along axis. In this expression we can see that 
atx= 0, E= 0 atthe center of ring and at very large values ofx 

we will use x2 >> R2 and then also electric field approaches to 
zero value for x - > oo thus as x increases, electric field strength 
also increases, approaches to a maximum value and then again 
decreases for higher values ofx. The maximum electric field can 
be determined using maxima-minima for the function given in 
equation-(1.49) as 

dE 
-=O 
dx 

dE =K! [(x
2 

+R
2
)
312

-x.(3/2)(x
2 

+R
2
)"

2
.2x]=o 

dx Q (x2+R2)3 

~ xz+ R2_Ix2=0 
2 

~ R2=2x2 

R 
~ x=±-

..fi. 
... (1.50) 

Thus on both sides ofring at its axis at x = ± RI ..fi., electric 

field has its maximum magnitude which is given as 

KQ(Rl..fi.) 2KQ 
E =-~~-'-"'-,-,-=--

""" ((Rl..fi.)1 +R2)312 .fi:iR2 
... (1.51) 

The variation of -electric field given by the expression in 
equation-(1.49) is shown in figure-l.8O. 

E 

+Emu--------·:·;.---,,-..._ 

i=+RJ../2 
._...!.. __ ..,_,: _________ -Emu. 

-Figure 1.80 

1.5.8 Electric Field dne to a Charged Circnlar Arc 

Electrostatlc.s j 
The length of elemental segment is Rd9 and the charge on this 
element dq is given as 

Q 
dq=~·d9 

Figure 1.81 

+ 

dE ' ' \y 

The electric field dE due to the elemental charge dq on the 
segment at centre of arc C is given as 

dE= Kdq 
R2 

As shown in figure here we resolve the electric field dE in two 
rectangular components, along the angle bisector and normal 
to it. The component dE sin9 which is normal to the angle 
bisector gets cancelled due to symmetry of arc because of a 
similar element on the other side of bisector and net electric 
field at centre will be along angle bisector which can be calculated 
by integrating dE cos 9 within limits from-cp/2 to+ q,/2. 

Thus net electric field strength at centre of the arch is given as 

Ee= f dEcos9 

+¥2 KQ 
Ee= f --2 cos 9 d9 

~12<l>R 

K,. .,,2 
Figure-1.81 shows a circular arc ofradius R having a uniformly ~ 
distributed charge Q which subtend an angle q, at its centre. To 
determine the electric field strength due to charge on arc at its 
center C, we consider a polar elemental segment on arc of angular ~ 
width d9 at an angle 9 from the angle bisector XY as shown. 

E =--1£ f cos9d9 
e q,R2 -¥2 

E = KQ [sin0]''12 
c q,R2 -¥2 
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KQ [. <I> . <1>] E = -- sm-+sm-
c <j,R2 2 2 

... (1.52) 

Using the above expression given in equation-(1.52) we can 

directly find !be electric field strength due to a uniformly charged 

half ring or quarter ring by substituting the value of angle <I> as 
1t or rr/2. 

# lllustrative Example 1.20 

Four particles each having a charge q are placed on the four 

vertices of a regular pentagon._ The distance of each comer 

from !be centre is 'a'. Find the electric field at the centre of 
pentagon. 

Solution 

We can calculate the electric field at centre by the superposition 

method i.e. by adding vectoriallythe electric field due to all !be 

4 charges at centre which will come out to be : 

q 

q 

q ______________ ,_,, q 

Figure 1.82 

in the direction of the vertex with no charge as shown in 
figure-1.82. 

Alternate: 

· Consider pentagon with charges on all vertex. 

The electric field at centre must be zero due to symmetry 

q 

/ 
q 

q 

,,,,· 
, 

a 
I 

(a) 

q 

q 

Figure 1.83 

--> 
Fnel 

(b) 

Titus EF due to 4 charge + EF due to 1 charge= 0 

. =:, EF due to 4 charges= - EF due to 1 charge 

Where '-' sign denotes that both the forces are in opposite 
direction. 

Kq 
Thus EF due to 4 charges= - 2 a 

# Illustrative Example 1.21 

In the given arrangement ofa charged square frame made up of 
four wires I, 2, 3 and4 charged witb !be linear charge density as 
mentioned in figure-1.84. Find electric field at centre due to !bis 
frame. 

-3;\ 

r 
Q) 

CD (Z) l A 

2A 

@) 
4A 

Figure 1.84 

Solution 

Electric field due to 1 at center is given as 

- ZK'). -
E1 = -

1
- (cos45°+cos45°)i 

2..J2.K')., ---, E1 

Electric field due to 2 at center is given as 

4..J2.K')., 
E, = I ' 

Electric field dueto 3 at center is given as 

E· 
3 

6..J2.K'). , 
---J 
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1 ~ -3-s-,------ ---- ···- ----

Electric field due to 4 at center is given as 

- s,fi.K'J,,., 
E• = J I 

~ - - - -E,.,= E, + E, + E3 + E4 

# lllustrative Example 1.22 

A system consists ofa thin charged wire ring of radius R and a 
very long uniformly charged thread oriented along the.axis of 
the ring, with one of its ends coinciding with the centre of the 
ring. The total charge of the ring is equal to q. The charge ofthe 
thread (per unit length) is equal to 11.. Find the interaction force 
between the ring and the thread. 

Solution 

. ... 
Force dF on the wire =-dq E 

' . : 
! 

l ..:.-· dq='Adx ! ' 
. --~ . 

''). 

Figure. 1,8S . 

dF= Kqx -11.dx 
(x2 + R2

)
312 

00 
X dx 

F= Kq11.J -, 2 312 
o (R +'I' ) 

F= 'J,,.q 
4ne0 R 

. I' ' 

.. ____ _,__ 

..... __________ .....cE::.l•:..:cc:tr.::;os:.:1.a::::H:.:cc•::.;I 

Alternate:_ 

Due to wire electric field on the points of ring in y-direction is 

K'J,,. 
E=-

y R 

Thus force on ring due to wire is 

K'J,,. Kq'J,,. 'J,,.q 
q-=-= 

.R R 41teo R 

'and ·. E, =O [As cancelled out] 

(Here x components of forces on small elements of rings are 
cancelled by the x component of diametrically opposite 
elements). 

· # lllustrative ~ample 1.23 

A point charge q is located at the centre ofa thin ring ofradius 
R with uniformly distributed charge - q. Find the magnitude of 
the electric field strength vector at the point lying on the axis of 
the ring at a distancexfrom its centreifx>> R. 

Soluti01i · 

, 
-q 

' ~0 -
® 

+._q-li';t· _-_· -----------~p 
lili.------x -'-----'--

Figure ~.86 

Electric field at P due to ring 

E = Kqx 
1 (x2 +R2 )312 (toward centre) 

Electric field at P due to_+ q 

E ·= Kq 
2 x' ( away from centre) 

Thus net field at P is 

( 

[' X ) 

E • ., = Kq x2 - (x2 +R2 )312 
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lElecti'ost~tics --· ·• · · ---· ·· 

For x>>R 

(x2 + R2)312 - x3 3KqR2 
E = Kq -'----'---

net x2(x2+R2)3'2 2x• 

(using binomial approximation) 

# fllustrative Ex_ample 1.24 

A thin fixed ring of radius I meter has a positive charge 
I x I 0--5C uniformly distributed over it. A particle of mass 0.9 gm 
and having a negative charge of! x J0-6 coulomb is placed on 
the axis at a distance of I cm from the centre of the ring. Show 

.... ···- 3f' 
This shows that particle P executes SHM, know comparing this 
acceleration with a= - ro'-x 

We get ro=~KqQ 
mR3 

Thus time period ofSHM is 

T= 
2
: =2n~;:~ 

0.9xl0·3 x(I)3 
T=2n 1--~--,--,'-'-~ 

9x!09 x10·5 x!0-6 
that the motion of the negatively charged particle is 

approximately simple harmonic. S:alculate the time period of => 
oscillations. 

n 
T= -s 

5 

Solution 

Let us first find the force on a-q charge placed at a distance x 
from centre of ring along its axis. 

+ + 

+ R + 

+ + 
F p 

+ 
X -q 

+ + 

+ + 

Figure 1.87 

Figure-l.87 shows the respective situation. In this case force 
on particle Pis 

KQx 
Fp=-q. (x2 +R2),12 

Forsmallx,x<<R, wecanneglectx, compared toR, wehave 

KqQx 
F=--

R' 
Acceleration of particle is 

KqQ 
a:;=---x 

mR3 

[Here we havex= I cm andR= I mhencex<<R can be used] 

# lllustrative Example J.25 

A clock face has charges -q, -2q, -3q, ... - 12q fixed at the 
position of the corresponding numerals on the dial. The clock 
hands do not disturb the net field due to point charges. At 
what time does the hour hand point in the direction of the 
electric field at the centre of the dial. 

Solution 

Six vectors of equal magnitudes are as shown in figure-1.88. 

-liq 

-lOq 

-9q 

-Sq 

-1q 

I 
I 

I 
I 

I 
I 

I 

-l2q 
-q 

,~ ............ 
\ ', \ ............ 

\ ', 
\ ', 

\ 
\ 

\ 

\ 
\ 

-5q 

-6q 

Figure 1.88 

-2q 

-Jq 

-4q 

Now resultant of two vectors of equal magnitudes(= E say) at 
120° is also E and passing through their bisector line. 

So, resultant of I and 5 is alsoEin the direction of3. Similarly 
resultant of2 and 6 is also Eis the direction of 4. 

~inallyresultant of2E in the direction of3 and 2E in the direction 
of 4 passes through the bisector line of3 and 4 ( or 9.30). 
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Practice Exercise 1.3 

(i) In the given arrangement find the electric field at C in the 
fignre-1.89. Here the U-shaped wire is nniformly charged with 
linear charge density"-· 

l.C/m 

11<---ca.--C 

Figure 1.89 

[OJ 

. (ii) In the given arrangement find electric field at C. Complete 
wire is uniformly charge~ at linear charge density"-· 

[ l. . l 
2..fine, R 

'' '' '' '' 

. l. C/m 
Figure 1.90 

(iii) A thin half-ring of radius R = 20cm is nniformly charged 
with a total chargeq = 0. 70oC. Find the magnitude of the electric 
field strength at the curvature centre of this half-ring. 

[IOOV/m] 

(iv) Given an equilateral triangle mode up of three rods each 
oflength /. Find electric field strength at the centroid of triangle. 
The linear charge density on the sides oftriangie are as shown 
in fignre-1.91. · · 

... --- - -----------cE"'lecc--'b"-o-,st,-aU.,,.c,..s'"';j 
. -------------===== 

A 

.Figure 1.91 

[-'-- in vertically downward direction] 
2ne, I 

(v) A thin wire ring of radius r carries a charge q. Find the 
magnitude of the electric field .strength on the axis of the ring as 
a function of distance / from the centre. Investigate the·obtained 
function at / >> r. Find the maximum strength magnitude and 
the corresponding distance /. 

[Kql kq q 'l 
(/2+r2

)
312

' f' 6../3rte
0 

r2 ' .fi. 

(VI) A circular wire-loop· ofradius a carries a total charge Q 

distributed nnifromly over its length. A small length dL of the 
wire is cut off. Find the electric field at the centre due to the 
remaining wire. 

Figure 1.92 

(viI) An electron is constrained to move along the central 
axis ofa ring ofradius R having uniformly distributed charge q. 
Show that the electrostatic force exerted on the electron can 
cause itto oscillate through the centre of the ring with an angular 

frequencyof ro =J(eq I 4its0mR3
), where mis the mass of the 

electron. 

qe 
4tte0 mR3 ] 
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[eiecfos~t-?-~c-.·~-·~-i'.::.~--.::::::::::::::_-_-_·_··· ... -- . . 
(viii) Two point charges Q1 and Q2 are positioned at points I 
and 2. The field intensity to the right of the charge Q2 on the 
line that passes through the two charges varies according to a 
law that is represented in the figure- 1.93. The field intensity is 
assumed to be positive if its direction coincides with the 
positive direction on the x-axis. The distance between the 
charges is /. 

E 
' ' ' ' ~ 
' ' ' ' ' ' ' ' ' ' ' ' 2' ' 

X 

Figure 1.93 

(a) Find the sign of each charge 

(b) Find the ratio of the absolute values of the charges I g: I 
( c) Find the value of b where the field intensity is maximum 

[(a) Q2 is· negative and Q1 is positive; (b) ( 1 +•)2

; (c) 1
213 

] 

a e:··) -]· 
(ix) TwowiresAB &CT>,each lmlength,canyatotalchargeof0.2 
microcoulomb each and are placed as shown in figure-1.94. The 
ends B & Care separated Im distanc.e. Determine the value of 
electric intensity at the mid point Pin terms of unit vector i 
and j. 

/= Im A====::::il 

y 

p 

Figure 1.94 

[(-839 / + 1980] )Vim] 

I= lm 

D 

··- ··- ---.-s-if1 
f<,. ~-,~---~--'= 

1.6 Electric Field Strength due to Surface and J,o/ume 

charge distributions 

In previous article we've discussed and analyzed that electric 
field strengths due to a charge uniformly distributed on a line in 
form ofa rod, long wire, ring and a circular arc. These results of 
electric field strengths are basic buHdil)g blocks for calculation 
of electric field strengths due to charges distributed on surface 
and volume ofan extended body as explained in further articles. 

1.6.1 Electric Field Strength due to a Uniformly Surface 
Charged Disc 

Figure-l.95(a) shows a disc ofradius R, charged on its surface 
with surface charge density cr C/m2• Now we will determine 
electric field strength due to this disc at a distance x from the 
centre of disc on its axis at point Pas shown. 

+ 

+ 

+ 

a C/m
2 

+ 1-

+ + 
+ 
0 + X 

+ + p 

(a) 

aC/m2 
• 

y ' 

•.-.i!,1-4-----'''-----'-----p+---+dE 

(b) 

Figure 1.95 

To find electric field at point P due to this disc, we consider an 
elemental ring of radius y and width dy in the disc as shown in 
figure-l.95(b). The surface area of the elemental ring on disc 
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surface is 211)'.dy thus the charge dq on this elemental ring can 
be given· as 

, dq=cr·21l)'dy 

The electric field strength due to a ring of radius R, charge Q, at. 
a distance x from its centre on its axis can be cal~ulated_ by 
using equation-(1.49) and given as 

E 
f(Qx 

In the above case, due to the elemental ring electric field strength . . 

dE at point P can be given as 

=> 

dE= K dqx 
(x2 + y2)312 

dE= Kcr21l)'dyx . 
(x2+y2)3'2 

Net electric field at point P due to the whole charged disc is 
given by integrating the above_ expression within limits from 0 
toR as 

=> 

=> 

R 
E= fdE= f Kcr 2ru:y dy 

( 2+ 2)3/2 . 0 X y 

R 

E=K= I 2y dy 
o (x2+ y2)312 

·_ ~~--·-,-_ -__________ El_ec-.. t_ro~s_ta_ti_cs'--'I 

(a) 

(b) 

Figure 1.96 

r 

The charge dq on this elemental ring is given as 

p 

p 

E= ~ [I x · · ] 
2 e0 ~x2 +R2 · .. (l.53) dq = cr · 271)' dy 

Above expression as derived in equation-(1.53) is a useful result 
which can be directly used in differentnnmerical problems as a 
standard result. 

1.6.2 Electric Field Strength due to a Large Unifc,rinly 
Charged Sheet 

Figure-1.96( a) shows an infinitely large uniformly charged sheet 
· with surface charge density cr C/m2• In this section we will analyze 
and determine the electric field strength due the.charge on sheet, 
at a point P which is located at a distance x from the sheet as 
shown in figure. For this again like the previous article we 
consider an elemental ring of radius y and width dy with centre 
0 as shown in figure-l.96(b). 

The electric field strength due to a ring of radius R, charge Q, at 
a distance x from its centre on its axis can be calculated by 
using equation-(1.49) and given as 

KQx E=-~~-
(x2 +R2)'12 

In the above case, due to the elemental ring electric field strength 
dE at poini P can·be given as 

=> 

d . -~K_dq,,__,x= E= 
(xf + y2)'12 

dE 
Ka 211)' dyx 
(x2+ y2)'12 
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Net electric .field at point P due to the whole infinite sheet is 
given by integrating the above expression within limits from 0 
to co as 

E= JdE= oof Ka 2ru:y dy 
o (x2+/)312 

OOJ 2y dy 
E=Kara 2 2 ,12 

o (x + y ) 

E=2Karr.x I [ J

oo 

)x2+y2 o 

On simplifying we get 

(J 
E=

.. 2 Eo 
... (1.54) 

Above expression of electric field due to a uniformly charged 
infinite sheet can also be obtained directly by substituting the 
limit x -too in the equation-(1.53) and the same result can also 
be derived by considering long wire elements in the sheet instead 
ofcircular rings as explained next in alternative method. 

1.6.3 Alternative Method of Electric Field Calculation by a 
Large Uniformly Charged Sheet 

To calculate electric field at the point Pin front of the sheet, we 
consider on elemental strip of width dx at a distance x from the 
point Oas shown in figure-1.97. This elemental strip behaves 
like a long straight wire having charge per unit length given as 

')..=adxC!m 

----

Figure 1.97 

#dE sin 0 
,/ 

.,,.,,.. dE 

p ------ --.. 
dE cos 0 

Now due to this elemental strip the electric field dE at point P 
can be given by equations-(1.42) as already explained in 

article-1.4.2 and shown in above figure. This is given as 

dE= 2K').. 
~x2 +r2 

By symmetry the component of electric field dE sin0 gets 
cancelled and thus net electric field at point P can be calculated 
by integration of the field component <£E cos0 given as 

-too 
E = f 2Kadx x x 

P --oo~x2+r1 ~x2+r2 

-too 

E = J 2Ka r dx 
P - (x2 +r2) 

(J 
E=

P 2 Eo ... (1.55) 

Above expression in equation-(1.55) is same as obtained in 
equation-(1.54). 

1.6.4 Electric Field Strength in Vicinity of Center of a 
Uniformly Charged Disc 

Figure-l.95(a) shows a unifonnlycharged disc ofradiusRwith 
surface charge density a C/m2• By symmetry of the disc we can 
say that the electric field strength at the center of disc is zero as
if we consider elemental rings in the disc then due to each 
elemental ring at center electric field is zero thus net field strength 
due to whole disc at center will also come out to be zero. 

Now we carefully analyze the same situation in a different way. 
As already discussed and analyzed in article-1.6.1 the electric 
field strength due to a uniformly charged disc at a distance x 

from its surface along the' axis is given as 

E- _a_ [, - -;==x==] 
- 2e0 ~x2+R2 

Ifin above expression of electric field we putx= 0, we get 

(J 

E=-
2 Eo 

In above expression x = 0 stands for the center of the disc and 
the result is not zero. This is because ifwe are approaching the 
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disc surface from a distant point along the axis of disc then x = 0 

corresponds to a point which is just outside the disc surface in 
the vicinity of its center as shown in figure- l .98 

• • •• CP CP 

Figure 1.98 

Thus for a point very close to the disc surface, we get eiectric 
field strength same as that of a large sheet, but this result is 

only for the points outside the disc surface as shown in 

figure-l.98. Here electric field strength at point P,just outside 
the disc surface is given as a/2t0 because for a point very close 
to surface, the disc may act like a very large sheet for this point 
and if we calculate electric field.at point C, inside the disc at its 
centre, electric field strength will be zero due to symmetry. 

1.6.5 Electric Field Strength due to a Uniformly Charged 
Hollow Hemispherical Cup 

Figure-1.99 shows a hollow hemisphere, uniformly charged_ with 
surface charge density a C/m2• To determine the electric field 
strength at its centre C, we consider an elemental ring on its 

surface ofangular width d0 at an angle 0 from its axis as shown. 
The surface area of this elemental ring is given as 

dS = 2rrR sin0 x Rd0 

Charge on this elemental ring is given as 

dq = adS= a· 2rrR2 sin0 d0 

Y+ 
• R sin 0 

dE 

Figure 1.99 

Electrostatics ] 

The electric field strength dE due to this elemental riog at centre 

C can be given by using the result of electric field strength due 
to a uniformly charged riog at its axis point from·equation-(1.49) 
in article-l.5.7 as 

Kdq(Rcos0} 
dE= ~~~~~----'c~= 

( R2 sin 2 0 + R2 cos2 0)312 

Ka-2rrR2 sin0 d0-Rcos0 
dE R3 

=:, dE=irKasin20d0 

Thus net electric field at the centre of the hemispherical shell 
can be obtained by integrating this expression between limits 
from Oto 7t/2 as given below 

TT/2 

Ec=irKa J sin20 d0 
0 

E = -'!._ [- cos 20]wz 
C 4e0 2 O 

a 
E=

c 4 Eo 

1. 7 Charge Distributio11 011 a Metal Body 

... (1.56) 

As already discussed whenever charge is given to a conducting 
body, due to mutual repulsion whole ofits charge spread on the 

outer surface of the body. The charge is automatically distributed 
in such a way so that at every interior point of the body net 

electric fielcj intensity becomes zero after distribution ofcharge 

on outer surface ofhody. This is because ifinside the conducting 
body net electric field is non-zero after charge distribution, it 
will exert a· force on the free electrons in the volume of the 
conducting body. This force of internal electric field displaces 
these electrons and changes the distribution of the charge on 

outer surface till the internal electric field at every interior point 
~f the body becomes zero. It is observed whenever a metal 
body is suppiied some charge then it is distributed on outer 
surface of body in such a way to make electric field zero at 

every interior point and in this state it is also found that the 
surface charge density at different points of body surface must 

be inversely proportional to the radius of curvature of the surface 
at that point as stated earlier in article-1.1.6 and shown in 
figure-1.6. Based on above analysis we can state the law of 
charge distribution on isolated metal bodies as 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



~ctrostatics - -- --- - - --- .... _-····---4~ 

"Whenever charge is given to a metal body it distributes on 1. 7.2 Charge lndnction in Met_:il Bodies 

the outer surface in such a manner to make net electric field 

inside the body equal to zero. " 

In this article we have not derived the expression given in 

equation-(!. I) but it is explained that if expression given in 

equation-(1.1) is true then at every interior point of the body 

electric field will be zero. In article-I.I 1.5 in later sections of this 

chapter we will_ also discuss the proof of equation-(!. I). 

1.7.1 Electric Field Strength due to a Large Uniformly 

Charged Conducting Sheet 

We've discussed earlier that in a metal body whenever, we 

supply some charge, it will automatically spread on its outer 

surfuce due to mutual repulsion between charges. If some charge 

is given to a large metal sheet, it will spread on both of its 

surfuces as shown in figure-1.100 which shows the cross-section 

of a large metal sheet. If charge density on both of its surfaces 

is considered to be cr C/m2, the electric field strength at a point 

out side the sheet, due to both the surfaces is in same direction 

hence added up. Thus electric field strength at point B, outside 

the sheet can be given as 

cr cr cr 
E =--+--=-

B 2Eo 2Eo Eo 

cr 9" 
+ + 

+ + 

+ + 

+ + 

+ + 
E E E 

+ +-+-+ + .---+ 
A ---+ 

B E 
+ + 

+ • + 

+ + 

+ + 

+ + 

Figure 1.100 

For an interior point of the sheet, we've already discussed that 

electric field strength inside a metal body is always zero. Here at 

point A also we can see that due to both the surfaces, electric 

field is in opposite direction hence get cancelled. 

Whenever a metal body is placed in an electric field, tlie free 

electrons in the body experiences an electric force eE in 

opposite direction as shown in figure-1.10 I ( a). Due to this force, 

these electrons start drifting toward the left surface of the body 

as shown in figure and develop negative and positive charges 

on the body as shown in figure-1.I0l(b). 

E 

---+ 

-q 
+ +q 

---+ E; - + - + 
---+ "4-e-=-----.- + - eE eE; + 
---+ 

---+ + 
+ 

(a) (b) 

Figure 1.101 

Due to the induced charges on the surface of body an electric 

field E; is developed in the direction opposite to external electric 

field as shewn. IfE, < E, free electrons in the body still experience

a force toward left and drift in that direction due to which induced 

charges q1 increase and hence the induced electric field E, also 

increases. This in the whole process due to external electric 

field charge induction takes place and the induced charges 

continuously increase till E, balances E after which at every 

interior point of body net electric field becomes zero and no 

force on any free electron will act so no more separation of 

charges will take place in the body and induction stops. 

In other words we can say, if a metal body is placed in an 

· electric field, charge in_duction on the body surface starts and 

continuous flow ofelectrons inside the body takes place till the 

net electric field inside the body becomes zero. 

Hence E-E,=O 

Thus we can say when all charges in a ':'eta! body are at rest, 

net electric field at every interior point of the metal body is zero 

or the electric field inside the body due to the charges on its 

surface always balances the external electric field in tlie body. 

1.7.3 Charge Induction in Parallel Metal Plates in Uniform 

Electric Field 

Figure-I. I 02 shows two large uncharged metal plates placed 

normal to an external electric field. Due to electric field charges 

are induced on surfaces of plates in such a way that at every 

interior point electric field becomes zero after induction. 
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E 

+ + -a, cr, -a, cr, 
+ + 

• + • + p p 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

Figure 1.102 

If - cr, and + cr, be the induced charge density on the plate 
surfaces as shown, then after charge induction on plate surfaces 
the net electric field at point P inside the metal plate becomes 
zero. Thus at point P we can say that the external electric field£ 
is balanced by the electric field due to induced charges. At 
pointPinside one plate internal electric field will only exist due 
to the induced charges on this plate as because of.other plate 
due to opposite charges on the two surfaces it gets cancelled. 
Due to opposite charges on the two surfaces electric field inside 
the plate will be in same directioILSo it will be added up and 
given as 

cr- cr- CJ. 
£=-'-+-'-=___!_ 

i 2e0 2e0 e0 

... (1.57) 

Equation-(1.57) gives the surface density of induced charges 
on the plate surfaces which are placed normally in an external 
electric field. 

Electrostatics I 

cr= ____g__ 
47tR2 

From the figure-1.103, we can see that a positive charge supplied 
to it is uniformly spreaded on its surface. As a positive charge 
produces outward electric field, here by symmetry we can see 
that the direction ofelectric field is in radially outward direction 
in the surrounding of sphere. From the radially symmetric 
direction of electric field in the surrounding of sphere we can, 
consider that for outside points of the sphere the charge appears 
to be concentrated at the center of sphere from which the electric 
field is appear to be originating. 

+ ---
' +' 
' i 

Figure J.103 

This is an important point to be noted that for a: uniformly 
charged sphere, for outside points we can assume whole charge 
of the sphere is concentrated at its centre. Thus electric field 
strength at any exterior point at a distance x from centre of 
sphere can be given by the result of a point charge considered 
to be located at its center as 

1.7.4 Electric Field Strength due to a Uniformly Charged For x> R 
Conducting Sphere 

KQ 
E= x2 ... (1.58) 

We've already discussed that charge supplied to an isolated 
conducting body is distributed automatically on the outer surface 
of the body in such a manner that its surface charge density is 
given as 

I 
croc -

r 

In above expression r is the local radius of curvature of body 
surface at different points. 

For a sphere, at every point on its surface radius of curvature is 
constant and same as that of the radius of sphere, hence the 
charge given to an isolated metal sphere will always have 
uniform surface charge density on the surface and the surface 
charge density on a sphere of radius R due to a charge Q 
supplied lo it is given as 

For points on its surface, we use x = R, for which electric field 
strength is given as 

For x=R 
KQ 

E=-2 
R 

... (1.59) 

For interior points, we already know that it is zero inside any 
conducting body so we use 

Forx<R E.=0 ,,, ... (1.60) 

1. 7.5 Variation Curve ofElectric Field Strength with Distance 
for a Uniformly Charged Conducting Sphere 

We can plot the electric field strength due to a uniformly charged 
conducting sphere using the equations-(1.58), (1.59) and (1.60), 
the graph is shown in figure-I.I 04. , 
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E 

E=-kQ_ -------------
R2 : 

' ' ' ' ' ' ' ' 
E oc_!__ x' 

_L ____ _j: ______ --=::::====~~x 
0 x=R 

Figure 1.104 

1.7.6 Electric Field Strength due to a Uniformly Charged 
Uollow Sphere 

1. 7. 7 ·Electric Field Strength due to a Uniformly Charged Non
conducting Sphere 

Figur-1.106 shows a non-conductingunifonnlyvolume charged 

sphere of radius R and charge Q. By synunetry of charge 

distribution again we can say that everywhere in surrounding 
of sphere the electric field strength is radially outward as it is 

positively charged and if it were negative then electric field 

direction would be radially inward. For outside points we can 

say by symmetry that electri_c field can be determined by treating 

its charge at centre as field as radial symmetry and it appear to 

be originating from center. Thus for exterior points electric field 

strength at a point at a distance x from centre can be given as 

For a conducting body we've discussed that whether it is a For x > R 
solid body or hollow, it won't make any difference as charge 

KQ 
E =-

out X2 ... (1.61) 

only reside on outer surface in such a fashion so as to make net 
electric field zero at every interior pofot. Thns electric field 
strength due to a uniformly charged hollow conducting sphere 
will be exactly same as that due to a solid conducting charged 
sphere. If a thin walled hollow sphere is non-conducting and. 
uniformly charged then also we can use the same results.because 
in case of solid metal sphere charge is distributed only on the 
outer surface and for a non-conducting hollow sphere also 
charge is only there in the only thin wall ofradius Rand electric 
field exist due to the charge distribution, no matter ifit is on a 
metal or non-metal. Figure-I.I 05 shows a solid conducting, . 
hollow conducting and a hollow non-conducting uniformly 
charged sphere of equal radius R and charged with same charge 
Q. The electric field due to all these will be same in their 
surrounding with values given below. 

For x>R 

Forx=R 

For x<R-

+ 
~etal sphere 

KQ 
E =-

out X2 

KQ 
E=-

' R2 

+ 

+++~-+R. '+.\++ 
+ ', J + 

' ' -~ 
+ + 

+ 
Thin walled 
metal sphere 

Figure_ 1.105 

Thin walled 
non-metal sphere 

Thus for all these cases of a uniformly surface charges sphere, 
variation of electric field strength with distance from center is 
given by the curve shown in figure-I. I 04. 

Figure 1.106 

Similarly for surface points we'll use 

Forx=R 
KQ 

E=s R2 ... (1.62) 

For interior points, say we calculate electric field at a pointP as 

-shown in figure-1.107 which is located at a distance x from 

centre of sphere. For this we divide the sphere in two parts. A 

solid sphere of radius x, on the surface of which point P is 

located. Another is a shell of inner radius x and outer radius R 
for which point Pis a point on its inner surface. 

In this situation the electric field strength at point Pis only due 
to the inner sphere of radius x as due to the shell, which is 

uniformly charged, we've already analyzed in article-1.7.6 that 
at interior points electric field strength is zero. Thus electric 

field strength at point P can be given as 

E = Kqencl 
P x2 
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Figure 1.107 

Where_ q onol is the charge enclosed in the inner sphere of radius 
x which can be given as 

Q 4 
q = -- X -',al 

end 4 3 3 
-itR 
3 

Qx3 
=> qend = R3 

Tons electric ·field strength at interior points of a nniformly 
charged non conducting sphere can be given as 

E,=; (~3J 
=> 

KQx E=-
P R3 ... (1.63) 

Sometime in solne cases instead of total charge of sphere, volume 
charge density is given. If p C/m3 be the volume charge density 
of charge distribution in sphere th~n total charge of sphere can 
be given as 

4 
Q=px3pR3 

Thus electric field strength at interior points of sphere can be 
given as 

E = Kx x [px_iitR3
] 

P R3 . . 3 

=>· 
· I x 4 

E =-- · - xrx -pR3-
P 41t e0 R3 3 

=> 
px E=-

P 3e0 
... (1.64) 

Elect~ostallcs] . 

E 

kQ 
E=- ------------

R' 

-~ . l 
E.oc x2 

_JL_---1..,, __ ---=::::====~, 
x=R 

Figure I.IO~ 

1.7.9 ElectricFieldStrengthduetoaLongUniformlyCharged 
Conducting Cylinder - · 

Figirre'.l.l09(a) shows a long c~nducting cylinder 'charged 
nniformly on its surface with surface density cr C/m2• Due to 
nniform charge distribution on cylinder surface, by symmetry 
the electric field. direction can be consid~ed radially outward 
as shown. Here for exterior points it can be .considered that 
electric field i~ originating or appear to be originating froni the 
central axis of the cylinder. Tons for outer points we can calculate 
electric field strength due to the charge on cylinder by nsing 
the result of a nnifonnly charged long wire in which the electric 
field configuration·i.s exactly the.s~me. Thus the electric field 
strength due to.the cylinder at a distancex from the central axis 
ofcylinder is.given by equation-(1.42) as 

2KJ.. 
E,=~ 

R 
+ cr C/m2 

+ 

Total ' 
~/ charge = ). 

:-~~ +- :r 
+ + + 

++-++ + 

+, .f : ~·; :.llm 
+;, 

(b) 

(a) 

Figur~ 1.109 

1. 7.8 Variation Curve of Electric Field due to a Uniformly 
Charged Non,:onducting Sphere with Distance Where A is charge per nnit length on the cylinder which can be 

calculated from the Im length of a segment of the conducting 
We can plot the electric field strength due to a uniformly charged cylinder as shown .in fignre-1. 109(b ), given as 
non-conducting spherensing the equations-(1.61), (1.62) and .. 
(1.63); the graph isshown in figure-1.108. 
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Thus Ep is given as 

2xcr-21tR 
E = 

p 4itEo X 

a long uniformly charged wire as 

- 2K1,. 
Ep=~ 

Where 1,. is the charge per unit on the cylinder which can be 
E = crR 

p Eo X 
... (1.65) given as 

For points on surface, we usex= R so electric field strength on 
the surface points can be given by using equation-(65) as 

er 
E =

s Eo ... (1.66) 

For interior points, we know inside a metal body due to static 
charges electric field strength is always zero, thus we have 

E,n=O ... (1.67) 

A solid metal cylinder when uniformly charged, its whole charge 
is distributed on its surface uniformly. If there is a thin walled 

hollow cylindrical shell whether conducting or non condncting 

and it is uniformly charged then also the charge is distributed 

only on its surface so the electric field strength in such cases of 
a hollow uniformly charged sphere can also be given by the 

above equations-(! .65), (1.66) and (l.67). 

1.7.10 ElectricFieldStrengthduetoaLongUniformlyCharged 
Non-<:onducting Cylinder 

Figure-1.1 IO shows a long non-conducting cylinderuniformly 

charged with a volume charge density p C/m3• The electric field 
strength due to symmetry of charges in this case is also in 

radially outward direction in such a way that it appears to be 

originating from the axis of cylinder. 

' : R 
f;;-::,;::::+'::§'2f -- P C/m3 

t- :+ 
+o 
'+ +: 
o+ 

• +] 
+ ,+ 

+o 
'+ 
' 

+!_~:·:..,,..:!!;l--c-----
+. X p ,+ 
+o ,. :+ 
+, + 

4 ·1+ 

+: +, ,+ 
+' 

'+ :+ 
+, ,. 
+: . ,. 
' ' 

Figure 1.110 

Thus electric field strength at exterior points ofcylinder at a 
distance x from the axis of cylinder can be given by the result of 

Thus we have 

2K(pitR2
) 

E = p X 

pRz 
E =-

P 2e0 x ... (l.68) 

Electric field strength on the surface of this cylinder is given by 
using x = R in above equation-(! .68) as 

E = pR 
S 2 Eo ... (1.69) 

Now if we cal~ulate the electric field strength at interior points 

cifthe cylinder, such as a pointP located at a distancexfrom the 

axis of cylinder as shown in figure-I. I I I. To calculate this, we 
divide the cylinder in two parts in the same way we did for 

interior points of a uniformly charged solid non conducting 
sphere. One part is an inner solid cylinderof radius x for whi~h 
point Pis on its outer surface. Another is a cylindrical shell of 
inner radius x and outer radius R and point Pis on its inner 
surface. 

' ' ' ' ' 

Figure 1.111 

Now due to uniform charge distribution in a hollow cylinder it is 
already discussed that electric field does not exist at any interior 

point, thus the electric field at point P will only be due to tlie 

inner cylinder of radius x. For determining this we again assume 
that the inner cylinder behaves like a long line of charge and 
whole charge of inner cylinder is concentrated atits axis, whose 
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chargeper,unit length A. can be given as 

A,= p X ,u2 X 1 ... (1.70) 

Thus electric field strength at point P can be given by using the 
result of electric field of a line charge as 

2KA-
E. =-

,n X 

Substituting the value of! from equation-(!. 70) we get 

I ru:2 
E =--x_P_ 

in 27tEo X 

px 
E =

in , 2 Eo ... (1.71) 

1. 7.11 Variation of Electric Field Strength for a Uniformly 
Charged Long Cylinder 

Figure-l.112(a) shbws the variation of electric field strength 
due to a long uniformly charged solid conducting or' a hollow 
non conducting cylinder which is plotted by using 
equations-(1.65), (1.66) and (l.67) and fi~e-l.112(b) shqws 
the variation ~f electric field strength due to a long uniformly 
chargedsolid non conducting cylinder which is plotted by using 
equations.(1:68), (1.69) and(!.71). 

E 

Eo ---------
' ' ' ' -
' ' ' ' ' 

' 1 Eoc
x 

-l----1'-=------=====., 
x=R 

E 

pR 
2e0 

(a) 

~~-__:_~---=====., 
x=R 

(b) 

Figure 1.112 

1. 7.12. Electric Field due to a Large Thick Charged Sheet 

Figure-I. 113 shows a large non conducting sheet of thickness 
d, uniformly charged at charge density p C/m3• On both sides 
of sheet due to this charge electric field strength is directed;' 

Electrostatics j 
away froin the sheet as shown in figure. On both. the sides· at 
outer points of the sheet electric field configuration is such that 
it appears to be originating from the central plane of the sheet 
and for outer points we can consider that whole charge of the 
sheet is concentr,ated at its central plane. 

E 

pt 
_. , 

Figure 1.113 

The electric field strength at a point Pin front of the sheet as 
shown in figure-1.113 can be given by using the result ofa large 
.sheet of charge as already calcul~ted in equation,(l'.54) in 
~cle-1.5.2 and 1.5.3 which is givei:i'as · · · · 

E=~ 
p 2Eo 

Where cr is the charge per unit surface area of the sheet which 
can be calculated by considering unit area on this sheet surface 
having thickness d as 

,. a=pxdx\ ... (1.72) 

Substituting the value of sin above expression ofelectric field, 
we get 

pd 
E=

P 2 Eo ... (l.73) 

Similar to the large thin sheet for a large uniformly charged 
sheet also the electric field strength at its outer points is given 
by equation-(!. 73) and it is independent of the distance from 
the sheet. 

Now we will calculate electric field strength at an interior point 
P of the sheet at a distancex from its central plan~ as shown in 
figure-l.114(a). To determine this, we divide the sheet in two 

large sheets, one of thickness ( f- x) and other of thickness 

(f+x) asshownn_ifigure-l.114(b). 

I :i: __ + .'.f,:. + ; + + + .; + + + + + f 

'

·., •. ·.• .. •.· ... ·.·.'~.'.' .. "< + .. +. •. p+ + '*' +' + + + + . :+<· 'fi!4.'.Eb'"+ + + + l+ ,,.+: .+ + + + + 
:+· --,.f'; 't-· + + + X •+. + + + + + + 

---·r:,.-,,;:;~+::1;:t"'·"',f---f"-;v-~- l---.,:-,-f"---f'."-~---=t,--:;:--d
+:-:,:·_:+. __ .-,:~:::: -+ ~ + + + + + + + + + + + l 

+-:tt·F·"+ + + + + ,.+ + + + + + + 
:t:, ;+:>-,!\" it'. + + + . + '+ + i: .; + + _ .. 

(a) 
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(b) 

Figure 1.114 

Due the thin part of sheet of thickness ( d/2-x), the electric field 

at pointP is in downward direction, say ifit is considered as £2 

then it is given by the expression in equation-(l.73) as 

... (l.74) 

Similarly due to thick part of sheet electric field at Pis in upward 
direction, say if it is considered as f:1 then again it is given by 

equation-(1.73) as 

... (1.75) 

Net electric field at point P can be given by the difference of the 
two electric field strength.s given in equations-(l.74)and (1.75) 

as 

. ~ 
px 

E =-
P Eo 

# lllu~trative Example 1.26 

... (1.76) 

Consider the classical model of an electron such that a nucleus 
of charge +e is uniformly distributed within a sphere of radius 
2A. An electron of charge -e at a radial distance IA moves 
inside this sphere. Find the force a!tracting the elec~on to the 
centre of the sphere. Calculate the frequency with which the 

electron would oscillate about the centre of the sphere, ifreleased 
from rest at this radial distance. 

Solution 

Figure-1.115 shows the sitoation described in the question. 

• • - " ~ C •-•- ~------•• -q 
4.lliJ 

, ___ -----·--------··· 

Figure 1.115 

We know the electric field inside a uniformly charged sphere at 
a radial distance r is given as 

Ker 
£,a-3-

R 

Thus inward restoring force on electron is 

F=-eE 

r 
F=-Ke2 - 3 R 

(1.6xI0-19 )2 x (9 xl09)x (lx!0-10 ) 
~ F=-~--~-~-~-~-~ 

(2xI0-10)3 

(l.6xI0-19)2 x(9 x109)x (Jx!O-!O) 
~ F=-~--~-~-=c'--~--~ 

· 8x!O~p 

~ F=-2.88xI0-9N 

Acceleration of electron is given as 

F Ke2r 
a=--=---

m mR 
... (1.77) 

As the acceleration is proportional to the·displacement from 
the mean position this verifies that the·motion of electron will 
be sin3ple harmonic. For SHM acceleration of a particle is given 
as 

a=-oi'-r 

Comparing equations-(1.77) and (1.78), we get 
2 

ro2= Ke 

ro= 

mR3 

[ 
(l.6xl0-19 )x(9xl09

)] 

(9xI0-31 ) x (8xl0-10 ) 3 

... (1.78) 

I 
v=-

2n 

(l.6x I0-19 )x(9xl09
)] 

(9x!0-31 )x (8x 10-30
) 

v=8.7 x J014s-l. 
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# Illustrative Example 1.27 

A positive charge q is placed in front of a conducting solid 
cube at a distanced from its centre .. Find the electric field at the 
centre of the cube due to the charges appearing on its suface. 

Solution 

Charge will induce on the surface of the cube due to the positive 
charge q. The net electric field at the centre of the cube due to 
all the c)larges must be zero. Let E; be the electric field due the 
charges appearing on the surface of the cube and if £ 2 is the 
electric field due to charge q, then we have 

£1 +£2 =O 

- -=;, E1 =-E2 

=;, 

The electric field due to charge q at the centre of the cube, 

E- ---( 
I ) q 

2- 4rc Eo d2 

# Illustrative Example 1.28 

A large nonconducting surface has a uniform charge density cr. 
A small circular hole ofradius R is cut in the middle of the sheet, 
as shown in figure-1.116. Ignore fringing of the field lines around 
all edges calculate the electric field at' pointP, a distancez from 
the centre of the hole along its axis. 

Figure 1.116 

Solution 

The electric field due to the given charge sheet is 

E=·E . -E 
conducting surface hole 

crz 
=:, E=------

2 Eo (R2 +z2)112 

# lllustrative Example 1.29 

Electrpstatli/¥] 

A thin insulating wire is stretched·along the diameter of an. 
insulated circular hoop of radius R. A small bead of mass m and 
charge- q is threaded onto the wire. Two small identical charges 
are tied to the hoop at points opposite to each other, so that 
the diameter passing through them is perpendicular to the 
thread as shown in figure-I.I 17. The bead is released at a point 
which.is located at a distance x0 from the centre of the hoop. 
Assume that x0 << R. 

(a) What is the resultant force acting on the charged bead? 

(b) Describe the motion of the bead after it is released 

X 
(c) Use the assumption that R « I to obtain an approximate 

equation of motion, and find the displacement and velocity of 
the bead as functions of time 

(d) When will the velocity of the bead will bcome zero for the 
first time? 

Figure 1.117 

Solution 

(a) Figure-I. ll 8 shows the forces acting on the bead due to 
the two fixed charges. Components of these forces in 
y-direction gets cancelled out and along x-drection will be 
added up so net force acting on the bead is given as 

Fnot = 2Fcos 0 
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2KQqJ:o 
F = 

not (R2 +xJ)3/2 

Figure 1.118 

We can generalised the force by putting x0 = x, which gives 

F= 
2KQqx 

(R/ +x2)312 
... (1.79) 

(b) Equation-( 1. 79) shows that the force on the bead is directed 
toward the center of the circular hoop and it is directly 
proportional to the displacement of the bead from mean position 
thus particle's motion is SHM. As particle is released from 
x = x0, motion of bead will be periodic between x = ± x

0 

X 
(c) For R << l, wecanuseR2+x2aeR2 

Thus equation-(!. 79) can be rewritten as 

Acceleration of bead is given as 

a= F = -(2KQq)x 
m mR3 

... (1.80) 

Since a oc-x, motion will be simple harmonic in nature and for 
SHM acceleration is given as 

Comparing equations-(1.80) and (l.81) we get 

ro= ~2KQq 
mR 

... (1.81) 

As particle starts from extreme position at t = 0, SHM equation 
is given as 

x=x0 cos rot 

dx _ 
V = dt =-rox0 Sill Ol/. 

(d) Velocity will become zero again when bead will reach the 
other extreme position which will happen at t = T/2 = rr/ro which 
is given as 

t= n~2:~q 
1.8 Electric Field Strength due to Non Uniformly 

·Charged Bodies 

Till now upto previous article we've discussed about calculation 
ofelectric field strength due to uniformly charged bodies. If the 
charge is supplied to a body or bodies of different shapes in 
such a way that the charge distribution is not uniform throughout 
the volume of body then the electric field strength due to such 
a body at a point in its surrounding can be calculated by 
integrating the electric field strength at that point due to an 
elemental section of body. If dE be the electric field strength 
due to an elemental charge dq of.the body then the net electric 
field strength at that point due to the whole body can be given 
by integrating dE over the surface or volume of the body 
depending upon its charge distribution as 

E = dE .., f .., 

1.8.1 Electric Field Strength due to a Non-uniformly Charged 
Rod 

The rod AB shown in figure-1.119 isoflengthL, charged with a 
linear charge density which depends on distance x from end A 
of rod, given as 

1c=cxC!m· 

,._------£-------"" 

Al+. + _- 1: · ·+· !@%!+ + "t +,,: .. + + :+I• 
B 

"---x--~ dx I+--
Figure 1.119 

r 

... (1.82) 

p 
.,, . 

Due to this rod we wish to determine electric field strength at 
point P, shown in figure-1.66. For this we consider an element 
of width dx ata distancex from the end A of rod as shown. The 
charge on this element is given as 

dq=1cdx=cxdx 
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As dq is a very small sized elemental charge, it can be treated as 
a point charge thns electric field strength dE at point P due to 
the elemental charge dq can be given as 

dE= Kdq 
(L+r-x)2 

Net electric field at P due to charge on whole rod can be 
calculated by integrating the above expression within limits 

from Oto L, given as 

L 

E=fdE=f Kcxdx 
0 (L+r-x)2 

For integration we substitute 

t=L+r-x 

dt=-dx 

Changing the limits, we get 

at x=O, t=L+r 

at x=L, t=r 

Substituting the above values in the integrand, we get 

E= f Kc(L+;-t)dt 

L+r t 

f
, (L+r 1 ) E=-Kc 7dt-1dt 

L+, 

E=Kc(L+r) [!]' +Kc [Int I+, 
t L+r 

E=Kc [L+r -1] +Kcln (-' ) ·r L+r 

KcL (r+L) _E= -,- -Kcln -,- ... (1.83) 

Above expression of electric field obtained in equation-(1 .83) is 
corresponding to the charge distribution on the given rod as 
provided in equation-(1.82). Ifthe charge distribution changes 
then the electric field will also change accordingly. In further 
sections we will discuss about some different bodies having 
non uniform charge distribution. 

1.8.2 Electric Field Strength due to a Non-uniformly Charged 
Ring 

As shown in the figure-l.120(a), the ring is non-uniformly 
charged with linear charge density varying as a function of 
polar angle 0 from x-axis as 

... (1.84) 

+ 
+ --•x 

,+ 

-,-:~----:?__J_:___K_---J'+ - --+x 

(b) 

Figure 1.120 

+ 

Ifwe carefully analyze the function oflinear charge density as 
given in equation-(1.84), we can state that due to cosine function, 
in the ring first and fourth quadrant are positively charged and 
second and third quadrant are negatively charged as shown in 
figure-1.120(a) with higher charge density at 0 = 0° and 11 on 
x-axis which decreases as we move toward y-axis. 

To determine electric field strength at the centre of ring due to 
this non uniform charge distribution on ring, we consider an 
element of polar width d0 at an angle 0 on ring from x-axis as , 
shown in figure-1.IZO(b). The charge on this element can be 
given as 

dq='A.xRd0 

= 'A.0 cos0 x Rd0 

The electric field strength at centre ofring due to this element 
can be given by the result of electric field strength of a point 
charge as 

Kdq 
dE=R2 
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To calculate the net electric field strength at ~entre ofring we 
integrate the components of this electric field for the 
circumference. of ring. All the components dE sin0 due to 
different elements on ring will cancel each other due to. 
symmetry and the components dE cos0 will all be added up as 
in same direction due to all the elements. Thus net electric field 
str~ngth at centre will be given by 

=> 

=> 

=> 

=> 

+rr/2 

Ec=2 J dEcos0 
-rr/2 

_ +rr1J 
2 in .. 0 cos 0 · Rd0 

Ee-2 2 
-rr12 R 

2KJ.. +rr1i 
Ee= --0 J cos

2 
0 d0 . 

R -rr12 . 

+rr/2 

cos e 

_ 2KJ..0 J l+cos2e 
Ee- R 2 de 

-rr/2 

+rr/2 
_ 2KJ..0 J ·l+cos20 

Ee- R . 2 de 
-rr/2 

KJ..0 [ sin 20 ]+rr/
2 

E =- e+--
e R -2_-rrJi· 

Ao 
Ee= 4E

0 
R .. : (1.85) 

Above expressipn of electric field in equation-(1.85) is 
corresponding to the alreadyprovided charge distribution given 
in equation-(1.84). 

1.8.3 Electric Field due to a Non-uniformly Charged Sphere 

(b) 

Figure 1.'121 · 

r 

p 

In this casewe will calculate the electric field strength at a point 
P located at a distance r from centre of sphere outside it as 
shown in figure-1.121. Due to radially symmetric charge 
distribution in tlie spherical volume, the electri~ field will be in 
radially outward directio_n and for outer points the electric field 
appear to be originating from the center of sphere thus we can 
use the result of electric field due to a point charge for outer 
points _as 

KQ 
E =-, 

P r ... (1.87) 

Where Q is the total charge of the sphere. For outer points as 
discussed we are considering that whole charge of sphere is 
concentrated at its centre. The total charge of sphere Q can be 
calculated by integrating the charge of an elemental shell of 
radius x and width dx as shown in figure-1.121 (b ). The charge 
dq in this elemental shall can be given as 

If a solid nOJ\·conducting sphere ofradius R is charged with a => 
non uniform radially symmetric charge distribution of which 

dq= p · 4rrx2dx 

dq = Po x 4rrx2dx 
, X 

the charge density varies with the distance from centte x as => d_q = 41tpoX dx 

Po 3 p=-C/m 
X 

... (l.86) 

(a) 

Total charge of sphere can be given as 

=> 

=> 

=>. 

Q= Jdq 

R 

Q= J 41tp0x dx 
0 

Q=41tpo [x;r 
Q=21tpoR' 

Substituting the above charge in_ equation-(1.87), the electric 
field strength at outer points of the sphere can be given as 

2 . 2 
K(21tp0R) =~ 

Ep= 2 2 
r 2e0 r 

... (1.88) 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



·1 54 

Above expression of electric field as given in equation is valid 
for r >R for outside points only. 

For calculation of electric field strength at an interior point of 
this sphere with non uniform charge distribution at a distance r 
from the centre of sphere, we calculate the charge enclosed 
within the inner sphere of radius r with pointP is on the surface 
where we will be calculating the electric field strength. 

Figure 1.122 

To find the enclosed cha_rge within the inner solid sphere of 
radius r ( <R), we c.9nsider an elemental spherical shell inside of 
radius x and width dx as shown in figure-1.122. The charge 
enclosed dq within the thin wall of this elOIIjental shell is given 
as 

=> 

=> 

dq= p · 47tX2dx 

Po __ , 
dq = - X 4n.dx 

X 

dq = 41tpcf dx 

Total charge.enclosed within the inner solid sphere ofradius r 
is given by integrating above elemental charge within limits 
from O tor(<R) as 

r 

q - f Po . 4~2dx e~cL - R ..... 
0 

=> q encl = 2np;2 

Here electric field strength at point Pean be given by considering 
the charge in this inner sphere as center as 

Kq,nc1 K(2rrp0r 2
) 

E =--2-= 
P r rz 

=> E =..£2.._ 
p 2 Eo ... (1.89) 

The above expression of electric field as given in equation we 
can see that the above expression is independent of distance 
from centre. This is because of the specific charge distribution 

- . -------E-lec-t.r-os-l-at-lc~s j --·--·----====~-
as specified in equation-(] .86). This is not a standard result but 
we can note that if in a region if charge distribution is radially 
symmetric and charge density is inversely proportional to the 
distance from a fixed point then electric field in.the region is 
constant and does not vary with the radial distance from the 
fixed point 

1.8.4 Electric Field due to a Large Non Uniformly Charged 
Slab 

Figure-1.123 shows a region betweenyzplane and a plane parallel 
to yz plane at x = d which is charged with a non uniform 
distribution of charge of which charge density varies with x 
and it is given as 

p=ax2C/m3 ... (1.90) 

y =Tcy-- ·---r-· 

+ + + 
+ + + 

+ + + 
+ + + 
~-+: .. + + 

'+ + + 
4- + 

+ + 
p 

X 
+. + + (/, 0) dE 

1 
q. + 

+ + 
:+, + + 

+ + >i + 
+ + + 

+ + + 
+ + 

+ + ----·-
Figure 1.123 

In this case we. will calculate the electric field strength due to 
this slab at an outside point P (/, 0). To calculate this electric 
field strength first we consider an elemental sheet of width dx at 
a distance x from the yz plane within the specified charged 
region as· shown. Electric field strength atP due to this elemental 
sheet of charge can be given by the result already obtained in 
equation-(1.73) inarticle-1.7.12 given as 

=> 

dE= pdx 
2 Eo 

ax2 
dE=-dx 

. 2Eo 

Net electric field strength at P due to whole charge in the 
specified region can be given by integrating above result within 
limits O to d, given as 

=> 

d 2 

E=JdE=fax dx 
p O 2Eo 

ad3 
E .. =-

P 6 Eo ... (1.91) 
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I Electrostatics 

The above electric field strength obtained in equation-(1.91) is 

corresponding to the charge distribution in the region as given 

bythe equation-(1.90). 

1.8.5 Electric Field Inside a Cavity of Charged Body 

Consider anon-conductiog sphere shown in figure-1.124. whic)l 

is charged uniformly with charge density p C/m3• Inside the. 

sphere a spherical cavity is made with centre at C which is 

displaced from the center of the sphere by a position vector a 
as shown. 

+ + ·+ 
+ + + 

.... + + + 
+ + + + + 

+ + + + + 
+ + + 

~ 
a 

C 

Figure 1.124 

In above case, we will determine the electric field strength inside 
the above cavity in sphere as mentioned. For this we consider 
a point Pin the cavity such that it is located at a position vector 
1 from the centre of sphere and at a position vector y from the 
centre of cavity as shown in figure-1.125. 

+ + 
+ ·+ + 

+ + + + 
+ ~ 

+ E, 

+ 
+. 

+ 
+C 

;J-
+ 

+ 

Figure 1.125 

-> 
If £ 1 is considered to be the electric field strength at P due to 
the complete charge of the sphere (including the charges inside 

Ifl 
cavity also of same charge density) then as already discussed. 

in article-1.7.7 we know that electric field strength inside a 
uniformly charged sphere can be given by the result from 
equation-(l.64) given as 

. -> _, px 
E--
1- 3Eo ... (l.92) 

Similarly if we determine the electric field at point P only due to 

the uniform charge distribution in the region of cavity then the 

electric field at point P due to cavity charges can also be given 
-> 

by the equation-(1.64). If £ 2 be the electric field at pointP only 
due to the cavity charge then it can be given as 

-> 
-> PY 
£2=-3-

Eo 
. .. (l.93) 

Thus net electric field due to the charged sphere in the cavity at 

point P can be obtained by vectorially subtracting the electric 
field strength at point P due to whole charge in sphere (including 
cavity region) and the electric field strength atP only due to the 

· charge in cavity region. This can be calculated by using the 

field values in equations-(1.92) and (l .93), given as 

--+ P--+--+ 
E2=-3-(x -y) 

Eo 

_, _, _, 
From figure-I. 125 we can see that x - y = a thus above 

equation can be written as 

. .. (l.94) 

Above expression of electric field strength in equation-(bn) 

shows that the net electric field inside the cavity is uniform and 

in the direction of d i.e. along the line joining the centre of 
spheres and cavity. 

By doing similar to above analysis for a long cylinder, we can 
also calculate the electric field strength inside a cylindrical cavity 

ofa long uniformly charged cylin.der. Ifcavity axis is displaced 
from axis of cylinder by a displacement vector d as shown in 
figure-1.126, then by the similar analysis which we've done 

above for a sphere, we can calculate and show that the electric 
field strength inside the cylindrical cavity is uniform and can be 
given as 

_, 
-, pa 
£=-

2Eo 
... (l.95) 
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a 

pC!m3 + 4, 

:+ 
+ +: + 

+ + :+ 
+ + +: + 

+ + ' •+ 
' + + +• 
' 

+ 
+ + :+ 

+ + +' ' + 
+ + :+ 

+ + +: + 
+ + :+ 

' + + +, + ; 
' + + •+ 
' + -+: +• 
' + 

+ + :+ 
+ + +' ' + 

+ + :+ 
+ + +: + ,, 

Figure 1.126 

# Illustrative Example 1.30 

An infinitely long cylindrical shell ofinner radius r1 and outer 
radius r2 is charged in its volume with a volume charge density 
which varies with distance from axis of cylinder asp= blrC!m3 

which C is a positive constant and r is the distance from axis of 
cylinder. Find the electric field intensity at a point P at a 
distance x from axis of cylinder. 

Solution 

' :+----- r 2 -----+I 
' ' ~r1----+1 
' 

Figure 1.127 ~ 

P, 
• 

_____________ -_--_-----Electrostatics j 

(a) Atx< r1 

as there is no charge enclosed for x < r1 

hence electric field at P 1 = 0 

(b) Atx such that r1 <x<r2 

We can calculate the charge enclosed for a length l of cylindrical 
shell by considering an elemental cylinderical shell oflength /, 

. radius x and width dx. The charge dq in the elemental shell is 
given as 

dq = p x 2rrx dx x I 

Total charge within the annular shell from radius r1 to x of 
length l is given as 

X b 
Q= f dq = J(2ru:dxx/)x-

x 
~ 

The linear charge density on this inner cylinderical shell can be 
calculated as 

... (1.96) 

Thus electric field at a distancex from axis of this shell is given 
by considering whole charge concentrated at its axis by using 
the result ofline charge as · 

. 2K'/.. 2K(2rrb(x-lj)] 
E = -- = --'--'----"-' 

Pz . X X 

4K rrC(x-lj) 
E = 

P2 X 

(c) For x > r2 at pointP3 the linear charge densityofcylinder 
can be given byreplacingx to r2 in equation-(1.96) as 

Thus electric field at outer point P3 can be given as 

E = _2_K_.,_(2_rr_C__,_(r---=-2 _-_,'i-'--'-)) 
P3 X 

# illustrative Example 1.31 

An infinitely long cylindrical surface of circular cross-section 
is uniformly charged lengthwise with the surface charged 
density cr= cr0 cos~. where~ is the polar angle of the cylindrical 
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coordinate system whosez-axis coincides with the axis of the 

given surface. Find the magnitude and direction of the electric 

field strength vector on thez-axis. -

Solutio11 

Let p be the radins of the cylinder. The surface charge density 

varies as er.= cr0 cos $. 

y 

z 
X 

Figure 1.128 

Thus it is maximum along the x-axis and goes on decreasing 

towards y-axis and becoming zero there. Consider a strip at 
point Pon the cross ·section of the cylindrical surface whose 

length is parallel to the axis of the cylinder and whose width is 

Rd$. 

Charge per unit length on the elemental strip is given as 

,. = cr0 cos$ . Rd$ 

Electric field at point O on the axis of cylinder due to the strip 

is given as 

dE = 2KA. = er cos $.Rd$ 
R 2ne0R 

Resolving above electric field along x and y axes, we get 

and 

=> 

dE =- "o cos2 $ d$ 
X 21ffio 

dE = .Y 

cr0 cos $sin $d$ 

2ne0 

dE = -~(l +cos2$)d$; 
x 41tso 

Integrating above expressions between limits of$ from Oto 2it 

gives 

E = fdE =-~ 
X X 2Eo 

and E =O y 

5.7j 

# Illustrative Example 1.32 

A thin non-conducting ring of radius R has linear charge density 

A= '-o cos $, where '-o is a constant, $ is the azimuthal angle. Find 
the magnitude of the electric field strength on the axis of the 

ring as a function ofthe distance x from its centre. Investigate 

the obtained function atx >> R. 

Solutio11 

Figure-1.129 shows the charge distribution on the ring. We 

consider an element oflength di on ring at an azimuthal angle$. 
This element subtends an angled$ at the centre 0. The charge 

on this element is given as 

=> 
z • -'+ 

dq=),_d/ 

dq=A.0 cos$.Rd$ 

~: 
dEsin9 l 

~t 
/ ' 

dE;i:a co:$ 
Figure 1.129 

The electric field due to the charge on element at an axial point 

as shown in figure is given as · 

Kdq 
dE=-~~ 

(Rz +xz) 

Figure-1.129 shows the components of electric field along and 
normal to the axis ofring. Due to rositive halfand negative half 
ofring along y and z directions, electric field components will 
get cancelled out. The components of electric fields due to 

positive and negative half rings along x direction will be in 

same direction so will get added up. Thus electric field due to 

positive half ring 

+½ 
E1 = f dEsin0sin$ 

-½ 
+½ . 
f

.Kdq R .,,_ 
E = -~--x~~~=sm't' 

I -½ (R2 + x2) (R2 + x2)1i2 
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E = •r KJc0Rcos<!> d<!>xRsin<!> 
1 -Y, (R2 +x2)3/2 

E = KJc0R
2 

x 2½f, [l-cos2<!>] d<!> 
I (R2 + x2)3/2 o 2 

E _ 2K'/.0R
2 

[~] 
,- (R2+x2)312 4 

'/. R2 
E = o 

' 8 Eo (R2 +x2)312 

For negative part of ring also the field at point P will be same 
and in same direction, ifit is £

2 
then this is given as 

"'R' E = o 
2 8 Eo (R2 +x2)312 

Thus net electric field at point Pis 

. '/.0R2 
E =E +E = 

net 1 2 4 Eo (R2 +x2)3/2 

The direction will be along th ex-axis as shown in figure-1.129. 
For x>> R, we use 

'/. R2 
E =-~o __ 

net 4 Eo (x3) 

# Illustrative Example 1.33 

, ---- ~----- · ---El-e-ct-,os-ta_tl_cs~J 

dq=p0 (1-;) x4ro2dr 

Now total charge enclosed in the sphere of radius r can be 
determined by integrating the above expression from O to r, 
given as 

Inside the ball, electric field at a point can be given as 

Kq 
E=-2 

r 

E= Po' (l-~) 
3Eo 4R 

. .. (1.97) 

When r > R, we use the total charge of ball which is distributed 
from O to R, given as 

A ball of radius R carries a positive charge whose volume density The electric field outside the ball at a distance r from the center 
depends on a separation r from the ball's centre as _ of ball is given as 
p = Po (1 - r/R), where p0 is a constant. Assuming the 
permittivities of the ball and the environment is equal to unity, 
find: 

(a) The magnitude of the electric field strength as a function 
of the distance r both inside and outside the ball, 

E_Kq,,,," 
- r' 

PoR3 
E 

12 Eo r 2 

(b) The maximum intensity Enm. and the corresponding distance 

':m· 

(b) For maximum electric field we use the inside electric field as 
a function of distance r as given in equation-( 1.97) and use 
maxima-minima as 

Solution 

( a) As the charge distribution is spherically symmetric, electric 
field will be radially outward and at any point interior spherical =:, 

charge can be considered at center. If we consider an elemental 
shell inside the ball at a radius r of width dr then charge within 
the shell volume is given as =:, 

dq=pdV 

dq = p4rri2dr 

dE 
-=O 
dr 

dE = p0R (i-~) =O 
dr 9 Eo 4R 

(1-!;)=o 
2R 

r=-
3 
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Thus maximum electric field can be given by substituting the 

above value ofr in equation-(1.106) as 

E =·:.£Q._(2R _2._x 4R
2

) = PoR 
""" 3 e0 3 4R 9 9 Eo · 

,- . :, •. •· .. . .. 
! Web Reference at www.physic.sggla:ey.com 
\ . . . . 
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Practice Exercise 1.4 

(i) A solid sphere of radius R has a charge Q distributed in 
its volume. with a charge density p = kr', where k and a are 
constants and r is the distance from its centre. If the electric 
field atr= R/2 is 1/8 times that at r= R, find the value ofa. 

[2] 

(ii) The diagram shows a uniformly charged hemisphere of 
radius R. It has volume charge density p. If the magnitude of 
electric field at a point A located a distance 2R above its centre 
is Ethen what is the electric field at the point B which is 2R 
below its centre as shown in figure-I. 130. 

pR . 
[12e -E] 

' 

A 

2R 

R 

B 

Figure 1.130· 

(iii) An infinitely long solid cylinder ofradius R has a uniform 
volume charge density p. It has a spherical cavity ofradius R/2 
with lts centre on the axis of the cylinder, as shown in the 
fi~e-1.131. Find the magnitude of the electric field at the point 
P, which is at a distance 2R from the axis of the cylioder 

X 

Figure 1.131 

(iv) Figure-!. 132 shows two uniformly and oppositely charged 

spheres with volume charge density+p and-pare intersecting 
with some overlapped neutral region with their centres at a 
separation a, find the electric field strength in the overlapped 

region between the two spheres. 

+p 
-p 

+ + + 

+ * +~ + 
- -,,_-_-_-_ - - - -

+ + " + -.,___....,_-"='-"' - - - -
c,. 

+-··· + +" + 

+ + + 
a 

Figure 1.132 

pa 
[37" l 

0 

{v) Suppose the surface charge density over a sphere of radius 
R depends on a polar angle 0 as cr = cr0 cos 0, where cr0 is a 
positive constant. Show that such a charge distribution can be 
represented ~s a result ofa small relative shift of two uniformly 

· charged balls of radius R whose charges are equal in magnitude 
and opposite in sign. Resorting to this representation, find the 
electric field strength vector inside the given sphere. 

[~ l 
3e0 

(vi) · A nonconducting spherical shell, of inner radius a and 
outer radius b, has a volume charge density p =Air, where A is 
a constant and r is the clistance from the centre of the shell. At 
the centre of shell a positive point charge q is placed. What 
should be the value of constant A such that the electric field in 
the shell ( a ,;; r ,;; b) is to be uniform. 

[q/2na2]_ 
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(vit") A square loop with each side <>flengtb I having uniform 
linear charge density ). is placed in XY plane as shown in the 
figure-1.133. There exists a non uniform electric field in space 
given as 

- a -E =,1 (x+l)i 

_Here a and I are constants and x is the position of the point 
from origin along x-axis. Find the resultant electric force on the 
loop. For calculations consider the values o_f constant I= 10 cm, 
). ~2OµC/m and a= 5 x HPN/C. 

[6N] 

y 

ai------,c T 
I 

A D l 
l<-1--+I 

Figure 1.133 

X 

(viii) Two concentric rings, one of radius a and other of radius 
b have charges +q and --{2/5J-312q respectively placed with 
their center at origin and in xy plane. Find the ratio bla if a 
charge particle placed on the common axis of rings at:z = a is in 

· equllibrium: · · 

[2] 

(ix) A solid non-conducting sphere of radius R is charged 
with a uniform volume charge density p. Inside the sphere a 
cavity ofradius r is made as shown in figure-134. The distance 
between the centres of the sphere and the cavity is a. An~ 
electron e is kept inside the cavity at angle 0 =45° as shown. If 
at t = 0 this electron is released from point P, calculate the time 
it will take to touch the sphere on inner wall of cavity again. 

&Jimre9 ] 

epa 

• 
' 

:.; 

' -- ;_j/ 
''"' ,, ' ,.," 

Figure 1,134 

Electrosl;!tlcs;I 

(x) An infinite non-conducting sheet having surface charge 
density cr has a hole of radius R in it. An electron with charge e 

and mass m is released on the axis of the bole at a distance 
,/3 R from the centre. What wi)l be the velocity with which it 
crosses the .plane of sheet. 

~ czv~i 

(xi) A uniforrn~odAB of mass m and length /is binged at its 
mid point C as shown in figure-l.135. The left balf(AC) of the 
rod bas linear charge density-A and the right half ( CB) bas+). 
where ). is constant. A large non conducting sheet of uniform 
surface charge density cr is also present near the rod. Initially 
the rod is kept perpendicular to the sheet. The end A of the rod 
is initially at a distance d. Now the rod is rotated by a small 
angle in the plane of the paper and released. Prove that the rod 
will perform SHM ~.nd find its time period. 

[21t~2meo] 
3l.cr 

' ' ' ' ' ' ' ' ' ' ' ' + crC/nr 

-l. +l. 

C 

Figure 1.135 

1.9 Electrostatic Potential Energy 

We've already studied in basic theory of Work and Energy that 
potential energy of a system of particles is defined only in 
conservative fields where work done against the force of system 

- in·assembling a system of particles in a given configuration and 
sb"ape is stored in form of potential energy of system. 

As electric field is also conservative, we define potential energy 
in it. Before proceeding on further discussion and analysis of 
electrostatic potential energy, first we should review and keep 
in mind the following fundamental points, which are useful in 
understanding potential energy in electric fields. · 
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(i) Doing work implies supply of energy 

(u) Energy can neither be transferred nor be transformed into 
any other form without doing work. 

(m) Kinetic energy implies utilization of energy where as 
potential energy implies storage of energy. 

(iv) Whenever work is done on a system ofbodies, the supplied 
energy to the system is either used in form of kinetic energy of 
its particles or it will be stored in the system in some form, 
which increases the potential energy of system. 

(v) When all particles of a system are separated far apart by 
infinite distance there will be no interaction between them. In 
general this state of no interaction we consider as reference 
state of zero potential energy. 

(vi) Potential energy of a given system of particles is defined 
as the work done in assembling the particles in a given 
configuration against the interaction forces of particles. 

Based on above points in electric field, the potential energy 
due to electrostatic interaction between particle which is called 
electrostatic potential energy can be defined in two ways 

(i) Interaction energy of charged particles of a system 
. ' 

(11) Self energy of a charged object 

In this section, first we will discuss and analyze only about the 
interaction energy of charged particles of a system and different 
situations related to this. Selfenergy ofa charged object we will 
discuss and analyze in upcoming articles. 

1.9.1 Electrostatic Interaction Energy 

Electrostatic interaction energy ofa system of charged particles 
is defined as the external work required to assemble the particles 
from infinity to a given configuration. 

When some charged particles are at infinite or very large 
separation, their potential energy is considered zero as a 
reference because no interaction is there between these particles 
at large separation. When these charges are broug,1t close to 
each other in a given specified configuration, external work is 
required if the force between these particles is repulsive and 
energy is supplied to the system and final potential energy of 
system will be positive. If the force between the particles is 
attractive, work will be done by the system and final potential 
energy of system will be negative. 

In next article using the same process, we will calc11late the 
interaction potential energy of two charged bodies at a fixed 
separation. 

·-e1T:i 
- ""~---- - ··- -- '---~> 

1.9.2 Interaction Energy of a System ofTuo Charged Particles 

Figure-l.136(a) shows two point charges +q1 and +q2 are kept 
at a separation r. In this state when these charges are brought 
from very large separation or from the state ofno interaction 
then these will repel each other and in the process of brining 
these charges from no interaction state to the state shown in 
figure- I.I 36 some external work is required to be done again the 
electric repulsion between the charges. This work is considered 
to be stored in form of electrostatic potential energy of this 
system. We can calculate the work in the process ofassembling 
these charges as explained below. 

As electric forces are conservative forces which does uot depend 
upon the path or process. The work can be calculated by 
considering initial and final state to be same. Figure-1.136(b) 
shows the process of bringing the two charges from large 
separation to the state shown in figure-l.136(b). We can 
consider that initially the charge q I is at rest which is kept fixed 
and charge q

2 
is brought from far away point to the final 

separation r from q1 as shown in figure. 

@i.,----'------, €) 
+q, +q2 

(a) 

i.---------x-------->< 

0..-,----,,----• 0----<----~ 
qt q2 dx F 

Figure 1.136 

If we consider an intermediate state in the above process as 
shown in figure-l.l 36(b) when q2 is located at a distancex from 
q1 and it is being displaced toward q1 byan elemental distance 
dx then work don~ by external agent in this elemental 
displacement of charge q2 can be given as 

... (1.98) 

Ifwe consider very slow displacement of the charge as it is not 
suppose<! to gain any kinetic energy then the external force will 
be almost balancing the electric coulombian repulsion between 
the two charges, thus we can use 

-F Kq,q,. 
ext =---

2
-x 

X 

From equation-( 1.107), on substituting the force, we get 

=> W=- !(-K:;q' x )-dx 

=> W=- s' Kq1q, .dx 
• x' 
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. W=-Kq q [-.!.]' = Kq1q2 
I 2 X o:i r ... (1.99) 

The work done in the process ofbringing the two charges from 
the state ofno interaction to the state shown in fignre-1.136(a) 
is calcnlated asgiveninequation-(1.99). This work is the energy 
spent by the external agent in execution of the process which is 
gained by the electric system of two charges. This amount of 
energy is stored as potential energy and called as "Interaction 

Energy of the ~stem of two charges". Thus we use 

W=U= Kq,q, 
r 

... (l.100) 

If the two charges used in situation shown in fignre-1.13 6( a) are 
of opposite sign, the potential energy will be negative as the 
work will be required to oppose the electrostatic attraction 
between the two charges when brought close from large 

. separation to the final separation at state ofrest. 

U=- Kq,q, 
r 

1.9.3 Interaction Energy for a System of Multiple Charged 
Particles 

When more than two charged particles are kept at some 
separation in a system, the interaction energy can be given by 
sum of interaction energies of all the pairs of particles. For 
example ifa system of three particles having charges q I' q

2 
and 

q3 is given as shown in fignre-1.137. The total interaction energy 
of this system can be given as 

U= Kq1~2 + Kq1q3 + Kq2q3 
Y3 r2 1j_ 

.... (I.IOI) 

,, ,, 

Figure 1.137 

The expression in above equation-(1.101) is the interaction 
energy of the system of three charges as shown in fignre-1.13 7. 

. First term in this equation is the work done in bringing the 
charges q1 and q2 from infinity or large separation to a distance 
r3 apart. Then second and third term of the equation are giving · 
the work done in bringing the charge q

3 
from infinity to the 

given position against the field forces of q I and q2 respectively. 

Electrostatics I 
As electric forces are conservative in na~e, it does not make 
any difference if we calculate the work done separately by 
individual forces or it is done simultaneously. Eventually final 
state must be same. For N charged particles in space total 
interaction energy can also be calculated by considering sum 
ofall pair of particles considered independently. 

When there are N charges q1, q2,q3, .... qNplaced in a region of 
space such that the separation between q

1 
and q

2 
is r

12
, between 

q I and q3 is r13 and similarly separation between ith and ;'lh 
charge separation is 'ii then the interaction energy of such a 
multi particle system is given as 

U= .!. ±± Kq,q1 
2 /==I i"'I 1iJ 

... (l.102) 

In above equation-(!. I 02) the factor of 1/2 is taken because in 
the two summations each terms of potential energy between z'lh 
and;'lh,charge particle is considered twice. 

1.9.4 Closest Distance of Approach between 1\vo Charges 

When two charged particles having same polarity charges are 
projected toward each other along same line of motion then due 
to their mutual repulsive force their speed decreases and they 
get closer to a minimum separation between the two particles 
when their final speed becomes zero and then they will repel. 
Using the concept ofinteraction energy we can find their closest 
distance of approach in this and in many other cases of 
projections. Next we will discuss some similar cases of projection 
of two charged particles and analyse these situations using the 
concept of interaction energy. 

Case-I : One Charge is kept F"IXed 

Fignre-l.138(a) shows a fixed charge q
1 
and from a large distance 

another charge particle having mass m and charge q
2 

is projected 
toward it with an initial speed v0• If due to repulsion, charge q

2 
gets close to the fixed charge q I iipto a minimum distance r min 

as shown in figure-l.138(b) then this closest distance of 
approach can be calculated by using conservation of energy 
between initial state when charge was projected and at the 
state of minimum separation, given as 

... (l.103) 

=> rmin 
= 2Kq1q2 

2 mv0 

=> 
qlq2 

rmin 
21t e0 mvt ... (l.104) 
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Large separation 
------------------ Q 

+q, 
Fixed 

(a) 

v= 0 rmin 
El)----------------- Qi+•-~-o 

+q2 +qi 

(b) 

Figure 1.138 

Fixed 

Above equation-(!. I 03) shows that initially at large separation 
there was no interaction energy between the two charges and 
there was kinetic energy in the charge which is projected. At 
the state of closest approach charge q2 will come to rest and 
whole ofits kinetic energy will transform into the electrostatic 
interaction energy of the system of these charges. 

Case-II : No charge is fixed but moving along same line· 

Figure-1.139(a) shows a charge q1 and of mass m1 at rest and 
another charge q2 of mass m2 is projected toward it from a large 
separation with initial speed v0• In this case as charge q2 gets 
close to q 1, due to mutual repulsion q I also starts moving and 
because of electric force its speed increases and that of q

2 

decreases. As the separation between the two charges decreases 
their interaction energy increases and interaction energy will 
be maximum when they will be at the distance ofclosest approach 
r .. At this state the kinetic energy of the two charges will be 
,:;imum and as alreadyanalyz,ed in the topic oflinear momentum 
conservation that at the point of maximum potential energy in 
collision the speeds of particles are equal. By conservation of 
energy and linear momentum of the two moving charges we can 
find the closest distance ofapproach as explained below. 

m2 m1 
-----EE)f---+f' -------- ----- ---------0------

+qz +q, 
at rest 

(a) 

m2 VJ ml VJ 
----- ------------€)--------"-----~----------------

+qz +q1 

(b) 

Figure 1.139 

If at the distance of closest ~pproach the speed of particles is vJ 

then by conservation oflinear mom~tum, we have 

By using ·energy conservation, we have 

I 2 1 2 Kq,q2 
-m2v0 = -(m1+m2)vJ +--
2 2 'nun 

Solving equations-(1.105) and (1.106), we get 

... (1.105) 

... (1.106) 

2K%q,(m, +m,) 
2 

m.mz Vo 

... (1.107) 

Case-ill : One Charge is fixed and other n19ving not in line 

Figure-1.140( a) shows a fixed charge q I and another charge q2 
of mass m is projected toward it with initial speed v0 at an 
impact parameter d from large separation. Due to mutual 
repulsion the path of q2 gets deviated as shown in 
figure-l.140(b) and it moves in the curved path as shown. The 
separation between the two charges is minimum during motion 
will be the normal distance between charge q I and the trajectory 
of q2 as shown. If at the point of closest approacµ the speed of 
q2 is vJ then by conservation of angular momentum we can 
write 

By conservation of energy, we have 

I 2 1 2 Kq,qz 
-mv = -mvJ + --
2 0 2 'min 

... (1.108) 

... (1.109) 

Using equations-(1.108) and (1.109), we can solve these for 
calculating the value of r nun· 

0 :ol ______ _ 
+qz -------- d·_ -------------------© 

(a). 

+q, 

Fixed 

/ 

+r, ------;-/ 
f--------------------- m rmin 

1__________________________ ' 

(b) 

Figure 1.140 

+q, 
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# lllustrative Example 1.34 

A point charge q1 = 4.00 nC is placed at the origin, and a 
second point charge q2 = - 3.00 nC is placed on the x-axis at 

. x = + 20.0 cm. A third point charge-q3 = 2.00 nC is placed on the 

x-axis between q1 and q2• 

(a) What is the potential energy of the system of the three 
charges ifq3 is placed atx=+ 10.0 cm? 

(b) Where should q3 be placed to. make the potential energy 

of the system to be equal. to zero? 

Solutio11 

(a) For a three particle system as discussed in article-1.9.3 the 
interaction energy is given as 

... (l.llO) 

( 
4x3 4x2 3x2) U=9xJ09 ---+-.-.,--- x10-1s 
0.2 0.1 0.1 

=> 

=> 

U=9 x !o-9 [-60+80-60] 

U=-3.6 x 10-1 J. 

(b) If charge q3 is placed at a position x (< 20 cm), then in 
Equation-(l.l 10) ofpart{a), use 

, 

U=0, r 12 =0.2m, r13 =x and r 23=(0.2-x) 
That gives 

U= K(q1q2 +_q1q, + q2q, ) =O 
0.2 X 0.2-x 

=> _ 4x3 + 4x2 _ ~ =O 
0.2 X 0.2-X 

8 6 . 
=> -60+----=0 

X 0.2-X 

=> -60x 0.2x+60x2+ 1.6-8x-6x=0 
=> 60x2-26x+ 1.6=0 

26±-~(26)2 -240xl.6 
=> x= = 0.0743 

2x60 · 

=> x=7.43cm 

# lllustrative Example 1.35 

A particle of mass 400 _mg and charged with 5 x lo-9 C is moving 
directly towards a fixed positive point charge of magnitude 
1 o-8 C. When it is at a distance of 10 cm from the fixed positive 

Electrostatics I 
point charge it has a velocity of 50 cm/s. At what distance from 

the fixed point charge will the particle come momentarily to 
rest ? Is the acceleration constant during the motion ? 

Solutio11 

Let the particle is able to reach upto a distance x from the fixed 

charge before its velocity becomes momentarily zero. 

The initial kinetic energy of the particle 

I I · (1)2 

-mv2=-x(40x!o-'>) - =50x!0-7J 
2 . 2 2 

The potential energy at IO cm is given as 

The potential energy at x metre is given by 

Gain in potential energy is given as 

4sx10-s (4.s. ) 
/',.U= . x -45xlQ-7= ~-45 10-7J 

This must be equal to the total kinetic energy lost, thus we have 

( ~
5 

-45 J ]0-7=50 X ]0-7 

=> x=0.0473m=4.73cm 

The force of repulsion increases as the particle approaches the 

fixed charge. So the acceleration is not ·constant during the 

motion. 

# lllustrative Example 1.36 

Figure-1.141 shows a charge +Q clam;ed at a point in free space. 

From a large distance another charge particle of charge-q an.d 
mass m is thrown toward +Q with an impact parameter d as 
shown with speed v. Find the distance ofclose,,t approach of 
the two particles. 

0\...----r---
q,m 

l_ ___ @ 

Figure 1.141 

Q 
fixed 
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Solution 

In this situation we can see that as -q moves toward +Q, an 

attractive force acts on -q toward +Q. Here as the line ofaction 

of force passes through the fix charge, no torque act on -q 
relative to the fix point charge +Q, thus here we can say that 

with respect to +Q, the angular momentum of -q must remain 

constant. Here we can saythat-q will be closestto +Qwhen it 

is moving perpendicularly to the line joining the two charges as 

shown in figure-1.142. 

Figure 1.142 

If the closest separation in the two charges is r nun' from 
· conservation of angular momentum we can write 

#llluslrative Example 1.37 

A particle of mass 40 mg and carrying a charge 5 x 10-9 C is 

moving directly towards a fixed positive point charge on 
magnitude I 0-8 C. When it is at a distance of l O cm from the 

fixed positive point charge it has a velocity of 50 cm s-1• at 

what distance from the fixed point charge will the particle come 

momentarily to rest ? Is the acceleration constant during 
motion? 

Solntion 

Let r be the distance of q from Q when it comes to rest as 

shown in figure-1.143. 

Q=IO_,C q=5xJO_,C 
v=O B A 

e)i-----Sll---+-1 --SIi----© .,; 
dx m=40xl0kg 

t===~==.-x-:-----~ n =0.5 mis 
~---------· I m----------~ 

IO . 

Figure 1.143 

mvd=mv0 rmin ... (1.111) The loss ofkiuetic energy given by 

Now from energy conservat;on, we have I 2 I 2 I -,;(1)2 I · M(=-mu --mv = --40x!O - -- x40 x JO-Ox (0)2 
2 2 2 2 2 

l I KqQ 
-mv2= -mv2 - --
2 2 o rmin 

... (1.112) =:, M(=5x IO"'"J 

Fromequation-(1.111), wehave 

vd 
v=-
o rnnn 

Substituting the above value ofv0 in equation-(1.112), we get 

2.mv2= 2.mv2 d2 - KqQ 
2 2 r~ rmm 

_! __ ( qQ J-1 ___ 1 =0 
r~in 21t e0 mv

2d2 
rn1in . d2 

... (1.113) 

_I __ l_[ qQ ± ( qQ )' 4 J 
rmm - 2 2n e

0 
mv2d 2 2n e

0 
mv2d2 + d2 

2 

rmin=( 
qQ + 

2rr e0 mv2d2 

By conservation of energy this loss of kinetic energy is the 
gain in electrostatic interaction energy of the system which is 

given as 

/',.U= Kq1q2 _ Kq1q2 

1j r2 

1',.U= Kq1q2 (~- 0\) 

/',.U=9 x 109 x 5 x ]0-9x 10-8x(~-IO) J 

/',.U=45 x 10-Sx(~-IO) J 

By energ:f conservation we use Af( = 1',.U which gives 

5 X JQ""" =45 X J0-8 x(~-lQ) 
=:, 100r=9-90r 

=:- r=4.737 x 10-2 m 

As at differeot positions of particle during motion the Coulombic 

force on it is varying due to changing distance, its acceleration 

will not remain constant during motion. 
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# lllustrative Example 1.38 

Three point charges q, 2q and 8q are to be placed on a 9 cm long 
straight line. Find the positions on the line where the charges· 

should be placed such that the electrostatic interaction energy 

of this system is minimum. In this situation, what is the electric 
field strength at the position of the charge q on line due to the 
other two charges. 

Solution 

For minimum interaction energy, the charges of greater 
magnitudes should be placed at the extreme ends. The situation 

is shown in figure- I.I 44. Let the distance of charge 2q from 
charge q be x cm. 

~------------- 9 cm ----- · ------------->! 
A B C 
~-----j~}---------1·~ 
2q q &q 

~------· x------->j+-----------(9 - x)-----------~ 

Figure 1.144 

The electrostatic interaction energy of this system is given as 

[ 
2qxq qx8q 2qx8q] U = K --''-''c-- +--'---"-~+ ~-~ 

xx10-2 (9-x)l0-2 9x10-2 

For minimum interaction potential energy, we use 

dU 
-=O 
dx 

dU d [ 2q2 8q
2 !6q2 ] - =K- -~~+-~--+-~- =O 

dx dx XX 10-2 (9 - X )lQ-2 9 X 10-2 

~ x=3cm 

Thus the charge q should be placed at a distance of3 cm from 
the charge 2q. 

The electric field strength at the location of charge q is 

E= K(2qxq) _ K(qx8q) 
(3x10-2 )2 (6x10-2 )2 

. ~ 

Electrosfatlq~;l 

# lllustrative Example 1.39 

1\vo fixed, equal positive charges, each of magnitude 5 x I o-5 C, 

are located at points A and B separated by a distance of 6m. An 
equal and opposite charge moves towards them along the line 

COD, the perpendicular bisector of the line AB. The moving 
charge, when reaches the point C at a distance of 4m from 0, 
has a kinetic energy of 4J. Calculate the distance x of the farthest 
pointD at which the negative charge will reach before returning 
towards C. 

Solution 

Figure-1.145 shows the situation described in question. 

A 
+q 

D 
X 0 

i' +q 
B 

Figure 1.145 

From figure, we have 

Similarly we have 

AC= J(A0)2 +(OC)2 

AC= J(3)2 
+(4)2 =5m 

BC=5m 

C 

-q 

Potential energy of charge -q at point C is given as 

2Kq2 q2 
U =- -- =-2x(9x JO")x -

c (AC) · AC 

Uc=-2 x (9 x 109) (Sxl0-s)2 
5 

Kinetic energy of charge at C is given as 

Kc=4J 

Total energy of charge at C is given as 

T.E. = P.E. + K.E . 

T.E. =-9 +4=-5 J 
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If we use AD = BD = r then potential energy ofcharge at point 
Dis given as 

U =-2Kq
2 

D r 

U = -2x(9x109 )(5x!0-5)2 
D 

--45 u =-J 
D r 

r 

As kinetic energy of charge at point D is zero, by conservation 
of energy at point C and D, we use 

--45 
·-=-5 

r ' 
r=9m 

From figure-1.145, we use 

x=OD= ~(AD)2-(A0)_2 

x= ~(9)2 -(3)2 =6..fi.m 

# lllustrative Example 1.40 

Two small identical balls lying on a smooth horizontal plane are 
connected by a weightless spring - one ball is fixed at point 0 
and the other is free. The balls are charged identically, as a 
result of which the spring length increases two fold. Determine 
the change in the frequency of harmonic vibration of the system 
due .to the charges present on balls. 

Solution 

If I be the length of the spring, then extension of the spring 
becomes 21 in state of equilibrium. 

1///£i:j~~!i!:1Si//l/. 
1//7~~!!!~!*!24j7////l/. 

Figure 1.146 

Let at any instant free ball is displaced from the mean position 
by a distance x which is very small comparison to I. 

The total mechanical energy of the system at the instant when 
ball is at a distance x from the mean position and moving at 
speed v is given as 

1 2 1 q2 1 2 
E= -k(/-x) +-----+-mv 

2 4it 91 (21-x) 2 

I 212 112 ~. E= -k(l-x) +--q (21-xr +-mv 
· 2 4,c 91 2 

~ E= }._k(l-x)2 +-
1

-q2 [c21r1 {1-~}-1

]+}._mv2 

2 4,c 91 21 2 

' I 2 q2 [l x] I 2 ~ E= -k(l-x) +-- -+- +-mv 
2 4,c E\J 21 4/2 2 

... (1.114) 

At the mean position of one of the ball, we nse 
2 

kl= q 
4,c 91 (21)2 

... (l.l 15) 

On solving equation-(1.114) and (1.115) and simplifying, we get 

... (1.116) 

For free oscillation, 

dx m dv 
~ 2kx-+-x2vx- =0 

dt 2 dt 

dv Zk 
=> a=-=--x 

dt m 
On comparing above acceleration with standard equation of 

SHM, a =--<ifx, we get °ell= l- The frequency without charge 

:°'o = Jg. Thus we have ro = ..fi.ro0 • 

1. 10 Electric Potential 

Electric potential is a characteristic property at every point in 
the region of electric field. At a point in the region of electric 
field, electric potential is defined as the interaction energy ofa 
unit positive charge due to the field. 

!fat a pointP in an electric field shown in figure-1.147, a charge 
q0 has interaction potential-energy U, then electric potential at 
that point can be given as 

u 
V =- JIC 

p q, ... (1.117) 

- .. 
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Figure 1.147 

We have already discussed that electrostatic potential energy 
of a point charge at a point in electric field is defined as the work 
done in bringing the charge from infinity to the given point in 

electric field. Thus we can defined electric potential at a point in 
space as "work done in bringing a unit positive charge from 

infinity to the given point against the electric forces." 

1.10.1 Electric Potential due to a Point Charge in its 
Surrounding 

We have already discussed that in the region in surrounding of 
every charge is electric field thus we can also define electric 

potential in the surrounding of every charge. Fignre-1.148 shows 
a point charge+q and now we will determine the electric potential 

at a point P located a distance x from the charge. 

p 

X 

q 

Figure· 1.148 

If at point P, we place a charge % and find the interaction· 

energy of the charge q0 in the field ofcharge q then it is given 

as 

U= Kq1qo 
X 

The potential at a point P due to the charge q can be given by 

equation-(l.126) as 

u 
V=

P % 

Kq 
V=

P X ... (1.118) 

-- - -·- -----------~ 
Electroslallcs_ I 

The above expression of potential. is only valid for _electric 

potential in the surrounding of a point charge. Ifwe wish to 

determine electric potential in the surrounding of a charged 

e_xtended body as shown in fignre-1.149 then we need to find 

the potential dV at a specific point due to an elemental charge 

dq in the body as shown by using the above result and then 

integrate the expression for the whole body. It is important to 

note as potential is a scalar quantity so integration is carried 

out directly without considering any components unlike to the 

cases we've discussed for integration of electric field. Next few 

articles are based on calculation of electric potential due to 

charged extended bodies. 

+ + + 
+ 

+ + + + 

+ + + + 
+ +dq+ + + + 

+ + 
+ + + + 

+ 

+ 

+ + + + 

Figure 1.149 

1.10.2 Electric Potential due to a Charge Rod 

Fignre-1.150 shows a charged rod oflengthL which is uniformly 

charged with a charge Q. Due to this rod we will determine the 

electric potential at a point P located at a distance r from one 
end of the rod shown. 

----x----
dx 

QI +::.+.:+v+::;+::c+:.:+.:+ .. ~;,1;:+::f :.1 I 
L 

r 
.,. 
p 

Figure 1.150 

To calculate the electric potential at point P we consider an 

element of width dx at a distancex from the point Pas shown in 
fignre-1.150. Charge on this element is given as 

dq= ~ dx 

The potential dV due to this elemental charge at point P can be 

given by using the result ofa point charge from equation-(1.118) 
given as 

Kdq 
dV=-

x 
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Net electric potential at point P can be given by integrating the 
above expression for the whole length ofrod within limitsof 
x fromrtor+ L, given as 

,+LKQ 
V= I dV= J Lxdx 

' 
V= ~Q [lnx];+L 

=> ... (1.119) 

1.10.3 Electric Potential due to a Charged Ring atits center 

To find potential at the centre C of the ring as shown in 
figure-1.15 I, we first find potential dV at centre due to .an 
elemental charge dq on ring which is given as 

Kdq 
dV=

R 

Figure 1.151 

Total potential at C is 

=> 

V= I dV 

V= IK:q 

V=KQ 
R 

In figure we can see that all dq's of the ring are situated at same 
distance R from the ring centre C and being a scalar quantity 

the electric potential due to all elemental charges at center will 
be added up. Thus the total electric potential at ring centre is 

given by equation-(1.101). Here we can also state that even if 
charge Q is non-uniformly distributed on ring, the electric 
potential Cwill remain same as charge is a scalar quantity and 

all elemental charges are at same distance from the center and 
potential due to all elements will remain same so all will be 

simply added up and it does not make any difference if charge 

is uniformly or non uniformly distributed on the ring. 

1.10.4 Electric Potential due to a Charged Ring a tits Axial 
Point 

Figure-1.152 shows a uniformly charged ring ofradius Rand 

charge Q. Pis a point on the axis of ring at a distance x from the 
center of the ring. To calculate the electric potential at point P 
we can use the same direct logic which is explained in the 

previous article used for direct calculation of electric potential 
at center of a charged ring. 

+ 
+ 
+ 

+ 
+ 

+ 
+ 

R 

·+ 
+ 
+ 
+ X 

+ ------------- p 

. : -----------~---:----------
t----- fi1J 

+ 

Figure 1.152 

If in figure-1.152, we considera small element on the ring with a 

charge dq then the distance of this element form the point Pis 

given as ..J R2 + x' and the electric potential due to this 

elemental charge dq at point P will be given as 

Kdq 
dV=~===== 

..) R2 +x2 

As all elements on the ring are at same distance from point P, 
potential due to all will be simply added up and the net electric 
potential due to whole ring at point Pis given by 

V = KQ 
P ..JR'+x' 

... (1.120) 

The result given in equation-(1.120) will remain same even if the 

ring is non uniformly charged as already discussed in article 
1.93. 

1.10.5 Electric Potential due to a Uniformly Charged Disc 

Figure-1.153 shows a circular disc of radius R, charged uniformly 

with a surface charge density cr C/m2• Pis a point on the axis of 
the disc at a distance x from the center of the disc as shown. 

Nowwe will calculate the electric potential due to disc charges 
atpointP. 
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C/m2 

X 

y I p 

Figure 1.153 

As shown in figure above we consider an elemental ring on the 
surface of the disc ofradius y and width dy. The charge on the 
elemental ring can be given as 

dq=a.21')'.dy 

Due to the charge on the elemental ring electric potential dV at 
point Pean be given by using the expression in equation-(1.120) 
as 

Kdq 
dV=~====e 

~y2 +xz 

Net electric potential due to the whole disc can be given by 
integrating the above result within limits from Oto R-as given 
below 

R Kdq 
V=jdV=J~ 

o y +x 

v=]...5!..... y.dy 
o2Eo ~y2+x2 

(J [~' R V=- y +x 
2&0 0 

V= ...5!....[.Jx' +R2 -x] 
2s0 

... (l.121) 

To find the electric potential at the center of the disc we can put 
x = 0 which gives 

V: = aR 
C 2£, ... (1.122) 

1.10.6 Potential Difference between two points B in Electric 
Field 

Consider two points A and B in a region of electric field as 
shown in figure-1.154. The potentials at points A and Bare 

- · --- ----E--lec-t,-as-t-at-ic_s_! 

considered VA and V8 respectively then the potential energy of 
a charge +q placed at these points are given as 

--------
,. ..... -- ----........ 

,, .... " .. 
/ -----------
/ VA ' 
: --+ \ 
\ A .. ---.:.-::::.__ \ 

' ' ' \ +q'.; " l 
\ ', ......_ Va f 
', .......... _~_.B / 
' , 
'\,, ,/ 

',,, ,/ 

....................... __ ... -.... --,.~--' 
------

Figure 1.154 

When this charge is displaced from point A toB, work done in 
this process by the external agent is given as 

'W=U8-UA 

W= q(V8·- VA) 

==> Work= Charge x Potential Difference 

... (1.123) ' 

Thus work done in displacing a charge from one point to another 
in electric field is given as the product of charge and the potential 
difference between the two points. 

Equation-(1.123) gives the work done by external agent in 
displacing the charge against the electric forces of the field. If 

we calculate the work done by electric field in this displacement 
then it is given as 

... (1.124) 

Above equation-(1.124) is the negative of equation-(1.123). From 
equation-(1.123) we can calculate the potential difference 
between two poi_nts in electric field as 

w 
V-V: =

A B q ... (l.125) 

From the above equation-(1.125) we can define the potential 
difference between two points in electric field as "Work done in 
displacing a unit positive charge from one point to another 
against electric forces is called the potential difference 
between these points." 
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1. 10. 7 Calculation of Potential Difference by Electric Field 

The potential difference between two points can also be 
calculated by using the electric field strength. Figure-l.l55 
shows a region of ·electric field in which a unit positive point 
charge is displaced from a point A toB. As electric field strength 
gives the force per unit positive charge so the work done in 
displacing a charge against an electric field E for an elemental 
displacement dr can be given as 

dW=-E .dr ... (1.126) 

-------... ----:.. .. ,... -- ..... 
/,,." -............... , 

,' ...... , 
, ' , ' 
' A ' \ ~------........... , .. E \ 

\ ;t,~\ .. , i 
' ' , \ ..... _____ __. B / 

\ , 
', I 
', / 

.................... __ ,,," 

-
__ .,,,., ------------

Figure 1.155 

In above expression negative sign shows that work is done 
against electric field by an external agent. Thus the potential 
difference between two points A and B can be given by 
integrating the above expression in equation-(1.126) from A to · 

B as given below 

B-+-+ 
VB-VA=- JE-dr 

A 

... (l.127) 

As the electric field is conservative in nature, above expression 
will remain independent from the path along which the charge 
is displaced. We know that a positive charge has a tendency to 

move toward low potential point or we can say that electric 
forces acts on a positive charge such that the direction of force 

is toward low potential region. Thus electric field direction 

always points from the side of high potential to low potential or 
in other words we can say that in the direction of electric field 
always electric potential decreases. 

In general cases_ of calculation of potential we bring a unit 
positive charge from infinity to a specific point and evaluate 
the work done in the process as explained above. In the analysis 
we consider infinity is the reference point where charges are in 
state of no interaction or it is the reference of zero potential 
energy thus in general cases for potential calculation we consider 
electric potential at infinity is zero. But for calculation of potential 
difference between two points it is irrelevant to choose reference 

at infinity or in other words we can say that potential difference 
between two points in an electric field can al ways be calculated 
by using equation-(l.l27) and will remain same whether we 
choose reference at infinity or not. 

1.10.8 Potential Difference in Uniform Electric Field 

Figure-l.l56 shows a region of uniform electric field in which 
everywhere the strength of electric field is same in magnitude 
as well as in direction. 

Thus for two points A and B along the direction ofelectric field 
separated by a distance d, we can calculate the potential 
difference byusing equation-(1.127) as 

B -+-> 
VB-VA=- JE·dr ... (1.128) 

A 

=:- VB-VA=-Ed ... (1.129) 

=:- VA-V8 =Ed ... (1.130) 

•----------------• A B 

d 

Figure 1.156 

Negative sign in equation-(1.129) is because at point B potential 
is less than potential at point A. This we can directly analyze as 
we've studied that in the direction of electric field, electric 
potential decreases. Equation-(l.130) shows that in uniform 
electric field potential varies linearly with distance along the 
direction of electric field. !fat any point in uniform electric field 
· potential is known say V0 then at a distance x along the direction 
of electric field potential at ·a.point P can be given as 

... (1.131) 

Even in non uniform electric fields, by looking at the field 
direction, the potential difference can be calculated with proper 
sign. Figure-1.157 shows a non uniform electric field of which 
magnitude and direction both are changing in space. If we look 
at the two points M andNhere, we can see that point N is ahead 
of M along the direction of electric field so potential at N is less 
than that of M so we can rewrite the eqution-(l.128) for this 
case as 

... (1.132) 
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Figure 1.157 

Here as we've analysed that potential at Mis higher so right 
hand side of equality in above equation must be positive thats 

why without bothering the signs in dot product ofintegrand or 
any other factor we consider modulus of the right hand side of 
equation-(1.141 ). 

1.10.9 Electric Potential Difference due to Very Large Sized 

Uniformly Charged Objects 

Figure-1.158 shows a very long uniformly charged wire with 
liner charge density :>.. C/m. In such cases of infinite charge 

distribution we cannot define electric potential at a point in the 

surrounding of the given charge distribution (say at Pin figure 

shown), because potential at a point is always defined relative 
to infinity by talcing the potential at infinity to be zero. Here the 
wire is very long and its charges are extended up to infinity so 
it is not reasonable in such cases to take potential at infinity to 
be zero and without zero reference we can not define the potential 
ofanypoint in electric field. 

11+-L'-wp 

AC/m _ 

Figure 1.158 

· - - ~ -·· ------- ·-·.- -- Ele"ctrOstaiics:J 
---- ---------=====-= 

As specified and explained in article-1.10.6, in electric field we 
can always define potential difference between two points as 
electric field is a conservative field ·and potential difference 
between· two points in electric field does not dep<md on choice 
of zero reference. 

A B ---------------• r, 
r, 

l.C/m 

Figure 1.159 

Thus ifwe look at figure-l.159which show a very long uniformly 
charged wire with liner charge density :>.. C/m similar to 
figure-1.158. Points A and Bare located at a radial distance r

1 

and r2 from the wire as shown. We know that electric field due 
to a uniformly charged wire is in radial direction and due to 
positive charge on wire it is in direction from point A to B. Thus 

in this case potential ofpointB is less than that of A and we can 
calculate this potential difference using equation-(1.132) as 

"2K:>.. 
V -V = f-·dx A B X 

~ 

V-V =2K:>..ln('') 
A B lj ... (1.133) 

1-10.10 EquipotentialSurfaces 

As shown in figure-1.160 if a charge is shifted from a point A to 
B on a surface M which is perpendicular to the direction of 
electric field, the work done in shifting will obviously, be zero as 
electric force is normal to the direction of displacement. 
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·M 
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' Bi 
' ' 

' Al 
' -,-' ------+-E 

Figure 1.160 

We've studied that work doue in displacing a charge from one 
point to another is given by product of charge and potential 
difference between the two points. As no work is done in moving 
the charge from A to B, we can say that potential difference 
between these points is zero or points A and B are at same 
potentials or by analysing the above situation carefully we can 
say that all the points of surface Mare at same potential or we 
call surface Mas an "Equipotential Surface". 

In a region of electric field, a surface can be equipotential if at 
every point of the surface direction of electric field is 
perpendicular to it so that work done in displacing any charge 
on this surface from one point to another will remain zero. 

Figures-1.161 and 1.162 show equipotential surfaces in the 
surrounding of point charge and a long charged wire. 

' 

I 

( ' ' ' ' ' ' ' 
' ' \ 

' ' ' ' \ ' ' ' ,, 

Spherical equipotential surfaces 
due to point charge 

Figure 1.161 

... ----
------

Cylindrical equipotential surfaces 
due to line charge 

Figure 1.162 

Figure-1.163 shows two equipotential surfaces in a uniform 
electric field E. Ifwe wish to determine the potential difference 
between two points A and B in this situation then it can be 
calculated by the potential difference between the two 
equipotential surfaces on which these points lie which can be 
calculated by using equation-(1.130), given as 

____ , __ _...., 

' ' Al 
' 

,o. 
' ' ' 

-.;'-------i-+-E 

' M, 

Figure 1.163 

' M,_ 

Figure-: 1.164 shows a long line charge with linear charge density 
A C/m. Ifwe wish to determine the potential differencebetween 
two points X and Y as shown which lie on equipotential surfaces 
M1 & M

2 
then the potential difference between these surfaces 

can be directly given byequation-(1.133) as 

3/1 3/2 
' ' ' ' ,, ' ' + ,Y 

' ' p ' + X ' ' ~ ' E ' ' X ' ,, ' ' ' ' ' ' 
~ ' ' ' ' ' ' 
' l.C/m 

Figure 1.164 

1.10.11 Relation in Electric F1eld and Electric Potential in a 

Region 

We have studied in article-1.10.6 that in electric field, potential 

difference between two points is defined as 
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Above equation gives the work done in displaciog a unit positive dimensionally varying, we use the gradient of potential to define 

charge from a poiotA toB. Ifwe bring a charge from iofinityto electric field so equation-(1.136) is modified to the gradient 

a poiot B then above equation can be written as equation given as 

: .. (1.134) 

In above equation at iofinity we consider VA= 0. Using above 

equation we can calculate the potential at a point in the region 

of electric field if electric field strength vector E is koown. 

If io a uniform electric field we consider two points A and B 

separated by a distance dx along the direction of electric'field 

as shown in figure: 1.165 where the points are on ihe · iwo 

E =-VV 

- · (av, av , av -J E =- -, +-1+-k ax ay az 

... (1.137) 

... (1.138) 

Here Vis the potential at a general poiot (x,y, z) io the space. We 
can understand this with an example as ifio a region the electric 
potential at a general poiot (x,y, z) is given as 

V= (3x2+4xy+ j'z) volt 

. equipotential surfaces, the potential difference between these For the above potential in space, the electric field vector in.that 
two surfaces can be given as region can be given byusing equation-(1.138) as 

dV=-E.dx ... (1.135) 

V V-dV 

A 1 1B 

' ' ' ' ' ' ---'----'--~E 

dx 

Figure 1.165 

Even ifelectric field is non-uniform then also this expression in 
equation-(1.135) will remaio valid as dx is very small. Here itis 
important to note that the potential difference dV is always 
across the two equipotential surfaces iu the field which are 
separated by a normal distance dx. 

If the equation-( 1.135) is rearraoged for electric field vector then 
it can be given as· 

- dV -E =--i 
dx 

... (1.136) 

· Here i is the III!it vector along the direction of dx or the direction 

normal to the equipotential surfaces across which the potential 
difference is dV which will be the direction of electric field at 
that poiot. Negative sign io above equation-(1.136) shows that 
along the direction of electric field potential decreases which 
we've already studied. In unidirectional electric field, 
equation-(! .136) gives the magnitude of electric field in direction 
normal to the equipotential surface. If electric field is three 

E = [(6x+4y)i +(4x+3y2z)} +(y3)k]Vlm 

1.10.12 Potential difference between two Large Pla11e Sheets 

As already discussed that electric field d'!e to a uniformly 
charged large metal plate is uniform in its surroundiog so 
potential decreases linearly with distance from the plates as we 
move away from the plate. Figure-1.166 shows two large plaoer 

sheetsXand Y, charged with surface charge densities at and a
2 

( a2> at) respectively. As both are positively charged the electric 
field strength between the two are in opposite directions. As 
a2 > at net electric field in the region will be leftward between 
the plates aod using this we cao find the potential difference 
between the surfaces of the sheets which is given as 

V-V = --·- d ( 
a, a1 ) 

Y x 2 Eo 2 Eo 
... (1.139) 

i+----d-----
j,+ + j, 

+ +· 
'% 

+ + 

+ E +' er, 

+ + 

,+ + 
,.,. 

"" I, 

X y 

Figure 1.166 

# Illustrative Example 1.41 

A particle has charge - 5.00µC and m~ss 2.00 x J0-4 kg. It 
moves from point A, where the electric potential is VA=+ 200V, 
to point B, where the electric potential is 
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VB=+ 800V. During motion of the particle electric force is the 

only force acting on the particle. The particle has speed 5 mis 
at point A. What is its speed at point B? It is moving faster or 

· slower atB than at A? Explain. 

Solution 

By conservation of energy, we use 

=> 

=> 

=> 

KEA+UA=KEB+UB 

I 2 1 2 
-mvA +qVA = -mvB +qVB 
2 2 

V = B 
(5)2 + 2x(-5xl0-6) (200-800) 

2xl0-4 

As VB> VA, the negative charge moving (freely) from lower 
potential at A to higher potential at B will gain energy as electric 

force is doing work on it so its electrostatic potential energy 
will decrease at B and kinetic energy will increase. 

# Illustrative Example 1.42 

A particle having a charge+ 3 x 10-9 C is placed in a uniform 

electric field directed toward left. It is released from rest and 

moves a distance of 5 cm after which its kinetic energy is found 
to be 4.5 x 10-5 J. 

(a) Calcnalate the work done by the electrical force on the 

particle 

(b) Calculate the magnitude of the electric field. 

(c) Calculate the potential of starting point with respect to the 

end point of particle's motion. 

t 

Figure 1.167 

Solution 

(a) Work done by electric forces on a charge particle is the 
gain in its kinetic energy, thus work done by electric forces can 

be given as 
W=!J.KE=4.5 x 10-5 J 

(b) Work done by electric forces can also be given as 

W=qE.l 

=> 4.5x!0-5 =3xl0-9x5x[0-2x£ 

=> £=3 x 105N/G 

( c) By using work energy theorem again, we have 

=> 

=> 

.!.mv2 

V-V.=-2-
1 2 q 

4.5xl0-5 

V.-V.=--~ 
1 2 3x 10-, 

v1 - v2 = 1.5 x 104v 

# Illustrative Example 1.43 

An electric field E = Axi exist in the space, where A= 10V/m2. 

Consider the potential at (!Om, 20m) to be zero. Find the potential 

at the origin. 

Solution 

Figure-1.168 shows the situation described in question. Here 

BC is the equipotential line so we can use 

y 

E -
0 

' ' ' t C(lO, 20) 

' ' ' ' ' ' ' ' ' ' ' 
B 

Figure 1.168 

If V0 be the potential at the origin, we can use 

JB J!O V.-V= Edx= Axdx 
0 B A O 

:=> 
I 1

10 
x2 102 

V.-0=A- =J0x-
o 2 2 

0 

=> V0 =500V 
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# lllustrative Example 1.44 

12J of work has to be done against an existing electric field to 
take a charge of0.01 C from A to B. Find the potential difference 

VB-VA? 

Solutio11 

Using work energy theorem, we can calculate the work done in 
displacing a charge from point A toBwhich is given as 

W=q(V8 -V) 

W 12 
V-V=-=-=12xl03V 

B A q 0.01 . 

# lllustrative Example 1.45 

A particle of mass 9 x 10-31kg and a negative charge of 
1.6 x I 0-19C is projected horizontally with a velocity of! 05 mis 
into a region between two infinite horizontal parallel plates of 
metal. The distance between the plates is0.3cm and the particle 
enter 0.1 cm below the top plate. The top and bottom plates are 
connected respectively to the positive and negative terminals 
of a 30V battery. Find the component of the velocity of the 
particle just before it hits one on the plates in direction 
perpendicular to plates. 

Solutio11 

Between the two parallel plates electric field will be uniform and 
it can be given as 

V 
E=d 

Here V=30voltsandd=0.3cm =3 x 10-3m 
Thus the electric field between the plates is given as 

30 
E= -~ = IO"N!C 

3xl0-3 

Force on the particle of negative charge moving between the 
plates can be given as 

F= eE= 1.6 x J0-19 x 104= 1.6 x !0-15 N 

The direction of force will be towards the positive plate i.e. 
upward in the above given sitoation. 

The acceleration of the particle between the plates is given as 

eE 

=:> 

=:> 

a=
m 

a=(l.6x !0-15Y(9x 10-31) 

Electrostatics J · 
As the electric intensity Eis acting in the vertical direction the 
horizontal velocity v of the particle remains same. Ify is the 
displacement of the particle, in upward direction, we have 

I 
y= 2at1 

Here, y=O.I cm= 10-3 m, a= 1.77 x 1015 m/s2 

I 
=:> l()-J ~ 2 X (J.77 X !0-15) (t2) 

Solving we get t= 1.063 x 10-10 s 

Component ofv~locity in the direction offield is given by, 

=:> v, =(1.77 x 1015)(1.063 x 10-1") 

=:> Vy= J.881 X J04m/s 

# Illustrative Example 1.46 

There are two large metallic plates S1 and S2 carrying surface 
charge densities cr I and cr2 respectively ( cr 1 > cr2) placed at a 
distance d apart in vacuum. Find the work done by the electric 
field in moving a point charge q distant a (a < d) from Sj towards 
S2 along a line making an angle ,r/4 with the normal to the plates. 

Solutio11 

If E1 and E2 are ihe respective fields produced by the plaies, 
then net field between the plates is given as 

"' 

S1 S2 

Figure 1.169 

=:> 

Force on the point charge due to the field between the plates is 
given as 
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Work done by the electric field 

W=Fs cos0 

=> 
q 11 

W= -(er -er )a cos-
'=<> I 2 4 

# lllustrative Example 1.47 , 

A charge q O is transported from point A to B along the arc AB 

with centre at C as shown in figure-1.170 near a long charged 
wire with linear density A. lying in the same plane. Find the work 

done in doing so. 

Solution 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

C r A 2r------+j------------, 
' ' ' ' ,r 
' ' ' ' ' 
B 

Figure 1.170 

As electric field is a conservative field work doesn't depend 
upon the path so in above case work done in transporting the 
particle from point A to Bis same as if it is shifted from A to C as 

points B and Care lying on same equipotential surface. Thus 
we have 

2r 

W.c=-q J E·dr 
3r 

3r2K1'. 
W.c=q J-- dr 

2r r 

=>. 

# Illustrative Example 1.48 

y(cm) 
IOV 20V 30V 40V , , , i , , , , , , , , , , , , , , , , , , , , , , , 

, , , , 
, , 

/ / 
, 

, , / , 
0 , , 30° , , 30° , , 30° , , 30° 

10/ 20 
, 

30 / 40 
, 

x(cm) , , , , , , , , , , , , , , , , , , , , , , , , , , / , , , , , , , , , , , , , , , , . , , , , , , , , , , , , , 

Figure 1.171 

Solution 

As we know that the direction of electric field is perpendicular 

to the equipotential surfaces and in the direction of electric 
field potential decreases. With these facts we get direction of 

electric field is 120° from x-axis as shown is figure-1.172. 

E 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

/ 

IOV ,,1 
/ 

30V 

,,,,' 
/ 

40V 

,,,1 

/ 
/ / 

, 
/ 

/ 
/ / 

/ / 
/ / 

Figure 1.172 

30° 

As already discussed that magnitude _of electric field is given 

as 

dV 
E=-

dx 

For unifurm electric field, we can also write 

t.V 
E=-

t.x 

Here t.V is potential difference and ru is the normal distance 

between equipotential surfaces, thus we use 

20-10 
E = -10-s-in_3_0_' 

Some equipotential surfuces are shown in figurt>-1.171. Determine => 
the magnitude and direction of electric field? 

10 
E=-=2V/m 

5 
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# Illustrative Example 1.49 

Calculate the potential due to a thin uniformly charged rod of 
length L at the poiot P shown in figure-l _ l 73. The lioear charge 
density of the rod is A C/m. 

pr r 
: b 

a U----lt :"'lc--1'':~ .:;i::;::t~".J"':.'t:; "i-* £':1:'.!~I 
' ' ' ' ' ' ' ' ' ' ' ' ;..-a ' L------oi' 

Figure 1.173 

Solution 

To find potential at poiot P, we consider an element of th_ickness 
dx as shown. The charge on the element is 

dq=1,.dx 

The potential dV due to the element at poiot Pis given as 

dV= (-l-)1,.dx 
4n: e0 r 

R 

' ' ' ' ' , r 
bl 
' ' ' ' I dq 

01-------i:::::::;:::::=lllic:::::::::::;::::::::::::::::::::;::::i 
I<---+- x----->< dx !+-, 
;.....a,->i+-------L ------>! 

Figure 1.174 

The potential due to the entire rod at poiot P can be given by 
iotegrating the above result due to the element as 

( 

I ) (L+a) Adx 
V= - f-

4it Eo a r 

( 
1 ) (L+a) 1,.dx 

V= 4itEo ! (b2+x2)112 

V= (-,.-)[1n{x+:.Jb2 +x2}]L+a 
41tEo a 

V=(-,,_ )1n[(L+a)+)b
2 

+(L+a)
2

] 
4itEo a+:Jb2+a2 

- --- ------ --- - ---siailq]_ 
Electrostatics -- '". ---·-

# Illustrative Example 1.50 

Two fixed charges -2Q and Q are located at the poiots with 
coordinates (-3a, 0) and (+3a, 0) respectivelyio thex-yplane. 

(a) Show that all the points in thex-y plane where the electric 
potential due to the two charges is zero, lie on a circle. Find its 
radius and the location ofits centre. 

(b) Give the expression for the potential V(x) at a general poiot 
on the x-axis and sketch the function V(x) on the whole x-axis. 

(c) If particle ofcharge +q starts from rest at the centre of the 
circle, show by a short qualitative argument that the particle 
eventually crosses the circle. Fiod its speed when it does so. 

Solution 

(a) The situation is shown in figure-I.I 75. 

(-la, 0) O (a, 0) (la, 0) C 

Figure 1.175 

' ' ' ' ' ' ' ' ' ' (9a, 0) 

Let electric potential be zero at point P with coordioates (x, y). 
The electric potential at P is given by 

V=K[- 2Q+Q] =0 
'i r2 

Where r1 and r2 are the distances of P from -2Q and Q 
respectively. Then, 

r, = )[(3a+x)2 + /J 

and r2 = )[(3a-x)2 + /] 
Here the potential is 

V=K[ ZQ + Q ]=O 
)[(3a+x)2 + y2] )[(3a-x)2 + y2] -

. 2 "Q 

~ )[(3a+x)2 + /J )[(3a-x)2 + /J 

Solving this equation, we get 

~ (x-5a)2+y2=,(4a)2 

This is an equation of a circle in XY plane having a radius 4a 
and coordinates of centre at (Sa, 0). 
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!Electrostatics 

(b) The potential at any general point on X-axis is given by, 

V(x) = K [ (
3

aQ 

V(x)=K [(x~ 

2Q ] 
(3a+x) 

2Q ] 
(3a+x) 

for0<x<3a 

forx>3a 

Sketch of potential V(x) versus distancex is shown in figure-I 54. 

V(x) 

-oo -3a -a +x 

X--+ 

Figure 1.176 

We now sketch the potential function V(x) on the whole X-axis. 
Now for sketching the curve we have 

(i) V(x)=Oforx=aandx=9a. 

(u) From the expression ofV(x), itis clear that V(x) ~ ooasx~ 
3aand V(x)~-oowhenx~-3a. 

(m) V(x) ~ O as x ~ ± oo. 

(iv) in general V(x) varies as 1/x. 

The sketch is shown in figure-I.I 76. 

( c) When the particle of charge q is at the centre of the circle 
(5a, 0), the force on the particle is given by -

-F-K [.lk_- ZQq] - K Qq [1-~] 
- (2a)2 (8a)2 - 4a2 8 

~ F = K ( ;
2

) ;; along+ X-axis. 

Thus the particle moves along X-axis. When it reaches at the 
point on the peripheryofthe circle i.e., atx= 5a + 4a= 9a, the 
force on the particle is given by 

F-K[.lk_- ZQq ]- K Qq (1-.!.) 
- (6a)2 (12a)2 - (6a)2 2 

K Qq I KQq . 
~ F= --2- - = --

2
- along+ X-axis. 

36a 2 (72a ) 

This expression shows that still there is a force on he particle 
along X-axis, so the particle crosses the circle. 

Let v be the velocity of particle when it crosses the circle. From 
the law of conservation of energy, we have 

(K.E. + P.E.) at the centre= (K.E. + P.E.) at periphery 

0+ K (Qq - ZQq) = ~mv2+K(Qq - ZQq) 
2a Sa 2 6a 12a 

#Illustrative Example 1.51 . 

79j 

There is an infinite chain of alternating charges q and-q with 
the distance between the neighbouring charges is equal to a. 
Calculate the interaction energy of each charge with all the 
other charges. 

Solution 

Electric potential energy of one +q cha(ge with other is given as 

U=2[~ Kqz + Kg° - Kq2 + Kq2 + ...... ] 
a 2a3a4a 

Kq2 
U=-2 ~ ln2 

a 

# Illustrative Example 1.52 

A uniform electric field of!OO Vim is directed at 30° with the 
positive x-axis as shown in figure-1.177. Find the potential 
difference V8A if OA = 2m and OB= 4m. 

Figure 1.177 

Solution 

Electric field vector can be writeen from the figure as 

E =(100cos30°/ + 100sin30° })Vim 
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~ E=(5Mi+5o})Vlm 

Potential difference between points B and A can be given as 

V =V:-V=- E·di' . JB -
BA B A A 

I(0,4m,O) r;; • • .: • 
V = (50"3i+50J)·(dxi+dyj+dzk) 

BA (-2m,0,0) 

In this case point B is at lower potential as along the direction 
of electric field potential decreases. 

Alternative Method: 

As the given electric field is nniform in space, we can use the 

potential difference in uniform electric field is given as 

As VA> VB the potential difference VB- VA will be negative. 

We also have 

dAB = OA cos 30° + OB sin 30° 

. ./3 1 
d = 2x-+4x- = (./3+2)m 

AB 2 2 

V: - V =-Ed = -100(2+./3)V B A AB 

# Illustrative Example 1.53 

The potential at a point in space depends only upon the 

x-coordinate and it is given as 

1000 1500 500 
V=--+-2-+-. 

. X X· :< 
Determine the electric field strength at point where x = I m. 

Solution 

We know that electric field in a region is potential gradient, 
given as 

As the given relation is only a function of x we use 

-+ dV -
E =--i 

dx 

Electrostatics j ''" . ···--· - --------====:..;. 

£ --[ I000 _ 2 _1500 _ 3 _500] i 
x2 x3 x4 

At x= Im, we have 
-+ 
E =-[-1000-3000-1500] 

-+ -E =+ 559() i Vim 

# Illustrative.Example 1.54 

Determine the electric field strength vector in a region if in 

space the potential of this field depends on x and y coordinates 

as V=a(x2-y2). 

Solution 

As we know that for three dimensional variation of electric field 

in a region electi-jc field and potential are related as 

- ( av - av - av ·) E =- -i+-j+-k ax iJy oz 
Using the given value of potential, we have 

· av 
E = -- =-2ax 

X ax ' 

and 
av 

E = --=2ay 
. y iJy 

E =E,l +E,} 

· E =2a(xi +y }) 

'_,. ~ ' "' ,y;;f::\;: ... ' . : . < 

Web Referen))eru;W\\'W,physicsg;i]a,cy'.:com 
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AgeGroup-Gtade11&12 I Agel7-19Years 
Section-Et.ECrRosrAncs · . . 
Topic - ElectricPotential 

1 Module Number-1 to 30 

Practice Exercise 1. 5 

(i) Four.particles with ch_arges + q, + q, -q, -q are placed 

respectively at the comers. A, B, C, D of a sqµare of side 'a' 
· arranged in given order. Calculate the electric potential and 

intensity at point 0, the center of the square. If E and Fare the 
midpoints of the sides BC and CD respectively, what will be the 
work done in displacing a charge Qfrmil OtoE and from Oto Fl 

[O,-4KqQ(-./5-I)] 
. . a .Js 
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(ii) Two particles each charged with a charge +q are clamped 
on they axis at the points (0, a) and (0, - a). If a positively 
charged particle of charge% and mass mis slightly displaced 
from origin in the direction ofnegativex-axis. 

(a) What will be its speed at infinity? 

(b) If the particle is projected towards the left along the 
x-axis _from a point at a large distance on the right of the origin 
with a velocity half that acquired in part (a), at what distance 
from origin will it come to rest ? 

[ t:~q,, v15a J 

(iii) An infinite number of charges each equal to q are placed 
alongthex-axisatx= lm,x=4m,x=8m, ... andsomL Find the 
potential and electric field at the point x = 0 due to this set of 
charges. What will be potential and electric field ifin the above 
set up if the consecutive charge have opposite sign? 

_q ___ q ___ q ___ q_ 
[21te '3ne '61te 'Sn-=-] 0 0 0 -o 

(iv) A particle having a charge of 1.6 x 10-19 C enters midway 
between the two plates of a parallel plate capacitor. The initial 
velocity of particle is parallel to the plates. A potential difference 
of300 Vis applied between the two plates. lfthe length of the 
plates is 10 cm and they are separated by 2 cm, calculate the 
greatest initial velocity for which the particle will not be able to 
come out ofthe plates. The mass of the particle is 12 x 10-24 kg. 

[104 mis] 

(v) A circular ring of radius R with uniform positive charge 
density 1'. per unit length is located in the Y-Z plane with its 
centre at the origin 0. A particle Of mass m and positive charge 
q is projected from the point P (R f3 , 0, 0) on the positive 
X-axis directly towards 0, with initial velocityv. Find the smallest 

having charge+ q and mass mis fired towards the centre of the 
sphere with velocity v from a point at distancex (x > R) from the 
centre of the sphere. Find the minimum velocityv so that it can 
penetrate R/2 distance of the sphere. Neglect any resistance 
other that electric interaction. Charge on small mass remains 
constant through oui the motion. 

[ 2KQq(.!!_ _ _!_) J 
m 8R x 

(viii) The electric potential at surface of thin non-conducting 
sheet with charge density cr is V0• Show that the electric potential 
at a distance x from infinite sheet can be written as 

CJ 
V= V>-- X 

0 2 Eo 

(ix) Two identical circular rings A andB of radius 30 cm are 
placed coaxially with their axes horizontal in a uniform electric 
field E. = 105N/C directed vertically upward as shown in 
figure-1.17 8. Distance between centres ofthese rings A and B 
is40cm. Ring A has a positive charge IOµC while ringB has a 
negative charge of magnitude 20µC. A particle of mass I OOg 
and carrying a positive charge I OµC is released from rest at the 
centre of the ring A. Calculate its velocity when it has moved a 
distanceof40cm. Takeg= 10m/s2• 

A 

E 

t m 

Figure 1.178 

(non-zero) value of the speed v such that the particle does not [ 6-.fi_ mis] 

return toP. 

[14~m J 

(vi) There are two thin wire rings, each ofradius R, whose 
axes coincide. The charges of the rings are q and - q. Find the 
potential difference between the centres of the rings separated 
by a distance a. 

[-q (1 1 J J 
2•e, ~l+(a!R)' 

(vii} A positive charge Q is uniformly distributed throughout 
the volume of a dielectric sphere of radius R. A point mass 

(x) A non-conducting disc of radius a and uniform surface 
charge density CJ is placed on the ground, with its axis vertical. 
A particle of mass m and positive charge q is dropped, along 
the axis of the disc, from a height H above the center of disc 
with zero initial velocity. the particle has qlm = 41IB0 g!CJ. 

(a) Find the value of H if the particle just reaches the disc. 

(b) Sketch the potential energy of the particle as a function 
ofits height and find its equilibrium position. 

,.,:[L' .............. , 
Jimga .. j 1 

4a : : a 
[3, j : '.JJJ 

o I : x 
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Electrostatics ! 

(:xi) Detennine the potential~ (x,y, z) ofan electrostatic field 1.11 Electric Pote11tial I11side a Metal Body 

E =ay i +(ax+bz)} +by k,whereaandbareconstants; 

i -} are the unit vectors of the axesx,y, z. 

[- y(ax + bz) + constantJ 

(:xii) Find the potential difference between points a and bin 
an electric field of which strength in the region is given by the 
vector as 

E = (21 +3}+4k)NIC 

The position vectors of points a and bare given as 

i;, = (i -2}+k)m and i'b = (2i + }-2k)m 

[-IV) 

(:xiii) Consider a spherical surface ofradius 4m centred at the 
origin. Two point charges + q and- 2q are clamped at points 
A(2m, 0, 0) andB(8m, 0, O). Showlhateverypoint on the spherical 
surface is potential is zero. 

(:xiv) A plastic· rod has been formed into a circle ofradius R. It 
has a positive charge +Q uniformly distributed along 
one-quarter ofits circumference and a negative charge of-6Q 
uniformly distributed along the rest of the circumference 
(figure-1.179). With V= 0 at infinity, what is the electric potential. 
(a) At the centre C of the circle and 
(b) At point P, which is on the central axis of the circle at 
distance x from the centre? 

p 

X 

+ +Q+ 

Figure 1.179 

-SQ -SQ 
[(a) -4-E R; (b) r.:,, ] 

.. o 4m:ovR2+x2 

(xv) A ring of radius R is having two charges q and 2q 
distributed on its two half parts. Find the electric potential at a 
point on its axis at a distance 2 )2 R from its centre. 

As we've already discussed whenever charge is given to a 
metal body, it is distributed on its outer surface in such a way 
that net electric field at every interior point of body is zero. 
Thus if inside a metal body, a charge is displaced, no work is 
done in the process as electric field at every point is zero. Hence 
we can say that the whole metal body is equipotential. Based 
on this discussion we can also define an equipotential region 
as 

"In a region of space if at every point electric field strength 
is zero then all points of this region will be having same 
potential and the region is said to be Equipotential." 

Always remember that all points in a metal body whether charged 
or uncharged, within its volume or on its surface are at same 
potential. If the body is charged then electric field originates 
from its surface in perpendicular direction as surface of a metal 
body is always an equipotential surface as shown in figure-I.I 80. 

+ 

Metal Body 
E,.= 0 

(a) 

(b) 

Figure 1.180 

+ 

+ 

+ 

+ 

1.11.1 Electric Potential due to a Charged Conducting Sphere 

We've already discussed in article-1.7.4 that for exterior points 
ofa uniformly charged sphere we can consider whole charge of 
sphere is concentrated at its centre thus electric potential at a 
distance x from the centre of sphere outside can be given by 
the result of a point charge as 

Forx>R V=KQ ... (1.140) 
X 
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+ 

+ 

+ 
Figure 1.181 

+ 

+ 

+ 

+ 

At the points on surface of sphere we use x = R for which the 
potential can be given as 

For x=R 
KQ 

V. =
s R ... (1.141) 

At interior points of sphere at every point electric field is zero 
so we can state that this is an equipotential region and at every 
interior point potential is same as that ofits surface. Thus for 
interior points we use 

For x<R 
KQ 

V. =
"' R 

... (1.142) 

1.11.2 Variation Curve of Electric Potential for a Uniformly 
Charged Conducting Sphere 

Using equations-(1.140), (1.141) and (1.142) we can plot the 
curve of electric potential with distance from the center of a 
uniformly charged conducting sphere which is shown in 
figure-Ll 82. 

~ 

kQ 
R 

V oc_!_ 
X 

0 X 

Figure 1.182 

As already discussed in article-!. 7 .6 above graph as well as the 
relations in equation-(1.140), (1.141) and(l.142) are valid also 
for a uniformly charged thin walled non conducting sphere. 

1.11.3 Electric Potential due to a Non-conducting Uniformly 
Charged Sphere 

For outer and surface points due to symmetry again we consider 
the charge of sphere is concentrated at its center so the results 

of potential remains same as that ofa conducting sphere, given 
as 

For x> R' 

For x=R 

(forx>R) 

KQ 
V=

x 

KQ 
V.=s R 

s 

Figure 1.183. 

... (l.143) 

... (Ll44) 

For interior points unlike to a conducting sphere, potential will 
not remain uniform as electric field exists in inside region of a 
solid uniformly charged sphere. We know inside a uniformly 
charged sphere electric field is in radial direction thus for a 
positive charge as we move away from centre, in the direction 
of electric field potential decreases. 

As shown in figure-I.I 83, if we consider an interior point Pat a 
distance x from the centre of sphere, the potential difference 
between points P and Scan be given by equation-(1.127) as 

=> 
RKQx 

v. - v. = S-, dx 
P s R 

X 

=> 
KQ KQ 

V. - - = - (R2-x2) 
P 2R3 2R3 

=> 
KQ KQ 

V. = -(R2-x2)+ -
P 2R3 R 

=> 
KQ 

V = - (3R2 -xz.. 
P 2R3 1 ... (1.145) 

In above equation-(1.145) ifwe substitute x = 0, we get the 
potential at centre of sphere, given as 

... (1.146) 

Thus at centre of a uniformly charged non conducting spheres 
electric potential is maximum and it is equal to 1.5 times that on 
its surface. 
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1.11.4 Variation Curve of Electric Potential for a Uniformly 
Charged Non Conducting Sphere 

Using equations-(1.143), (1.144) and (1.145) we can plot the 
curve of electric potential with distance from the center of a 

uniformly charged conducting sphere which is shown in 

figure- I.I 84. 

V 

I kQ 
2 R 

kQ 

R 

v.) ... 
X 

_j_ _ _J.,,_ _ ____:::_===::.._x 
x=R 

Figure 1.184 

1.11.5 Charge Distribution on Metal Objects 

We've earlier discussed that whenever a charge is given to a 

metal body, due to mutual repulsion, it automatically spreads 
on the outer surface of the body. Let us consider an illustration 

for understanding the distribution of charges in detail on metal 

bodies. 

Figure-1.185 shows two conducting metal spheres ofradii r 1 
and r

2 
at large separation having charges q1 and q2 initially. 

q,, 
+ 

+ + + 

+ 
+ 

Figure 1.185 · 

If the two spheres are connected by a metal. wire as shown, 
charge flows from higher potential one to the lower potential 

one till final potential of the two spheres will become equal. 

We consider that after final distribution of charges on the two 

sphere final charges are q
11

and q2/espectively. Then we can 
relate these final charges with the radii of the two spheres such 
that 

Kq,f = Kq,f 

1i r2 
. ... (1.147) 

' Electtostaticf~ 

If after distribution ofcharges at equal potentials the fioal surface 
charge densities on the two spheres are cr1 and cr2, we have 

q =cr x4nr2 
If 1 I 

and q =cr x4nr2 
2/ 2 2 

Substituting the above fioal charges in equation-(1.147) we have 

K(cr1 x4,cri2
) K(cr2 x4,crf) 

~ alrl =cr2r2 

~ 
~= r2 ... (1.148) 
cr2 '1 

I 
~ croc -

r 
Above relation shows that for charged metal bodies at same 
potential, the surface charge density is inversely proportional 

to the radius of curvature of the body. 

r + 

+ + 
...__ + 
+ 

Figure 1.186 

Figure-1.186 shows a random shaped metal body. If it is given 

some charge then it is distributed on the outer surface of this 
body in such a way that at sharp edges of body where radius of 

curvature is less, charge density is more and on the ·broader 
parts of body, where radius of curvature is large, charge density 
is less as we have already studied in article-I. I I that all points 
ofa metal body within its volume and surface are equipotential. 

1.11.6 Van de GraaffGenerator 

Whatever charge is given to a metal body it spreads on the 

onter surface of it due to which whole body is maintained at a 
constant potential in it. When this body is connected with 
some other neutral metal body then charge from this charged 

body flows to the neutral body until the two bodies will attain 
same potential. fu this process ofcharge transfer or redistribution 
of charge between two bodies a very common questions comes 
in mind-"Can we transfer complete charge of a metal body to 

another metal body by connecting the two ?" The answer is 

simple. Ifwe put the charged body inside a hollow metal body 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



and the two are connected by a wire, whole of the charge of 

inner body will flow to the outer surface of the hollow body as 

shown in figure-1.187. 

Figure 1.187 

We've already discussed that whole of the charge given to a 
metal body spreads on its outer surface, no matter how large 

charge is as by this way only net electric field inside a conducting 

body becomes zero. This concept can be used to develop very 
high charges in a device called "Van de Graaff generator". 

A Van de Graaff generator produces intense electric field to 

build up high voltages of a few million volt. To understand its 

working consider a small conductor carrying a positive charge 

q kept inside the cavity of a large conductor. The electric field 

that originates from the positive charge q must end on the ion er 

surface of the large conductor irrespective of charge on the 

outer surface and the electric field inside the metal body of 

outer conductor is again zero. The potential on the inner 

conductor must be higher because electric field direction begin 

from it and end on the larger conductor. If the two conductors 

are now connected by a cond1:1cting wire, all the charges 

originally on the smaller conductor will flow to the larger one as 

it is always at lower potential until whole charge of inner 

conductor goes out. The positive charge transferred to the 

larger sphere resides completely on the outside surface of the 

larger conductor. Again the inner conductor can be given more 

charge and this process can be repeated indefinitely to produce 

large potential on the outer conductor. 

Consider a shell ofradius R and charge Q enclosing a smaller 

sphere ofradius and rand charge q. The potentials of the two 

spheres are 

I (Q q) V --- -+-
outer - 41t Eo R R 

and I (Q q) V --- -+-
inner - 4rc Eo R R 

The potential difference between the two inner and outer 

spheres is 

Thus for positive q, whatever be the magnitude and sign of Q, 
the small sphere is at a higher potential than the shell. When an 

electric contact is provided the charge would flow from the 

small sphere to the sliell. "!his is !he way how a Van de Graaff 

Generator works. 

Figure-1.188 shows a structural diagram of a Van de Graaff 

Generator. These are invented for the purpose of generating 

static electricity. It uses a moving rubber belt on two rollers to 

accumulate charge on a big hollow spherical conducting globe. 

Using this assembly a common table top Van de Graaff generator 

can produce potentials of the order of 105 V. Broadly we can 

discuss here the working ofa Van de Graaff generator. 

+ + + 
+ + 

+ 

+ 

+ + 

+ + 

+ + 

+ 

+ + 
+ 
+ Belt 
+ 
+ Insulator 

Figure 1.188 

One of the rollers on which belt is moving is kept inside the 
globe and other is mounted at the bottom. Two comb shaped 
electrodes C

1 
and C

2 
are kept in touch with the rubber belt as 

shown. C
1 

is connected to a grounded battery near bottom 
roller and C

2 
is connected to the globe and kept near to upper 

roller. By friction charges are deposited on the belt by lower 
roller R

1 
as the material of belt and roller is different. By the 

sharp edges of the comb C1 charge is supplied to the outer · 
surface of belt by air ionization. Belt carries these charges up 
and these are collected by C2 and spread on the outer surface 
of the globe. In this way high charges-can be accumulated on 
the outer surface of globe and belt carries a net charging current. 
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In practical conditions metal rollers and charges on inside 
snrface of belt also play a role in net cnrrent through the belt ~ 
but not important to be discussed here in the working of this 

generator. By selecting the specific materials for rollers and belt 

K Qr2 K QR2 
V = --='-c-- + --="'--

o (R2 + ,2)r (R2 + r2)R 

Q(r+R) 
the globe of generator can be charged positively or negatively. ~ v=-=~--'--

" 4rt E0 (R
2 + r 2

) 

# Illustrative Example I.55 

A charge Q is distributed over two concentric hollow spheres 
ofradii rand R (> r) such that the surface densities are equal. 
Find the potential at the common centre. 

Solution 

Let q and q' be the charges on inner and outer sphere. Then we 

have 

q+q'=Q ... (1.149) 

Figure 1.189 

As the snrface charge densities are equal on the two shells, we 
use 

~ 

q q' 
4rtr2 = 4rtR2 

qR2= q' r2 

Fromequation-(1.149) q'=(Q-q), we have 

qR2=(Q-q)r'-

~ 

~ 

and 

q (Rz.+ r2) = Qr2 

Qr2 
q= R2 2 

+r 

QR2 
q'=Q-q= ~-

R2+r2 

Potential at common centre O can be given as 

Kq. Kq' 
V=-T-

0 r R 

... (1.150) 

# lllustrative Example I.56 

A conducting spherical bubble of radius a and thickness 

t (t<< a) is charged to a potential V. Now it collapses to form a 
spherical droplet. Find the potential of the droplet. 

Solution 

As mass and charge of the bubble remain conserved, and if r be 

the radius of the resulting drop, so 

(¾nr' )p =(4n:a2t)p 

~ r = (3a21)113 

The potential of the bubble 

Which gives 

I q 
V=---

4rt 9l a' 

q=4rtEaV 

Now potential of the resulting drop 

V'=-1_'f_ 
4rt 9l r 

~ 

~ 

1 4rt 9l aV 
V'= 

4rt 9l (3a2t)"3 

( )

1/3 

V'= :r V 

# Illustrative Example 1.57 

Find the electric field strength and potential at the centre of a 
hemisi,here of radius R charged uniformly with the snrface 
densitycr. 

Solution 

The hemisphere is shown in figure-1.19O. We consdier a an 
elemental ring over the surface of this hemisphere as shown. 
The charge on this element is given as 

dq = (2rtR sin 0) (R d(l) a 
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r• 
' ' ' ' ' ' ' ' 

crC/m
2 

R 

Figure 1.190 

X 

The potential due to this element at the centre O of the 
hemisphere is given as 

Kdq 1 
dV= - = -- x (2itR a sin 0) d0 

R 41t e0 

dV= aR sin0 dfJ 
2Eo 

Potential due to whole hemisphere can be calculated by 
integrating the above expression within limits of0 from Oto ir/2. 

Ra ½f, . Ra [ 
1
,,2 

V= -· - sm0 d0 = -- -cos0 
0 2e0 0 

2e0 

Ra 
V= 2Eo 

From the symmetry of the problem, the net electric field at the 
hemisphere is directed towards negative y-axis. Thus the electric 

field due to the elemental ring at O along negative y-direction is 
given as 

1 dqcos0 a . 
dE= -- x ~~- = -- sm0cos0d0 

Y 41t e0 R' 2 e0 

cr ½ 
E = f dE =-. - f sin0 cos0 d0 

Y Y 2e 
0 0 

a E = _<!_ [- cos 20 ]"
12 

_ 
Y 2 e0 2 0 4 e0 

Above result of electric field can also be obtained by integrating 
the electric field due to the elemental ring at the center of the 
hemisphere. Students can try calculating this and verify the 
above result. 

# lllustrative Example 1.58 

On a thin rod oflength I= 1 m, lying along the x-axis with one 
end at the origin x = 0, there is uniformly distributed charge per 
unit length'/,,= Kx, where K =constant= 10-• cm-2• Find the 

work done in displacing a charge q = 1000 µC from a point 

(O,.j0.44 m)to(O, Im). 

Solution 

The situation described in question is shown in figure- I.I 91. 
We consider a small element of length dx on the rod at a 

distance x from the origin as shown in figure. Then potential 
dVP at a general point Pat a distance y from origin due to this 
element is given by 

T 
' ' ' ' ' ' ' ' 

y 

B lm 

p 

l '/,,dx Kxdx 
dV =----=---

P 41te0 r 41te0 r 

j, A r 
; 
' ' I 
' ' ' i oE~~,~~==m~--==1-+x 

l+--------x--------~ dx l+--
l+---------------1---------.j 

Figure 1.191 

From figure--1.191 we have 
r2=x2+y2 

2rdr=2xdx 

Krdr K 
dV =--=--dr 

P 41t e 0 r 4rt e 0 

Integrating above expression for the length of rod, we get the 
potential at point P which is given as 

K ~U'+,'J 
V =- f dr 

p 41tEo 
y 

v = _E_ [~c12 + Yzl - Y] 
p 41tEo 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



[]a--------_____ - .. 

Potential at point A is given as 

K v;, = 0.5366 --
41t Eo 

VA=(9 x 109) x !o-9 x0.5366=4.83V 

Potential at point Bis given as 

K 
V8 = --[ ..fi.-l]=0.4142=3.728V 

41t Eo 

Work done in displacing the charge is given as 

W=q(V8 -V) 

W= 1000 x 10-- [3.728-4.83] 

W=-1.1 x 10-31 

# Ill11strative Example J. 59 

A spherical drop of water carrying a charge of3 x 10-10 Chas 
potential of 500V at its snrface. When two such drops having 
same charge and radius combine to from a single spherical 
drop, what is the potential at the surface of the new drop? 

Sol11tio11 

The potential V of a sphere having charge q and radius r given 
by 

V=-q-
41ts0r 

For the drop we use V = 500 and q = 3 x 10-10 C 

3xJO-lO 
500 = --- X (9 X 109) 

r 

r=0.0054m=0.54cm 

If r'be the radius of the new drop formed after combining two 
drops of radius r then we have 

4 ,3 8 3 
-1rr = -nr 

,3 3 

r'= (2) 113 r 

Charge on new drop is given as 

q'=2q=2 X (3 X J0-1")=6 X 1Q-l0c 

Potential of the new drop formed is given as 

2q 
V'=--

41t&or' 

·-- - ·----

(6xl0-10)(9;109 ) 
V'= ~--ccc-~--~ 

(2)113 
X 0.0054 

V'=794V 

Electrostatics j 

# Il/11strative Example I. 60 

Find the potential of an isolated ball-shaped conductor with a 
charge q of radius R1 snrrounded by an adjacent concentric 
layer of dielectric with dielectric constant k and outer radius R2• 

Solution 

Situation described in question is shown in fignre-1.192. The 
potential on the conductor can be obtained as 

V=-fE·dr 

Figure 1.192 

We need to split the integral in above equation in two parts, 
one for the region inside the dielectric and other for the outer 
space and solve within proper limits as 

V=- J--;dr+f---;dr 
[

Rf! Ril] 
at) 4tte0 r Ri 4ne0 R r 

· q [R'dr R, dr] 
V=- 4ite

0 
f ;,+ f kr' 
oo R2 

V=+ Kq [-' +-
1
---

1
-] 

R2 kR1 kR2 
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_ [kR1 +R2 -R1 ] 
V-Kq kRR 

l 2 

_ . [R1(k-l)+R2 ] 
V-Kq kRR 

l 2 

# lllustrative Example 1. 61 

Three concentric metallic shells A, B and C ofradii a, b and 
c (a < b < c) have surface charge densities er, - er and er 
respectively. 

(a) Find the potential of three shells A, Band C 

(b) if the shells A and Care at the same potential, obtain the 
relation between the radii a, band c. 

Solution 

(a) The three shells are shown in figure-1.193 

(I) Potential of A 

+er 
Figure 1.193 

VA= (Potential of A due to + er on A) 

+ (Potential of A due to - cr on B) 

+ (Potential of A due to+ er on C) 

V = _1_[4ita
2

er _ 4itb
2
er + 4itc

2
er] 

A47tEo a b c 

er 
V = - [a-b+c] 

A Eo 

(2) Potential of B 

V8 = (Potential due to +er on A) 

+ (Potential due to - er on B) 

+ (Potential due to+ er on C) 

V. = ~[4ita
2

er _ 4itb
2
er + 4,u:

2
er] 

B 47tEo b b C 

er [a
2 

] v, =- --b+c 
B Eo b 

(3) Potential of C 

Ve= cP?tential due to+ er on A) 

+ (Potential due to - er on B) 

+ (Potential due to + er on C) 

V. = _l _[4iui2er _ 4rrb
2
er + 4ite

2
er] 

C41t6o C C C 

(b) Given that VA= Ve 

=> ~[a-b+c]=~[a2 _b2 +c] 
&o Eo C C 

a2 b2 
a-b-c= ---+c 

C C 

c=(a+b) 

~·- ...... · .. 
! Web Reference¾t\?(WW.physicsg;,laxy.cotp, 
R :' --- • 

! . .Age Group- Gtailcll & 12· I' Age 17.-19Years 
: , ------ .1!\,'._,; ~.. _ , 

j; Sectlon-I:l!.Eq,rn.o:rrA'IJ'c:.5 . C 
1 '.fopic • Eiec!ri'c;;Fote,ntlai 
[Module.~umf!C;C_·~_3_f_ro"""._38_·------------' 

Practice Exercise 1.6 

(I) Two concentric spheres of radii R and 2R are charged. 

The inner sphere has a charge of I µC and the outer sphere has 

a charge of2µC of the same sign. The potential is 9000V at a 

distance 3R from the common centre. What is the value of R ? 

[lm] 

(ii) Aspherical oil drop, radius Jo-4 cm has on itat a certain 

tinoe a total charge of 40 electrons. Calculate the energy that 

would be required to place an additional electron on the drop. 

Charge on an electron is 1.6 x ]0·19C. 

[9.21 X J0"21J] 

(ill) Three charges O.!C each are placed on the comers ofan 

equilateral triangle of side I.Om. If the energy is supplied to 

this system at the rate of l.OkW, how much tinoe would be 

required to move one of the charges onto the midpoint of the 

line joining the other two? 

[1.8 X J05s] 
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(iv) A system consists of two conducting concentric spherical 

shells with the inside spherical ofradius a carrying a positive 

charge q1• What charge q2 has to be deposited on the outside 

sphere ofradius b to reduce the potential of the inside spherical 

to zero? How does the potential V depend in this case on a 

distance rfrom the centre of the system? Draw the approximate 

plot of this dependence. 

Figure 1.194 

(v) At the end points of a line segment of a length of 

..Jrri th "d . 1 . ' 1 . h d= 84 m erearetwo1 ent,ca pos1!1vee ectr1cc argesq. 

What is the ratio of the electric field strength and the electric 

potential magnitudes in SI units at a point located by an angle 

a = 37° on the circle drawn around the line segment as a 

diameter? 

Figure 1.195 

(vi") A conducting sphere S" ofradius r is attached to an 

insulating handle. Another conducting sphere S2 ofradius R is 
mounted as an insulating stand. S2 is initially uncharged. S1 is 

given a charge Q, brought into contact with S2 and removed. 

S1 is recharged such that the charge on it is again Q and is 

again brought into contact with S2 and removed. This procedure 

is repeated n times. 

(a) Find the electrostatic energy of S2 after n such contacts 

withs,. 

______ -_-_··_--_~ =------_-_-_-_-_-_-E:;1ec:_1-ros_-_1~·a_'"'t_iaj~s 

(b) What is the limiting value ofthis energy as n ~ oo. 

[ 

I ]' Q' I [l+(r/R)]" Q'R 

[(8,e
0

R(l+r/R)') l 1 '8ne
0
r'] 

[l+(r/R)] 

(vii) A uniform disc of radius R is charged with a uniform 
surface charge density cr. Find the electric potential due to the 
charges on the disc at a point on its edge. 

crR 
[ •e, l 

(viii) A dielectric cylinder of radius a is infinitely long. It is 
non-unifonnlycharged such that volume charge density p varies 
directly as the distance from the cylinder. Calculate the electric 
field intensity due to it at a point located at a distance r from the 
axis of the cylinder. Given thatpiszero at the axis and itis equal 
to p on the surface of cylinder. Also calculate the potential 
difference between the axis and the surface. 

1.12 Electric Dipole 

A system of two equ~l and opposite charges maintah;ted at a 
fixed separation bya small distance is called an electric dipole, 
shown in figure-1. 196. Every dipole has a characteristic property 
called dipole moment which gives an idea about its behaviour, 
response and strength of diploe, we'll discuss later. Dipole 
moment of an electric dipole is defined as the product of 
magnitude of either charge and the separation between the 
charges, given as 

-> -> 
p=qd 

1<-d--+1 
-nQ -. )0+ , p q 

Figure J.196 

Dipole moment is a vector quantity and conventionally its 
direction is given from negative charge to positive charge. 

1.12.1 Electric Dipole placed in a Uniform Electric Field 

Figure-I. 197 shows an electric dipole of dipole moment p placed 
at an angle 0 to the direction of_Electric field in a region of 
uniform electric field of strength E . In this case the charges of 
dipole experience forces qE in opposite direction on the two 
charges as shown. 
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7q E 
qE 

' ' d 0 1dsin a 

' qE+-----{;)-------------I---
-i/ 

Figure 1.197 

In such situations we can state when a dipole is placed in a 
uniform electric field, net force on the dipole is zero but as eqnal 
and opposite forces act with some separation in their lines of 
action, these forces produce a couple which tend to align the 
dipole along the direction of electric field. The torque due to 
this couple can be given as 

, = Force x separation between lines of actions of forces 

=> ,=qExdsin0 

=> t=pEsin 0 ... (1.151) 

Vectoriallyequation-(1.151) can be written as 
_, _, _, 
t=pxE ... (1.162) 

1.12.2 Work done in Rotation of a Dipole in Electric Field 

When a dipole is placed in an electric field at an angle 0, the 
torque on it due to electric field is given as 

t=pEsin0 

~}-->-qE 
+q 

qE+---.iY 
-i/ 

qE+-----0 
-q 

Figure 1.198 

Figure-1.198 shows a dipole placed at an angle 01 to the direction 
of electric field, the torque on it acts in clockwise direction. If 
we rotate the dipole in antidockwise direction from an angle 01 

• -- . -- "----,--91--,l 
-·· -- --- -------'--'-

to 02 slowly, we have to apply an anticlockwise torque equal to 
that applied by the electric field, then the work done by external 
agent in this process will be given as 

W= f dW=f td0 

a, 
W= J pEsin0d0 

01 

W=pE [-cos0]:: 

W= pE (cos 01 - cos ~2) ... (l.153) 

The expression of work done given in above equation-(!. 153) is 
valid even ifa dipole orientation is changed from 01 to 02 by 
any means not only by rotation as in conservative field initial 
and final orientation is of concern and work is independent of 
the path or the process by which it is changed. 

1.12.3 Interaction Energy of a Dipole in Electric Field 

Figure-1.1_99 shows a dipole placed at an angle 0 with the 
direction of electric field. In this sitnation we consider that the 
two charges of dipoles are located on two equipotential surfaces 
having potentials V1 and V2, which can be related as 

V1-V2 =Edcos0 

v, 
' ' 

... (1.154) 

----r--------+'-----E 

-q 

Figure 1.199 

The interaction energy of the dipole with electric field can be 
given as 

U=-qV1+qV2 

=> U=q (V2-V1) 

=> U=-qEdcos0 

=> U=-pEcos0 ... (l.155) 
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In vector notations we can write interaction energy of dipole in 
electric field from equation-(1.164) as 

..., ..., 
U=-p ·E ... (1.156) 

1.12.4 Work done in Changing the Orientation ofaDipole in 
Electric Field using Interaction Energy 

If in a uniform electric field, a dipole is placed such that its 
dipole moment vector makes an angle 01 with the direction of 

electric field, the interaction energy of the dipole with electric 
field can be given byequation-(1.156) as 

_ ~-~ :~--:~.:--=··· -~~ ---" ErecfrbitWcs] 
If dipole is placed in the direction of electric field we can use 

dE 
F=-p

dx 
... (1.158) 

Above expression of force given in equation-(1.158) is the 
component of force along the direction of electric field only. 
Other component of electric force if any exists may not be 
obtained by using this method. 

1.12.6 Force on a Dipole placed in Surrounding of a Long 
Charged Wire 

U,=-pEcos 01 

In the situation shown in figure-1200, the electric field strength 
... (1.157) due to the wire, atthe position of dipole located at a distance r 

can be given as 

If dipole is displaced to another position in same electric field 

where it is oriented such that the dipole moment vector makes 
an angle 02 with the direction of electric field, then the final 
interaction energy of dipole is given as 

Now we can calculatethework required in displacing the dipole 
and changing its orientation as 

W=~-U, 

W= pE (cos 01 - cos 02) 

This analysis can also be used toverifytheresult ofarticle-1.12.2 

where we calculated work done in rotating a dipole in electric 

field. 

1.12.S Force on an Electric Dipole placed in Non-uniform 
Electric Field 

If in a non-uniform electric field dipole is placed at a point where 
electric field is E, the interaction energy of dipole at this point 

can be given as 
..., ..., 

U=-p ·E 

The force on dipole due to electric field can be given as 
..., 
F=-VU 

For unidirectional variation in electric field say in x-direction, 
we can calculate !hex-component ofelectric force as 

-+ d-+--t'=' 
F=--(p ·E)t 

dx 

E=2k'J... 
r 

Thus force on dipole (along the in the direction of electric field 
is 

F=-p· dE =-p[-2K1..] 
dr r2 

2Kp1.. 
F=-

,2 

i A coul/m 

r 

Figure 1.200 

... (1.159) 

Here - ve charge of dipole is close to wire hence net force on 
dipole due to wire will be attractive. 

1.12. 7 Electric Field due to an Electric Dipole 

Figure-1.201 shows an electric dipole placed on y-axis at origin. 
We need to determine the electric field and potential at a point 
P having coordinates (r, 0). Due to the positive charge of dipole 
electric field at Pis in radially outward direction and due to the 
negative charge it is radially inward as shown. 
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Figure 1.201 

To find net electric field at point P, we resolve E+ andE_ along 

radial and transverse directi.:m. These electric fields at point P 

in radial and transverse direction are termed as radial and 

transverse components of electric field and given as 

Radial Electric Field at pointP 

E, = E+ sin a.-E_ sin~ ... (1.160) 

Transverse Electric Field at point P 

E8=E+cos a.+ E_cos ~ ... (1.161) 

Solving equations-(1.16O) and ( 1.161) we get the magnitudes of 

radial and transverse components of electric fields due to dipole 

atpointP. Final results of the magnitudes ofE,andE0 are given 

below. Students are advised to learn these results on tips as 

2Kpsin0 
E_r = 3 

r 
... (1.162) 

and 
Kpcose 

E = ' • r 
... (1.163) 

Thus net electric field at point P can be given as 

Ep= ~E;+E~ 

E, 

P. 

Figure 1.202 

Thus the slope ofnet electricfieldatpointPis (0-<j,). Depending 
upon the orientation of dipole placed at origin the direction of 

radial electric fields could be in either direction along the position 

vector away from origin or toward origin, similarly the direction 
of transverse electric field can also be in either of the two 

directions along normal to position vector of the point P. 

1.12.8 Electric Field at Axial and Equatorial Point ofa Dipole 

The extended line joining the two charges of a dipole is called 
'Axis of Dipole'. Ifwe consider a point Mat a distance rfrom 
the dipole center as shown in figure-l.2O3(a) and we calculate 

the electric field strength due to dipole charges at this point, 

then it can be given as 

E = Kq 

MonA,js (r-%J 
Kq 

In above equation as ;r << I we can use binomial expansion 

as(! +x)"= I +nxforx<< !, this gives 

Kq [( 2d) ( 2d)] E =- !+- - l--
M on Axis r2 2r 2r 

Kq [ d d] E . = - l+--l+-
MonAx1s r2 r r 

The direction of E P is at an angle <I> from radial direction, from 

figure-1.2O1 and 1.202, we have =:> 
E = 2Kqd = 2Kp 

Mon Axis r3 r3 
... (1.164) 

Eo 
<i>=tan-1 -

E, 

r 

- + -----::;-+----------------------- E+ 
P E_ M 

P=qd Eu=E+-E-

(a) 
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' ' ' ' ' ' 
---- +r---------------~I~~~==::'.=!i~~=-~=~,aa~a---1ri~.NN=E==co::::s :;?~0 E+ 

-i----------;:----- E_ 

' ' \ EN=2Esin8 

' 
(b) 

Figure 1.203 

Figure-!.203(b) shows another point N located at a distance r 
from the dipole on its equatorial line which is the perpendicular 
bisector of the line joining charges of dipole. 1n this figure we 
can see that the electric field due to both the charges of dipol_e 
will have same magnitude at point N due to equal separation, 
which is given as 

To find net electric field at point N due to dipole we resolve the 
electric field in its rectangular components as shown. We can 
see that the component EN case due to both charges are in 
opposite direction and get cancelled and the other component 

on its axial and equatorial points are considered standard results 
which are used in determining the net radial and transverse 
electric field components as given in equations-(1.162) and 
(1.163) which are explained in next article. 

1.12.9 Electric Potential due an Electric Dipole at itsAxial 
and Equatorial Points 

Figure-l.204(a) shows a dipole and Mis a point on its axis at a 
distance r from its center. The electric potential at point M due 
to the two charges can be given as 

£ (( d )-I ( d )-IJ VM=-!- l-2r - 1+2r 

1n above equation as !!.... << I we can use binomial expansion 
2r 

as(! +x)•= I +nxforx<< I, this gives 

_vM= ~q((i+ :r )-(1-! )) 
EN sine will be added up and gives the net field strength at => 
pointNas 

V = Kq(1+!!....-1+!!....) 
M r 2r 2r 

EN on Equatorial Line= 2EN sine 

Kqd 
=> EN on Eqw,tori,I Un, = -(-r,-+-(~%-)-,-)~31"'°2 

As f << r, we can neglect the second term in denominator 

which gives 

Kp 
=> EN on Equatorial Line = 7 ... (1.165) 

The direction of electric field strength due to dipole at its 
equatorial point as given by equation-( 1.165) is in direction 
perpendicular to the equatorial line as shown ;n figure-l.203(b) 
in direction opposite to the dir.ection of dipole moment vector. 

Kqd Kp V=-=M 7 2 r2 ... .(1.166) 

Equation-(1.166) gives the electric potential due to an electric 
dipole at its axial point as shown in figure-l.204(a) . 

... 
- P + M -------0,1 ___ .,.... ___________________________ • 

r 
(a) 

---------:t;-----------------------------~ 
r 

(b) 

Figure 1.204 

Figure-l.204(b) shows a point Mlocated at a distance r from a 
dipole on its equatorial point. As the positive and negative 
charges of the dipole are situated at same distance from the 
point M, the poteµtial due to these charges will be equal and of 
opposite sign which nullify each other and net potential due to 

Both the aboveresnlts ofelectric field strengths due to a dipole_ . dipole at its equatorial point will be zero. 
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I Electrostat!cs 

1.12.10 Proof of Radial and Transverse Electric Field 
Strengths due to a Dipole using Axial and Equatorial Electric 
Fields 

Figure-1.205 shows a dipole oriented along y-axis of a coordinate 
system due to which we will determine electric field strength at 

a general point Pin space having polar coordinates (r, 8). To 

determine the field strength at point P we resolve the dipole 
moment in two rectangular components, one along the radial 

direction of position vector of point P and other normal to it. 
The two components are p cos8 and p sin8 respectively as 

shown in figure. 

y 

Figure 1.205 

From above figure we can see that point Pis located on the axis 

of the dipole component p sin8 and it is located on the equatorial 
line of the dipole component p cos8. Due to the dipole 
component p sin 8, we can calculate the electric field strength at 
point P by using equation-(1.164) which is along the direction 

of position vector of the point P, given as 

E = _2K_.,,(p~s_in_8-'-) 

' r' 
... (1.167) 

Similarly if we determine the electric field strength at point P 
due to the other dipole component p cos8 then it can be 
calculated by the equation-(1.165), given as 

K(pcos8) 
E = ' • r 

... (1.168) 

Above two expressions of electric field strengths as given in 
equations-(1.167) and (1.168) are same as stated in equations

(!. I 62) and (I.I 63) miich are the results ofradial and transverse 

electric field components ofelectric field strength at a point in 
surrounding ofan electric dipole as discussed in article-I. I 2. 7 

1.12.11 Direction of E, and Eq in the Surrounding ofa Dipole 

As discussed in previous article, both the electric field E, and 
E

0 
can have two directions as shown in figure-1.206. Exact 

direction depends on the orientation of dipole moment. 

x· 
,// E, Ee 

/ 
,~/' 

~ 
Figure 1.206 

While analyzing the directions of E, and Ea at a point P in 

surrounding of diploe we need to be careful as which charge of 

dipole is close to the point P. If positive charge of dipole is 

closer to Pthen radial electric field will be away along the position 

vector of P and ifnegative charge of dipole is closer to P then 

radial electric field will be toward the dipole along the position 

vector. This is because the electric field magnitude at P due to 

the closer charge will be more. Similarly the direction of 

transverse magnetic field will be in direction away from the 

positive charge along normal to the position vector. Consider 

the following figures which explain the different directions of 

E, and Ea for different orientations of dipole. 

Ex, 1 

+ _Jr 
' ' ' ' ' ' ' ' 

JE, 

Ea p 

Ex.3 

Ex.2 

Ex.4 

Figure 1.207 
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· 1.12.12 Electric Potentlill due to a Dipole in its Surronnding 

Due to the dipole, electric potential at point P cao be calculated 
by sum of the electric potentials due to the two charges of 
dipole at a point P. In figure-1.208 as thepointP is located at a 
distance r1 and r2 from positive and negative charge 
respectively, the electric potential at point Pis given as 

Kq Kq 
V=---

P 1j_ 72 
... (1.169) 

y 

Figure 1.208 

In above expression given in equation-(1.169) ifwe substitute 

the values ofr1 aod r2 in polar form or we take components of 
dipole moment as explained in article-1.12.9 then the potential 
at point P will only be due to the dipole component p sin8 as 
point P will be its axial point. Due to the dipole component 

p cos8 the potential at point P will be zero as it is located on the 
equator of this component. Thus in terms of polar co-ordinates 
r aod 8 the potential at point P due the dipole cao be given as 

Kpsin8 
Vp= r2 ... (1.170) 

1.12.13 Stable and Unstable Equilibrium of a Dipole in Electric 
Field 

We've already discussed in article-l.12.3 about a dipole of 
dipole momentp when placed in ao external electric fieldE, the 
interaction potential energy of the dipole cao be given as 

U=-pEcos8 

We've also studied that the net torque on the dipole in nniform 
electric field is given as 

~=pEsin8 

From above equation, we can see that net torque on dipole in 
electric field is zero in two situations when 8=0' aod 8= 180°as 
shown in figures-1.209. 

,.// 
qE'-+--4f)----,,-/,-::.._---~+ 

(a) 

, 
~qE / qE=-c::-, 
w----- , ,,. , -~ 

, 

(b) 

Figure 1.209 

qE 

We can see that when 8 = 0° as shown infigure-l.209(a) when 
torque on dipole is zero, the dipole is in equilibrium. We cao 
aoalyze aod nnderstand that here equilibrium is stable. !fwe 
slightly tilt the dipole from its equilibrium position in 
aoticlockwise direction as shown by dotted position, the dipole 
experiences a clockwise torque due to the electric forces by 
electric field which tend to rotate the dipole back to its equilibrium 
position. Thus at 8 = 0°, dipole is in stable equilibrium. We can 
also find the potential energy of dipole at 8 = 0°, which can be 
given as 

U=-pE ... (1.171) 

Here from above equation-(1.171) we can see that at 8 = 0°, 
potential energy of dipole in electric field is minimum which 
favours the position of stable equilibrium. 

Similarly wheo 0 = 180', net torque on dipole is again zero aod 
potential energy of dipole in this siate is given as 

U=pE ... (1.172) 

Thus at 8 = 180°, dipole poteotial energy is maximum aod it is in 
nnstableequilibrium. This caoalsobeshown byfigure-l.209(b). 
From equilibrium position if dipole is slightly displaced in 
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anticlockwise direction, we can see that torque on dipole due to 
electric forces also acts in anticlockwise direction away from 
equilibrium position. Thus the dipole is in unstable equilibrium 
in this state. 

1.12.14 Distributed Dipole 

An electric dipole is a system of two equal and opposite charges 
fixed at a small separation. Sometimes these charges may not be 
point charges. A charge +q is a point charge and another charge 
-q is uniformly distributed over a semicircle of small radius R at 
the center of which +q is placed. Such a system of two charges 
in which one or both the charges are distributed on a small 
length, area or a region is called a 'Distributed Dipole'. In such 
cases on the body over which charge is distributed, we can · 
consider element charges on the two charges and calculate the 
dipole moment dp of these elemental charges +dq and -dq. 
Integrating the dipole moment of elemental charges we can 
calculate the dipole moment of the distributed dipole. 

# Illustrative Example 1.62 

An electric dipole is situated at the origin of. coordinate axis 
with its axis along x-axis and equator along y-axis. It is found 
that the magnitudes of the electric intensity and electric potential 
due to the dipole are equal at a point distant r = ,/5 m from 
origin. Find the position vector of this point. 

Solution 

Let P be such a point at distance rand angle 0 from equator as 
shown in figure- 1.210. . 

Now 

Kp ~ . 2 Kpsin0 7 1+3sm 0 = , 2 

~1+3sin2 0 
,/5 =sin0 

y 

p 

' 

X 

Figure 1.210 

Squaring both sides of above equation gives 

1 + 3 sin20 = 5 sin2 0 

1 
sin0= ./z 

0=45° 

Positive vector 1 of point P is given as 

_,.Js_; 
r=-(i+J) 

2 

# Illustrative Example 1. 63 

Prove that the frequency ofoscillation of an electric dipole of 
moment p and moment of inertial fur small angular displaoernents 
about its equilibrium position in a uniform electric field strength 
Eis given as 

Solution 

Let us consider the case of an electric dipole with charges q and 
-q at a distance 2a apart, placed in a uniform external electric 
field ofstrengthEas shown in figure-1.211. 

Figure 1.211 

We know that restoring torque on dipole in uniform electric 
field is given as 

t=-pEsin 0 "'-pE0 (as 0 is small) 

Here negative sign is included to show the restoring tendency 
of torque. 

Now angular acceleration of dipole can be given as 

t pE 
a=- - =--

I I 

As we know for angular SHM angular acceleration is given as 

a=-ro20 
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Comparing above two angular accelerations, we get 

ro= Ji! 
Thus frequency of oscillations of dipole can be given as . 

# lllustrative Example 1. 64 

A particle of mass m and charge +q is located midway between 
two fixed charged particles each having a charge +q and at a 
distance 2£ apart. Assuming that the middle charge moves 
along the line joining the fixed charges, calculate the frequency 
of oscillation when it is displaced slightly. 

Solution 

The situation described in question is shown in figure-1.212. 

1 C +q F
11 

2 
0>--------+1-11--0°---; • .,....--o 
+q F2 

I+-- x--.,I 
+q 

l+--------------2L --------------+! 

Figure 1.212 

The forces acting on the charge due to the two side charges 
are given as 

1 q2 
F-----~-=-
,- 41tllo (L+x)2 

1 q2 
F ---·---=-
,- 41tllo (L-x)2 and 

Resultant force on the particle is 

=> 

F=F1-F2 

q2-4Lx 
F---'---cc=-c-:,

- 4rrs0 (L2 -x2 ) 2 

for L>>x, we can consider L2-x2 /:::IL2 thus above expression 
will lie reduced to 

q2x 
F=~--

1tBof! 

In above expression we've included a negative sign to show 
that it is a restoring force on particle and as this force is directly 
proportional to the displacement x; it can be considered as 
SHM for which acceleration can be considered as olx as given 
below. 

Electroslatjcs[I 

Acceleration 
-q2x 

a=-~-=-alx 
m1tBoL3 

=> 
q2 

ol=-~-
mrrsoL3 

Thus frequency of oscillations can be given as 

# Illustrative Example 1. 65 

A water molecule is placed at a distance I from the line carrying 
linear charge density Jc. Find the maximum force exerted on the 
water molecule. The shape of water molecule and the partial 
charges on Hand O atoms are shown in figure-213.' 

Figure 1.213 

Solution 

The figure can be resolved as combination of2 dipoles. 

Figure 1,214 

Dipole moments of each dipole is given as 

p=qd. 

Here total dipole moment of system is the resultant of the two 
dipole moment vectors in the water molecule, given as 

Pnei = 2 qd cos 0/2 

The force along the line oflength I on the molecule is given as 

.... 
--> --> dE 
F = Pnet · - n 

dx 
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--+ 
--+ dE 

For maximum force, the angle between P not and - should 
dx 

be 0° for which the force is given as 

=> 

atx=l 

0 d (2KAJ F =2qdcos - x - --
""" 2dx X 

Pnet = 2qd COS 8/2 
--------4------i 

+ 

Figure 1.215 

Frrw.=2qdcos ~ x 2kA (- x~ J 
--4KqdACOS 0/2 

Fnm..= 2 
X 

--+ 4KqdA.cos0/2 
IFnuxJ= x2 

-'> 4KqdA.cos0/2 
IF= J= p 

# Rlustrative Example 1. 66 

Two thin parallel threads carry a uniform charge with linear 
charge densities "- and - A. The distance between the threads is 
equal to I. Find the potential of the electric field and the 
magnitude of its strength at the distance r>> lat the angle 0 to 
the line oflength / which is perpendicular to both the threads 
and joining the two threads. Angle 0 is measured from the side 
of positively charged thread as shown in figure-1.216. 

p 

8 

1 

-1. 

Figure 1.216 

Solution 

The electric field at pointP (where r>> l) in the figure shown in 
gtven as . 

=> 

=> 

_ T _ T 
r+- r--
__ 2 ____ 2_ 

1,+{l
2 

1,+{j' 

[ 

_7 _7 i r+- r--
E=__!:_ 2 2 

21teo 2 /
2 

2 12 
r + 4 +r/cos0 .r + 4 -rlcos0 

- i - i [ - -l r +- r--
- "- 2 2 
E = 2ite0 r(r+lcos0) r(r-/cos0) 

E = -- ---cos0 - "- [ / 2ri ] 
2m:0 r2 r3 

- t,./ 
E = --- if r»l 

21t&or2 ' 

Similarly, potential at point P can be given by the sum of the 

two components of the discus 

For r >> l, we can expand the logarithmic series and thus the 

above expression will reduce to 

Alcos0 
V=---

2ite0r 

# lllustrative Example I. 67 

Show that, for a given dipole, V & E cannot have the same 
magnitude at distances less than 2 m from the dipole. Suppose 

that the distance is ,/5 m, determine the directions along which 
V & E are equal in magnitude. 

Solution 

The situation here is same which is discussed in Illustration 
1.64 which we reanalyze. Equating the magnitudes of potential 
and field strength due to the dipole gives · 
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=> 

=> 

=> 

KPcos9 

r' 
~ ,Jt+3cos

2
9. 

1 
cos9 = r:,-:: 

vr2 -3 

·;.,_3;;,1 

We substitute r=.Js min equation-(1.173), gives 

=> 

1 
cos 9. = ,,-------:: 

vr--3 

1 

.J2 
9 =45°, 135°, 225° and315° 

We),J.wfe~nce atwww.pbfSicsg;11w;rnw · 

I .. Age··.G··•·.·.~.·lg,·····, .. ·.··.-.·.G. ~e.·.1; &12l A. ~ 17-19Y~s 
Section-ELECTROSTATICS , · 

'¼A" .·. - .' 

·· 'I'opjc.,l~trli:;J.>otentW •. ·•' · .. 
Module Number- 39 to 53 ' 

Practice Exercise 1. 7 

... (1.173) 

(i) A dipole is placed at origin of. coordinate system as 

shown in figure-1.217, find the electric field at point P(O, y). 

y 

p (O,y) 

X 
0 45° 

'P 

Figure 1.217 

KP • • 
[-(-t-2j) I 
../2y' 

(ii") In figure, 1.218, an electric dipole is placed at a distance 

x from an infinitely long rod oflinear ch\U"ge density,._ 

(a) Find the net force aciing on th'.e dipole 

(h) What is the work done in rotating the dipole through 

180". 

+<X> 

-q 

l>!c-~--x---
14--2a--~ 

_., 

Figure 1.218 

(c) If the dipole is. slightly rotated about its equilibrium 
position, find the time period ofoscillation. Assume that the· 
dipole is linearly restrained. 

[(a) _s_, (b) 'D.aq, (c)2•~2•e,.mx'a J 
7CEgX

2 
TCEoX Mj 

• p - ' 
(iii) Two point dipoles pk and -k are located at (0, 0, 0) 

2 
and (Im, 0, 2m) respectively. Find the resultant electric field 
due to the two dipoles at the point M(Im, o, O). 

c-(....I.!!......)f 1 
32•e, 

(iv) Find the magnitude of the electric field at the point Pin 
the configuration shown in figure-1.219 (a), (h) and (c) ford>> a 
take2qa=p. 

.r. 
,P 
' ' ' ' ' ' ' ' d ' ' 

l 
' ' ' ' ' ' ' ~q 

(a) (b) 

+q ·-
Flgur, 1,219 

,P 
' ' ' . ' 

-q +q .. ------'-------• +q. 
(•) 

(v) The graph in figure-1.220 shows the potential energy of an 
electric dipole that oscillates between± 60°. What is the kinetic 
energy of dipole when it is aligned with the field? 
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U(µI) 

+2 

-2 

Figure 1.220 

[lµJ] 

(vi) An electric dipole with dipole moment p oriented in the 
positive direction ofz-axis is located at the origin of a three 
dimensional coordinate system. Find the projections ofelectric 
field E, and E, of the electric field strength vector at a point 
P(r, 9).Also find out the angle 9 at which electric field vectoris 
perpendicular to the dipole moment. 

y 

p 

Figure 1.221 

[-p-l (3cosf8-l)' 3psin9~os8' cos-1 (...!..) J 
~~· ~~~. ~ 

X 

{vii) An electric dipole is placed at a distancex from centre 0 
on the axis of a charged ring of radius R and charge Q uniformly 
distributed over it. 
(a)· Find the net force acting on the dipole 

(b) What is the work done in rotating the dipole through 180°? 

y 

-q +q 

X 
X 

z 

Figure 1.222 

..... ·-··---------,,,··~ __________ .;::10:!:l 

(viii) A dipole with an electric moment p is located at a 

distance r from a long uniformly charged thread as shown.in 
figuro-1.223 

'' '' '' 

'' '' '' 

Figure 1.223 

p 
-q +q 

Dipole 

~ 

The linear charge density on thread is A. Find the force F 
acting on the dipole under three different orientations given. 
below. 

(a) The vector p is oriented along the thread 

(b) The vector p is oriented along the radius v~tor r 
(c) The vector p is oriented at right angles to the thread and 

the radius vector r 

[(a) O; (b) ~ along the dipole moment vector; (c) ~ along 
h~r h~r 

the dipole moment vector] 

(ix) Two short electric dipoles are placed as shown in 
figure-1.224. Find the potential energy of electric interaction 
between these dipoles. 

r 

e 

Figure 1.224 

~ 

P, 
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1102 
(x) ~ the figure shown Sis a large nonconducting sheet of 
uniform charge density cr. A rod R. oflength / and mass 'm' is 
parallel to the sheet and hinged at its mid point. The linear 
charge densities on the upper and lower half of the rod are 
shown in the figure-1.225. Find the angular acceleration of the 
rod just after it is released. 

l+: : :s 
41 
'' '' 

'' '' 41 
'' '' '' '+' 

cr 

R 

1-

C 

Figure 1.225 

(xi) Point charges q and -q are located at the vertices of a 
squarewith diagonals 2/ as shown in figure-1.226. Find the 
magnitude of the electric field at a point located symmetrically 
with respect to ihe vertices of the square at a distance x from its 
centre. Consider x>> 10• 

z 

[-q-' -1 
.fi.nr.r,:x3 

y 
+q 

I 
' -q / 

"'-..... / 
''::s.'--+---x"-------+x 

M 

+q 

--q 

Figure 1.226 

1.13. Electric Li11es of Forces & Electric Flux 

Electric lines of forces are hypothetkal lines in electric field 

which give the information about net electric field in that region. 
As electric field is a vector quantity, it has both magnitude and 

_:_ __ ·_: . Electro"sta§J 

direction. In a region of electric field, electric lines give 

information about both direction and magnitude of the field at a 

point in the region. 

Direction of Electric Field Strength at a Point: Tangent at a 
point on an electric line of force gives the direction of electric 
field at that point as shown in figure-l.227(a). !fin the figure 

shown E 1 and E2 are the electric field strengths at point P and 
Q respectively then the directions of these electric field at these 
points is given along the tangent of the electric line curve as 

shown. 

p 

(a) 

(b) 

Figure 1.227 

Magnitude of Electric Field Strength at a Point : In the region 

where electric field is present we draw.electric lines of forces in 

such a way that the density of electric lines at a point gives the 

magnitude of electric field strength at that point in the region. 

As shown in figure-l.227(b) we can see that_ at point A electric 
field strength is more as compared to that at \Joint B because 
near to pointB the lines are getting closer and that near to point 

A. 
' .,.. . 

1.13.1 Characteristics of Electric Lines of Forces 

Although electric lines offorces are hYJJothetical lines in region 
of electric field giving information about the magnitude and 
direction of electric field strength in region, these lines are 

defined in specific ways and with some characteristic properties 
which helps in _understanding the behaviour of electric field in 
space. These are listed below point wise. 

(i) Two electric li~es can never intersect in space at a point. 
If we consider two electric lines are intersecting at one point in 

space, there will be two directions of electric field strength as 
shown in figure-1.228 which is not possible. 
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~ 

E, 

p 

~ 

E, 

Figure 1.228 

(n) Electric lines always originate either from a positive 
charge or infinity and terminate on a negative charge or 
infinity. Figure-1.229 shows the configuration of ELFs due to 
point charges. 

Figure 1.229 

As shown in above figure-1.229 due to an isolated point charge, 
ifit is positive, the electric lines originate from it and terminate 
at infinity and fur a negative point charge electric lines originate 
from infinity and terminate on the charge in radially inward 
direction. 

(rn) Always the preference of termination of electric lines is 
toward a negative charge rather at infinity. For example ifwe 
consider there is a positive point charge, in its surrounding 
electric lines exist in radially outward direction. If a negative 
charge is placed in its surrounding, electric lines have a 
tendency of termination toward the negative charge rather going 
toward infinity, thus lines will bend and terminate toward the 
negative charge. If charge magnitude is more, bending will be 
more as shown in figure-1.230. 

Figure 1.230 

As electric lines have tendency to bend toward negative charges, 
similarly electric lines also have tendency to bend away from 
the positive charges in space. The configuration of electric 
lines due to two positive charges is shown in figure-1.231. 

Figure 1.231 

In the region ofelectric field the configuration of electric lines 
of forces gives the net electric field of the region. Let us consider 
some charge configuration to understand this concept. 

Figure 1.232 

As shown in figure-1.232 we consider a point Pon an electric 
line of force. At point P due to the positive charge +q electric 

- -
field is E, in the direction shown and at the same point E2 is 

the electric field strength due to the negative charge -q as 
shown in figure-1.232. The resultant electric field strength at 

point P is E,,, in the direction along the tangent at P as the 

electric line of force is passing through point P. Thus we can 
say that at every point in electric field, tangent to an electricline 
of force gives the direction of net electric field of system and 
not due to the charge from which the Jines are originating. 
Following figure shows the net electric field distribution due to 

two equal positive charges. 
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1104 

Figure 1.233 

(iv) Total quantity of electric lines of forces originating from 

a positive charge or tenninating on a negative charge are 
considered to be directly proportional to the magnitude of the 

charge. Tons in surrounding ofa higher magnitude charge the 
density of field lines is more as it produces stronger electric 
field in surrounding. 

1.13.2 Area considered as a Vector 

In general we consider area ofa surface as a scalar quantity but 
for analysis of electric lines of forces we need to consider area 
of a surface as a vector quantity whose direction is considered 
along the normal to the surface. The area vector S of a surface 
which has surface area Scan be written as 

S =Sn 

Figure 1.234 

Where r, is the unit vector in the direction along normal to the 

surface as shown-1.234. 

If a surface is three diinensional we consider a small elemental 
area dS on .-this •surface and direction of this elemental area 
vector is along the local normal of the surface at the point 
where elemental area is chosen as shown·in figure-1.235. Such 
an elemental 11\"ea vectoriallyis written as 

dS=dSa 

- ····- --- - -------
Electrostatics I 

a 

Figure I.235 

Here a is the unit vector in the direction along the normal at the 

location ofelemental area dS. 

1.13.3 Electric Flnx 

As already discussed that electric lines in a region of electric 
field are hypothetical lines which cannot be actually counted or 

measured. To measure electric lines quantity (not in numbers as 
these are not real lines) a specific physical quantity is defined 
called 'Electric Flux'. Electric flux is defined as a group of 

electric lines of forces passing through a given surface and it is 
denoted by~- Electric flux is always defined for a given surface 
in electric field and its measurement is done using the strength 

of electric field in the region. In upc_oming article we will be 
discussing about the measurement of electric flux by using 
electric field strength in the regi<ln as well as we will discuss 
about calculation of electric field in a region using electric flux. 

1.13.4 Electric Flnx Measurement by Electric Flnx 

We've already discussed that the density of electric lines gives 
the magnitude of electric field strength at any point in a region .. 

Mathematically the numerical value of_electric field strength at 
a point in the region of electric field can be given as the electric 
flux passing through a unit normal area at that point. 

In a uniform electric field shown in figure-1.236 if~ be the electric 
flux passing through an area S which is normal to the electric 
field lines, the value ofeleciric field strength at this surface can 
be given as 

. .. (1.174) 

By definition electric field strength is given as electric flux per 
unit normal area at a point which is last termed as electric flux 
density at a point on a normal surface. Using equation-(1.174) 
we can_ also give.the electric flux through a given normal surface 

as 

~=ES ... (1.175) 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



I Electrostatics ... 
!......_-~--'" ",M,,, -·----

E 

area= S 

Figure 1.236 

If in an electric field, surface is not normal as shown in 

figure-1.23 7 then in such a case we consider the component of 

area which has surface normal to the direction of electric field. 

In the figure-1.23 7 the actual area ABCD is inclined at an angle 

8 from the direction normal to electric field. We resolve this area 

ABCD in two perpendicular components as shown in figure. 

One is S cos8, which is area ABC'D' normal to electric field 

direction and other is S sin 8, which is area CDC'D' along the 

direction of electric field. 

A B 

C 
area= S 

Figure 1.237 

Here the electric flux passing through the given area ABCD is 

same that is passing through its normal component S cos8, the 

area of surface component ABC'D'thus here the flux$ through 

the area can be given byequation-(1.175) as 

$=EScos8 ... (1.176) 

As we consider the direction of area vector normal to the area 

surface, as discussed in article-1.13.2, 8 would be the angle 

between area vector S and E as shown in figure-1.238. Thus 

electric flux through the surface ABCD can be given in vector 

notations as 

$= E · s ... (1.177) 

~A __ -----1B 

0: 
' ' -;l-~-"---•E 

9 

t 
D C 

Figure 1.238 

For any given surface, in uniform electric field we can calculate 

the electric flux by using equation-(1.177) which gives the 

product ofelectric field with the component of the surface noimal 

to electric field. As already seen in figure-1.23 7 the component 

of the area CC'DD'which is along the direction of electric field, 

no electric flux passes through its surface. From equation-(1.177) 

also we can state that any surface which is parallel or oriented 

along the direction of electric field will have its area vector 

normal to electric field vector thus flux through this surface will 

be zero. 

1.13.5 Positive and Negative Electric Flux 

We've analyzed in previous article that electric flux through 

any surface in a uniform electric field can be calculated by the 

product of electric field strength and the·normal component of 

the surface area. One important viewpoint here is about the 

area vectorofa given surface. Every surface has two area vectors 

on the two sides of the surface or more clearly we can say that 

a plane has two surfaces one is at front and other is at back and 

both surfaces have their area vectors normal to the surface in 

opposite directions as shown in figure-1.239. 

~ s, 

Figure 1.239 

~ s, 

area= S 

Figure-1.240 shows a rectangular plane M placed in a uniform 
electric field. This plane has two surfaces S1 and S2 and ifwe 
calculate electric flux passing through the plane Mas a body, 
the flux can be directly given as 

$thro"gh body M = ES cos8 
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Figure 1.240 

Ifwe calculate the electric flux at surfaces S1 and S2 separately 
then by using equation-(1.177) these values are given as 

<J>i = E · s,=EScos(,r-9)=-EScosfJ ... (1.178) 

<I>,= E · S2 =EScosfJ ... (1.179) 

In figure-1.240 and from aboveequations-(1.178) and (1.179) we 
can see that the flux is entering at surface S1 is negative and the 

same flux is coming out from surface S2 is positive. This must 

be remembered always that from any surface if electric flux is 
coming out, it is considered positive flux and if from a surface 
electric flux is going in then for that surface we consider it 

negative flux. 

1.13.6 Electric Flux in Non-uniform Electric Field 

In non-uniform electric field, we can calculate electric flux 

through a given surface by integrating the electric flux for an 
elemental surface area of the given surface using expression 

given in equatioil-(1.177). 

To understand this consider the situation shown in figure-1.241 · 
in which a random shaped surface Mis placed in a non uniform 
electric field. In this case we will deiermine the electric flux 

through this surface Mas shown in figure. 

Figure 1.241 

To calculate the flux we consider an elemental area dS on the 

surface Mas shown. At the location of the area dS, if electric 

field strength is Ethen the electric flux through this elemental 

area dS can be given as 

d$ = EdS cosfJ 

d$= E·dS 

... (1.180) 

... (LISI) 

Total flux through the surface M can be given by integrating 

the expression in equation-(1.180) as 

$ = f d$ = f EdScosfJ 
M 

... (1.182) 

Using equation-(1.182) we can calculate the electric flux through 

any given surface of defined shape placed in an electric field. 

Upcoming articles will help in understanding this calculation 

for some standard surfaces. 

1.13.7 Electric Flux Through a Circular Disc 

Figure-1.242 shows a point charge q placed at a distance/ from 

a disc of radius R on its axis. In this situation we will determine 

the electric flux through passing through the disc surface due 

to the point charge q. 

Figure 1.242 

We know a point charge q originates electric flux in radially 

outward direction. The flux of q which is originated within the 

cone shown in figure passes through the disc surface. The 

electric field due to the point charge q at different points on the 

disc surface is different so we need to use the concept explained 

in article-I.I 3. 6 for electric flux calculation in this case. 

As shown in figure-1.243 we consider an elemental ring on disc 

surface of radius x and width dx as shown. The area of this 

elemental ring shaped strip is 

dS=Zrrx:dx 
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1.13.8 Electric Flux Through the Lateral Surface of a Cylinder 
due to a Point_Charge 

a\...\;:::::::I![:;:~ 
dS Figure-1.244 shows a cylindrical surfuce ofleogth L aod radius R. 

e 
q 

Figure 1.243 

The electric field due to the point charge q at this elemeotal ring 
is given as 

E=--K,~q_ 
(x2 +12) 

If we consider that d$ is the electric flux passing through this 
elemental ring then byequation-(1.18O) it is given as 

d$=EdScos 0 

di - Kq 
~- (x2+i2) 

X 2m: tfx X ,-,----;:, 

vx2 +i2 

xdx 
d$=21tKql z z 312 

(I +x ) 

The total electric flux through the disc surface can be calculated 
byintegratingthe above expression offlux through the elemental 
ring over the whole area of disc. Thus total flux through disc 
surface can be given as 

I R dx $=-q- J-x __ 
2 Eo o (12 +x2)3'2 

$= _tL [ I ]R 
2Eo ~/2+X2 0 

$- qi [I I ] 
- 2E0 ~/2+x2 

... (1.183) 

')"'he above result can be used as a standard result and can be 
obtained in. a much simpler way by using the concept of solid 
angle and Gauss's Law which we will discuss in upcoming 
articles. 

On its axis at its centre a point charge q is placed. In this situation 
we will calculate the electric flux coming out of the lateral surface 

. of this cylinder due to the point charge q. 

For this we consider ao elemeotal strip of width dx on the surface 
ofcylinder as shown. The area of this strip is 

dS=27tR · dx 

Figure 1.244 

The electric field due to the point charge on the elemental strip 
can be given as 

E= Kq 
(x2 +R2) 

If d$ is the electric flux through the strip, this can be given as 

~=EdScosB 

'JG R 
d$= (x2 +qR2) x2,cRdx x ·~x2 +R2 

- 2 dx d~-2,cKqR X 2 2 3/2 
(x +R ) 

Total electric flux through the lateral surface of cylinder cao be 
giveo by integrating the above expression of electric flux through 
the elemeotal strip for the complete lateral surface within limits 
from -L/2 to +L/2, which can be given as 

qR2 +L/2 dx 

~= J d$ = ~ J ( 2 +R2)312 
0 -L/2 X . 

To integrate we substitute 

x=Rtao0 

dx = R sec2 0 dB 

qR2 J R sec
2 

0d0 
$= 2 Eo (R2 sec2 0+ R2)312 

_ qR2 J Rsec
2 

0d0 
~- 2 E0 R3 sec3 0 
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=> 

=> 

,j,= qR f cos 9d9 
2 Eo 

qR [ . 9. ]x='+L12 
.!.-- Sill 
'I'- 2 '=o · x=L/2 

As we have used the substitutio~ x = R tan 9, we use 

sin9= X 

.Jx2 +R2 

=> qR [ L/2 ,i,--
- 2 eo ./L2 /4+R2 

=> 
• q .. L ,i,--. 
-Eo .JL2+4R2 

-L/2 ] 
./L2 /4+R2 

. 

... (1.184) 

Above expression of electric flux can als<> be calculated by a 
much-easier analysis using the concepts of Gauss's Law and 
solid angle, we'll discuss it in upcoming articles. 

1.13.9 Electric Flux Produced by a Point Charge 

The figore-1.245 shows a point charge placed at the centre ofa 
spherical surface of radius R from ·which ~lectric lines are 
originated and coming out of the surface of sphere. For clarity_ 
and convenience only lower halfof sphere is drawn in the picture. 
As the charge q is inside th~-sphere, whatever flux it originates 
will come out from the spherical surface. To find the total flux · 
from the sphere enclosing the charge we consider an elemental 
area dS on surface as shown. The electric field on the points on 
surface of sphere can be given as 

E= Kq 
R2 

&'·,, .. 

Figure .1,245 

',, 
',, 

' ' ' ' ' ' ' ' I I 

-----~··. ~::L...: .. Elecfrosjatl~~ 

The electric flux coming out from the surface area dS is given as 
' 

-> -> 
d,j, = E · dS = EdS cosO" = EdS 

In above case the angle between vector of electric field strength \ 
and elementalareadSis 9=0". 

'· 

=> d,j,= Kq dS 
R2 

Totai flux coming out from the spherical surljice can be calculated 
by integrating the above expression over the whole surface of 
sphere as 

,j,= fdq,= fK; dS 
R .. 

At every point of spherical surface, magnitude ofelectric field 
remains same thus we use 

=> 

=> 

'P~ Kq fds 
R2 

,j,= Kq x4pR2 
R2 

... (1.185) 
r, . 

Thus total flux coming out from the spherical surface is the flux 
which is originated by the point_ charge q as it is completely 
enclosed by tlie spherical surface. Thus charge q originates 

total electric flux _q_ • Similarly a charge -q absorbs _q_ electric 
Eo Eo 

flux into it 

Figore-1.246 shows a ch~ge q .;.,closed in a· closed surface S of 
random shape. Here we can say that the· total electric flux 
emerging out from the surface S is the complete flux which 
charge q is originating, hence fl.ox emerging from surface is 

<I!,= _q_ 
Eo 

· Figure 1.246 

The above result is.independent of the shape of surface as it 
only depends on the amount of charge enclosed by the surface 
and a charge originates or absorbs electric flux which is directly· 
proportional to the magnitude of charge. 
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# Rlustrative Example 1. 68 

A cylinder of height Hand radius R is placed in a uniform 
electric field as shown in figure-1,24 7. Find flux crossing through 
the cylinder. 

E 

I 
H 

J 
Figure 1.247 

Solution 

The cross sectional area perpendicular to the electric field is 

S=2RXH 

Thus electric flux crossing the cylinder is 

cj,=ES 

cj,=E(2RH)=2ERH 

# Illustrative Example 1.69 

The electric field in a region is given by E = ai +b}. Here a 
and bare constants. Find the net electric fill!' passing through 
a square area of side I parallel to l'Z plane. 

Solution 

A square area of side I parallel to l'Z plane in vector form can be 
written as, 

s = /2[ 

Given, E = ai + b} 
Electric flux passing through the given area is given as 

<1>,=E-s 

cl>,= (al +ly)-(i2i) · 

<l>,=al2 

# Illustrative Example 1. 70 

Two mutually perpendicular infinite wires along x-axis and 
y-axis carry charge densities "-i and A.2 (see figure-1.248). The 

1 
electric line offorceatPis along the liney = ../3 x, where Pis 

also a point lying on the same line, then find "-il"-r 

Solution 

Yf 
' ' ' /E 

/ p 

0 / 
===~~====----+x 

Figure 1.248 

Net Electric field at point Pis given as 

E = E1 + E2 due to vertical wire 

E1 = -
2 

""1 in +y direction 
1t&oY 

E - ____!:i_ 
2 - 21t&oX 

due to vertical wire in x direction a angle of electric field with 
x direction 

# Rlustrative Example 1. 71-

Find the electric flux coming out from one race ofa cube of edge 
a, centre of which a point charge q is placed_ 
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Solution 

Here the· total solid angle subtended by cube surface at the 
point charge q is 4it. As charge q is at centre of cube, we can say 
the each face of cube subtend equal solid angle at the centre, 
thus solid angle subtended by ~ach face at point charge is 

4,r 
Qfi<c = 6 steradian 

Figure 1.249 

Tons electric flux through each face is . 

q/Eo 
4> ... = ~ X Qfai,e 

=> 

=> 

# R/ustrative &ample 1. 72 

The cylinder ofpre.vious example is·now tilted by an angle 9 
from vertica[ Find the flux crossing the cylinder. 

Figure 1.250 

Solution 

Looking at the cylinder shown in figure-1.251 along-x-'1"is it 
appears in the view as shown in figure-1.252 

y 

Figure 1.251 

Normal component of area is given as 

We have 

- Figure 1.252 

And we also have 

A3 =2HRcos·9 

Total normal component of area is . 

Elec!rOS\atirfsj 

. ' 

=> 

AJ. = ( ~
2

J ·sin9x2+2HRcos9,, 

A J. =2RHcos 9+itR2 sin 9 

Thus flux passing through cylinder is 

,j,=EA J. 

=> 4>= E (2RH cos 9 + itR2 sin 9) 

1.14 Gauss's Law 

This law is the mathematical analysis of the relation between 
the electric flux from a, closed surface and its enclosed charge. 

This law states "The total electric flux emerging out from a 
closed surface is equal to the product of sum of enclosed charge 
by the surface and the constant l/s

0
." 
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Mathematically Gauss's Law is written as 

fff:. dS = r.q,,,d. 
M Eo 

... (1.186) 

Here the sign f represents the integration over a closed surface 

M which encloses a total charge Lq . 
. encl 

To understand Gauss 's)aw we consider a snrfuce Mas shown 
in figure-1.253 which encloses three charges q

1
, - q

2 
and q5

• 

For the surface M if we find surface integral of electric field 

p E · dS for the whole surface M, it gives the total electric flux 
M 

coming out from the surface which is equal to the total electric 
flux produced by all the charges enclosed by this surface and it 
can be given as 

J, E-dS = q, +q, -q, 
"f Eo 
M 

·M 

0 
-q, 

0 
-q,· 

Figure 1.253 

... (1.187) 

In above expression electric field E is the net electric field at 
the points on the surface of M. For electric flux calculation we 
use the net electric field of the system due to all the charges in 
the system but the total flux coming out from the surface is the 
flux origioated by the charges enclosed in the closed surface 
only. This is because any electric lioe offorce originated by any · 
charge which is outside the surface will not contribute in the 
electric flux coming out of the surface as ifwe consider one or 
more electric lines of force due to the charge q 4 which is going 
into the surface Mand terminate on charge q2 inside the surface 
theo same number oflines or same amountofelectric flux which 
was terminating on q2 due to other charges will come out of 
surfaceM and go to infinity and thus no effect will be there on 
total flux coming out from surface M due to charge q 

4 
or any 

other externally placed charges. The surface M for which the 
equation of Gauss's law such as equation-( 1.187) is written is 
called 'Gaussian Surface'. 

Gauss's Law can also be used to determioe electric field strength 
in a region due to some symmetrical distribution of charges. 

····.········_ - -. - 11IJ 

1.14.1 Electric Field.Strength Calculation using Gauss's Law 

As already discussed in previous article that to apply Gauss's 
law, we need to choose a closed surface over which we apply 
Gauss's law which is called Gaussian snrfuce. For a giveo systero 

of charges for application of Gauss's law selection of proper 
Gaussian surface in the given situation is very important. 

Some times if a random Gaussian surface is chosen then the 

integral fE ·dS in equation-(1.186) involves complex 

calcnlations. To calculate electric field strength in a given region 
with proper and practical calculations and to make these 
calculations easier, we choose a Gaussian surface based on the 
points given below. 

General points for selection of Gaussian surface for electric 
field calculation using Gauss's law are -

(i) The Gaussian surface should be chosen in such a way that 
at every point of surface the magnitude ofelectric field is either 
constant or zero. 

(ii) The surface should be chosen in such a way that at every 
point of surface electric field strength is either parallel or 
perpendicular to the surface. 

We cau illustrate the applications of Gauss's Law in calculation 

of electric field in the surrounding of some charge configurations. 

Gauss Law is a helpful tool in calculating the electric field 

strength due to various distribution of charges. First to 

understand the application we calculate the electric field 

strength due to a point charge q at a distancex, using Gauss's 

law. 

p 

q X 

Figure 1.254 

Figure-i.254 shows a point charge q and a pointPlocated at a 

distance x from the charge. To calculate electric field strength 

at P, we need to consider a Gaussian surface so that point P will 
be on its surface. For this consider the two surfaces shown in 

figure-1.255. 

o,---x-l--p 
q 

Figure 1,255 

<q>--x--.P 
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Ifwe apply Gauss's Law to the above two Gaussian surface 

then it will be very difficult to carry out the calculations of 

integral fE · dS over these surfaces as at ev~ry point of the 

surfaces electric field strength is different due to the point 

charge and the angle between E atid dS also changes 

continuously so selecting any Gaussian surface randomly is 
not a good option. The Gaussian surface should be chosen in 
such a way ·to minimize the calculations. Now we consider a 

spherical Gaussian surface as shown in figure-1.256 which is of 
radius x_ and the point charge q is considered at its center. At 

every point of this surface electric field due to the charge q is 
constant-which is given as 

E= Kq 
. 2 
X 

Figure 1.256 

Here ifapply Gauss's law for this spherical surface, we have 

f - - q 
E-dS =

Eo 

' . 

As at every point of the Gaussian surface direction of electric 

1.14.2 Electric Field Strength due to a Charged Conducting 
Sphere 

To find electric field at an outer point at a distance x from the 

centreof sphere, similar to the case of a point charge in previous 

article, in this case also we consider a spherical Gaussian· irurfuce 
of radius x (x > R) as shown in figure-I .257. If electric -field 
strength at every point of this surface is E, using Gauss's Law 
we have 

E dS 

' . 

Figure 1.257 

As Eis constant at all points of the surface considered and also 

at every point of surface E . dS = E dS; because at all points E 
is parallel to the surface area vector dS , thus we have for the 

Gaussian Surface.M, on applying Gauss's law we get 

E I.dS= g_ 
j Eo 

field and elemental area vector are same and electric field is ~ 
constant over the whole surface, we use 

E· 4m:2= !f.._ 
Eo_ 

I q . Kq 
E=---=-

41teo x2 x2 
... (1.188) 

In .this case we at every point of sphere electric field vector is 

parallel to dS and also the magnitude of E is uniform at every 

point, thus the integral f E · dS can be easily evaluated. 

~ E=-1-·_g_ 
. 41teo x' 

Similarly for surface points we can consider a spherical Gaussian 
'surface ofradius R which gives electri~ .field strength ~n the 
sphere surface as 

I Q 
E=--·-

s 41teo .x2 

To find electric field strength at an interior point of the sphere, 

we consider an inner spherical Gaussian ~urface of radius ' ' ' x (x < R) as shown in figure-1.258. If we apply Gauss Law for 
this ·surface, we have 
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Figure 1.258 

As all the charges in a conducting or a hollow uniformly charged 
surface is on the surface, thus q ead = 0 and by symmetry at 
every point of Gaussian surface E must be constant so by 
symmetry we have 

E,.=O 

All the above results of electric field strength due to the charge 
on a uniformly charged conducting sphere we've obtained using 
Gauss's law are same which we have obtained in article-I. 7.4 by 
considering whole charge concentrated at center of the sphere 
by symmetry. Same results are also valid for a uniformly charged 
hollow non conducting sphere or any spherical uniform surface 
charge distribution. 

1.14.3 Electric Field Strength due to a Non-conducting 
Uniformly Charged Sphere 

In case ofa uniformly charged non conducting sphere for outer 
and surface points the electric field strength can be calculated 
by using Gauss Law similar to the case of conducting sphere as 
discussed in previous article by considering spherical Gaussian 
surfaces ofradius x >Rand x = R respectively. 

Figure 1.259 

For calculation of electric field strength at interior points of 
sphere, we consider a spherical· Gaussian surface of radius 

x (x < R) as shown in figure-I .259 inside a uniformly charged 
solid non conducting sphere of radius R and volume charge 
density p C/m3• If we apply Gauss Law for this surface, we have 

~E-dS = q,ncl 
Eo 

In this case charg~ enclosed within the sphere of radius x is 
given by 

=> 

=> 

4 
q -px-,u3 

encl- . 3 

px.±m3 

E. ·4m'=--=-3-
m Eo 

px 
Ein=-3-

Eo 

All the above results of electric field strengths for exterior, 
surface and inside.points ofa uniformly charged non conducting 
sphere we've obtained using Gauss's law are same which we 
obtained in article- I. 7. 7 by considering the inner charge of the 
region inside any point at the center. 

1.14.4 Electric Field Strength due to a Long Charged Wire 

Due to a long charged wire having a linear charge density;\, C/m 
we've calculated the electric field strength at a point located a · 
distance x from the wire in article-1.5.2 by considering an 

. elemental charge in the wire and then integrating the result of 
electric field strength due the element over the whole length of 
wire. We can obtain thesameresultbyusingGauss's law without 
using integration as shown in figure-1.260. This figure shows a 
cylindrical Gaussian surface of radius x and length I considered 
symmetrically in surrounding of the line charge such that a 
point Pis located on the Gaussian surface as shown. 

+ 

r 
I p 

1 
-; 
' ] A C/m 

' 
Figure 1.260 
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Applying Gauss's Law on this surface, we have 

"'E -dS = q,,,,,, 
'f Eo 

... (1.189) 

To determine the left side integral of the above equation we 
consider that the closed Gaussian surface is made of three parts 
I, II and III which are two flat circular faces and one cylindrical 
lateral surface respectively. Thus we split the closed surface 
integration in above equation-(1.189) in three parts for these 
three surfaces as 

pE-dS = fE-dS + fii:-ds + fE·dS 
I H lll 

We can see that part I and Ill, by symmetry electric field strength 
vector is perpendicular to the area vector so no flux will come 
out of these two circular surfaces. Thus we have 

fE-dS = f E ·dS =O 
I Ill 

The total charge enclosed in the Gaussian cylindrical surface is 
Al so from equation-(1.198) we have 

fE-dS = Al 
/J Eo 

For lateral surface by symmetry as direction of electric field is 

normalto the area of surface at every point E is parallelto dS, 
we have 

Al 
E·2m:/=

Eo 

- A 2kA 
E= -2n Eo x X 

Above result is same as given in equation-(1.42) and it is 
obtained here using Gauss's law without any integration. The 
only thing which is to be known for application of Gauss's law 
is the orientation of electric field in surrounding of the charged 
wire which we considered radially symmetric due to the uniform 
charges. If the charge distribution on the wire is considered to 
be non uniform then we cannot predict the orientation of electric 
field in surrounding of wire and in that case by using Gauss's 
law we might not be able to derive such results as the integral in 
equation-(1.189) will become very complex in solving. 

1.14.5 Electric Field Strength due to a Long Uniformly 
Charged Conducting Cylinder 

Figure-1.261 shows a long metal cylinder ofradius R which is· 
uniformly charged on its surface at surface charge density 
crC/m2• 

Electrostatics I 

cr C/m2 

ds 

ds 

Figure 1.261 

We know at interior points of a metal body electric field strength 
is zero. Similar to the case ofa uniformly charged wire, in this 
case also the electric field configuration in surrounding of the 
charged cylinder would be in radially outward direction as charge 
distribution is uniform so for calculation of electric field strength 
at outer points at a distancex from the axis of the cylinder, we- · 
consider a cylindrical Gaussian surface of radius x and length I 
as shown in figure-1.261. By applying Gauss's Law on this 
surface we have 

... (1.190) 

The enclosed charge in the cylindrical Gaussian surface can be 
given as 

q encl= a· 2rrRl 

Here also similar to previous article we can divide the Gaussian 
surface in three parts as shown in figure-1.261 and by symmetry 
we can see that in this case also the electric flux through the 
circular faces is zero because electric field and area vector are 
perpendicular to each other, hence from equation-(1.190), we 
have 

f- - _cr_·_2nR_/ 
E-dS = 

/J Eo 
... (1.191) 

For part II also at every point of the lateral cylindrical surface 
electric field direction is parallel to every elemental area dS on 
this surface and by symmetry electric field magnitude can be 
taken constant, so we have from above equation-(1.191) 

E f dS = cr·2nRI 
/J Eo 
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Above expression is same as given in equation-(1.65) which we 
obtained in article-1.7.9 but here we've obtained it by using 
Gauss's law. For surface points we can consider the Gaussian 
surface at x = R and repeat the above process to obtain the 
result for surface point which is given as 

E =~· 
S Eo 

Being a symmetrically charged body ifwe consider an inner 
cylindrical Gaussian surface then by the same analysis we did 
for a conducting uniformly charged sphere, here also we can 
state. that for uniform surface charge distribution on a cylindrical 
surfaceEin = 0. 

1.14.6 Electric Field Strength due to a Uniformly Charged 
Non-conducting Cylinder 

Figure-1.262 shows a long cylinder of radius R, charged 
uniformly with volume charge density p C/m3• The electric field 
strength at outer and surface points we can repeat the process 
we did in previous article asthe electric field configuration in 
surrounding of wire is ra_dially symmetric. To calculate electri_c 
field strength at a distancex (x > R) from the axis ofcylinder we 
consider a cylindrical Gaussian surface shown in figure-l .262. 

-~ 
dS 

~ 

dS 

+ +: + 
' + 1+ + 
' R + +, 

pC/m3 

_;r __ i.,-t-,,,..-,±: -
+ t: 4-;, 

1 ------ ------1-'"'·~---+ 1+ + 
+ +: +" 

' + 1+ + 
' + +·;_' _:t+c...+ _ _;..; 

+ J+ + X pl/ 
+ +: + 

+ :+ + 
' ;. __ --e-- ---ioi--4'"-- .. -:---:.. 

+ :+ + 1II <h;~ --·-- ----~---- ------
+ +: + 

+ 1+ + 
+ +l + 

+ :+ + 
' 

Figure 1.262 

Ifwe apply G~uss Law on this surface, we have 

,f, E · dS = q encl ... (1.194) 
'f Eo 

The enclosed ch,arge in the Gaussian surface is given as 

q oncl = p. ,cR'I 

- --~-- ____ ,,_ -:11~ 
--- - --- - -- --~---> 

Again we can divide the Gaussian surface in three parts as 
shown in figure-1.262 and by symmetry we can see that in this 
case also the electric flux through the circular faces is zero, 
hencefromequation-(1.194), wehave 

fE·dS = p·,cR'I 
n Eo 

For part II also at every point of the lateral cylindrical surface 
electric field direction is parallel to every elemental area dS on 
this surface and by symmetry electric field magnitude can be 
taken constant over this surface, so we have from above 
equation-(1.191) 

~ E J dS = pnR'l 
Eo 

~ 
p1tR21 

£·2ml=----
Eo 

pR' 
... (1.195) ~ E=--

2Eo X 

Above expression is same as given in equation-(1.68) which we 
obtained in article-1.7.10 but here we've obtained it by using 
Gauss's law. For surface points we can consider the Gaussian 
surface at x = R and repeat the above process to obtain the 
result for surface point which is given as 

pR 
E8=- ... (1.196) 

2 E0 

To calculate electric field inside the cylinder at a distancex from 
the axis, we consider a small cylindrical Gaussian surface of 
radius x and length I inside the cylinder as shown in figure-1.263. 
Ifwe apply Gauss Law for this surface, we have 

... (1.197) 

+ +: ·+ 
+ :+ + 

' + +• 
' 

+ 
+ :+ + 

+ +: + 
' + •+ + 
' + +' 1+ 

' + 
+ ' +, 

I ' 
' 

I4 
+ +: 

' 
Ill + 

+ +• + 
' + :+ + 

+ +: + 
' + •+ + 
' + +' ' 

+ 
+ :+ + 

'. 

Figure 1.263 
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The enclosed charge in the above Gaussian surface is given as 

q = p:rrx21 encl 

Again we can divide the Gaussian surface in three parts as 
shown in figure-1.263 and by symmetry we can see that in this 
case also the electric flux through the circular faces is zero, 
hence from equation-(1.197), we have 

J
- - p·,cx'I 
E-dS=--

e, 
H 

... (1.198) 

For part II like previously discussed cases, at every point of the 
lateral cylindrical surface electric field direction is parallel to 
every elemental area dS on this surface and by symmetry electric 
field magnitude can be taken constant over this surface, so we 
have from above equation-(1.198), we have 

J 
p,cx2/ 

E dS=--
eo 

H 

px 
~ E=-

2
- .:.(1.199) 
Eo 

All the above ·results are same which we've obtained in 
article-I. 7.10 but here we calculated these using Gauss's law. 
The only point where we need to be careful while applying 
Gauss's law is the selection ofan appropriate Gaussian surface 
which is done based on the basic rules in cases of symmetric 
charge distribution as explained in article-l.14.1. 

1.14.7 Electric Field Strength due to a Non-conducting 

Electrostatl9_tJ 

cr C/m2 

+ 

+ 

£+--.-
·\ 
• n 
' ' 

+ !l(are:S 
t--~, --<1::• )P ' ' ' ' I ' ' , 

\<· I , + ' ' I )~/ 

+ 

+ 

± 

Figure 1.264 

In this case we can see that for lateral part of the surface 

fE -dS = 0 as the direction of electric field at every point of 
H 

surface is parallel to the surface, hence no flux is coming out 

from the lateral surface, thus from equation-(l.201) we have 

J'EdS + J EdS = zer: 
I H O 

By symmetry for both circular fuces we can consider that electric 
field magnitude is same at every point and it is normal to the 

surface area hence tlie field vector is parallel to the every 

elemental area vector on these faces so we have 

Uniformly Charged Sheet ~ 2£S= erS 
Eo 

To determine the electric field strength at a,point P infront ofa 
uniformly charged sheet as shown in figure-1.264 we consider a 
cylindrical Gaussian surface as shown of circular face area S. 
and length 2x on the two sides of the sheet Ifwe apply Gauss's 
law for this surface, we have 

er 
~ E= -2 ... (l.202) 

Eo 

Above result is same as derived in articles-1.5.3 and 1.5.4 by 

using long process of integration and this is obtained by using 

a simple analysis and application of Gauss's law . 

. .. (l.200) 1.14.8 Electric Field Strength due to a Charged Conducting 
Sheet 

The enclosed charge within this Gaussian surface is the charge 
on surface area Son the sheet, which is given as 

qencl=aS 

To carry out the integral in above equation-(l.200) for the given 
surface, we divide it in three parts as shown in figure and we 
split the integral as 

JE·dS + JE·dS + f E-dS = :s 
I II m O 

... (l.201) 

Figure-1.265 shows a large charged conducting sheet, charged 
on both the surfaces with surface charge density er C/m2• As 
we've studied that in a metal body there is no charge within the 
volume of body and thus here also the electric field inside the 

metal sheet is zero. To find electric field strength at a point Pin 
front of the sheet we consider a cylindrical Gaussian surface of 
face area Sand length x which has one face at point P where 
electric field is to be calculated and other face of this surface is 
considered within the volume of sheet. Ifwe apply Gauss's Law 
on this surface, we have 
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fE·dS = q,ncl 
Eo 

1.14.9 Application of Gauss's Law in the Region of Non 
... (1.203) uniform Electric Field 

With the similar analysis done in previous articles, we divide 
the Gaussian surface in three parts as shown, and the enclosed 
charge within this Gaussian surface is taken as aS as only one 
sheet surface is enclosed here, so from equation-(1.203) we 
have 

f- - f- - f- - as E·dS+ E·dS+ E·dS=~ 
I II· JJ/ O 

... (1.204) 

a Clm2 

+ + 

+ + 

+ + 

+ + 

+ + 

Figure 1.265 

As on surface I of the Gaussian surface Em= 0 hence f E · dS = 0 
I 

and for lateral surface II as electric field direction is parallel to 

the surface so we can use J E · dS = 0 as _no electric flux is 

coming out from the latenff surface or"cylinder. Thus from 
equation-(! .203) we have 

=> 

=> 

f- - aS 
E·dS =~ 

Ill 0 

ES= as 
Eo 

a 
E=

Eo 

Above result can also be obtained by considering the cyliudrical 
Gaussian surface oflength 2x as analyzed in previous article in 
which we could have doubled the enclosed charge but to gain 
an insight how different Gaussian surfaces can be chosen in 
case of metal bodies here we've chosen a different Gaussian 
surface. 

Gauss Law is useful in the problems 'related to the cases where 
electric field varies with the distance. Figure-1.266 shows cubical 
surface of edge a placed in a region the electric field strength 
depends on x direction as 

E=E,j2 

y 

-+-E== Eor2 
, ,..r--

, ' 
~ : 

, ' - -" --7 ( - :-'L'.f!l I 
l ' ,.~- t f 

-,+--~2e,ac___~'~-,-' _,..,.;'-.,.;-,>-------+x 
0 : ,,~-l / 

: // : ,,"a 
(!_ __________ ,,/ 

a 

Figure 1.266 

As the electric field varies with x coordinate in the region, it is 
uniform at every point ofany yz plane. If we analyze the total 
electric flux going into the cube shown from the front face of 
the cube, this can be calculated as 

... (1.205) 

From the other surface flux coming out can ·be calculated as 

... (1.206) 

As we can see from above equations that ~""' > ~in for .the 
cubical surface hence net charges enclosed in the cube are 
positive, we can apply Gauss's law to calculate the net charge 
enclosed in the cube as 

=> E (9-4)a4= q,,c1 
0 Eo 

=> q,.c1 = 5eoEoa' 

Above example illustrates that if in a region electric field is 
varying in space then there can be charges distributed in space 
responsible for this variation in space which can be calculated 
in any region of space using Gauss's law. 
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In the ~hove situation electric field was varying with ~ 
x-coordinate. Now we consider a case wheti in a region electric 

- - ·--- ---E-Jec-t,-os-~-at-io-,~,. 

$out= C (x2 + 2x dx) X 41t (x2 + 2x dx) 

field is varying in radial direction from a fixed point. Consider a ~ 
ballofradiusR shown in figure-1.267, it is non-uniformly charged 
with a radially symmetric distribution of charge, which varies ~ ... (1.208) 

with the distance from centre of sphere r. In this situation, inside 
the ball we consider that the electric field strength at a distance r Now we use Gauss's Law.for the region ofelernental shell which 
from centre is given as gives 

E=C,2V/m 

dx 

Figure 1.267 

. . 
If we wish to determine the distribution of volume charge density 
in the ball then it can be done by using Gauss's law. For this we 
consider an elemental shell ofradiusx and width· dx as shctwn 
in the figure. On the inner surface of shell as r = x the electric 
field strength can be given as · 

E. = Cx2 m 

Thus the electric flux $in which goes into the. elemental shell 
from its inner surface can be given as 

... (1.207) 

Similarly the electric field strength at the outer surface of ihe 
sliell can be given as · 

E
0
u,=C(x2+2xdx) 

In above equation as dx is very small we considered dx'-~ 0. 
The electric flux $out which comes out from the elemental shell 
from its outer. surface is given as 

$
0

ut = C(x2+2xdx) x 4n(x+dx)2 

1 
$out-$in = p (x) x4nx2dx x

Eo 
... (1.209) 

Here p(x) is the volume charge density in the ball.as a function 
of radial distance x for which we have taken enclosed charge in 
the elemental shell volume p (x) x 4nx2 dx. From above 
equation-(1.207), (1.208) and (1.209) we have 

I 
4nC x3(x + 4dx)-4nCx4= p (x) x 4nx2 dx x -

. Eo 

1 
~ l61tCx'dx = p (x) X 4nx2 dx X -

Eo 

p(x)= 4Cxe0 ... (1.210) 

By using Gauss's law in above analysis we've obtained the 
density of volume charge distribution in the region of a 
spherically symmetric charge distribution in· the ball we 
considered. Similarly such an analysis can be used in many 
different situations. 

1.14.10 Electric Field Strength in the Vicinity of a Charged 
Conductor using Gauss'~ Law 

We've alreadystudie<) whenever.charge is given to a conducting 
body, it will automatically spread on the outer surface of the 
conductor· in such a way that Hs surface charge density is 
inversely proporti"onal to the radius of_ curvature. We've also 
studied that inside a metal body at every interior pqint net 
electric field strength is zero and the whole metal body and its 
surface is equipotential hence the electric field which originates 
from its surface must be perpendicular to the surface at every 
point as shown in figure-1.268. 

Figure 1.268 
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As already discussed in article-1.11.5 that at the sharp edges of 
the conductor surface charge density CJ is high so electric lines 
originating at these sharp edge are more dense compared to flat 
parts of the body. 

Now we will calculate the electric field strength at a pointPjust 
out side the surface of the conductor at a place where charge 
density is CJ C/m2. 

For this we consider a small cylindrical Gaussian surface near 
to point Pas shown in figure-1.269. This surface-is intersecting 
the surface of the conductor having circular face area dS and 
very small length sufficient enough that its outer circular face is 
just outside the conductor surface and inner circular face is just 
inside the conducting body as shown. Here point Plies on the 
outer face of the cylinder. In this case the charge which is 
enclosed in the Gaussian surface can be given as 

qencl=crdS 

Ep 
p 

dS 

Figure 1.269 

The electric flux is.coming out only from the outer face of the 
cylinder as inside there is no electric field and outside electric 
field is normal to surface hence there is no flux from the lateral 
surface of cylinder. Thus by applying Gauss Law on this 
cylindrical .surface, we consider only outer face for flux 
calculation thus we have 

E · dS= CJdS 
Eo 

density CJ C/m2. and at the sharp edges of conductor, electric 
field is more as CJ is high. 

# lllustrative Example 1. 73 

- x-
The electric field in a region is given by E = Eo t . Find the 

charge contained inside a cubical volume bounded by the 
surfacesx= 0,x=l,y= O,y=l,z=O andz=I. 

So/utio11 

Figure-1.270 shows the situation described in the question. 

Atx=0,E=0andatx=l, E=E
0
i 

y 

--1---s 

X 

x=I 

z 
Figure 1.270 

The direction of the field is along !hex-axis, so it will cross the 
Y2face of the cube. The flux of this field through the cube is 
given as 

=> 

By Gauss's law, we have 

=> 

"'=O+E f'-=E P-
" 0 0 

~=_i_ 
9) 

q = Eo~= EoEof'-

# /llus!rative Example 1. 7 4 

Figure-1.271 shows an imaginary cube of side a. A uniformly 
charged rod of length a moves towards right at a constant 
speed v. Att = 0, the right end of the rod just touches the left 

=> E=.!!._ 
Eo 

... (1.211) face of the cube. Plot a graph between electric flux passing 
through the cube versus time. 

Thus net electric field strength just outside a charged conduciing 

surface is .!!._ normal to the surface where CJ is the local surface 
Eo 

charge density at that point of the conductor. 

Here we can also note that just outside a charged metal body, 
electric field strength depends only on the surface charge 

r--------- I 

I I 
A, · I I 

++++·++++++I I 
I I : -.v I I 

I I 
I I 
I I 
l----------J 
t+--a----+{ 

Figure 1.271 . 
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Solution 

The electric flux, passing through a closed surface depends on 

the net charge inside the surface. Net charge in this case first 

increases, reaches a maximum value and finally decreases to 
zero. The same is the case with the electric flux. The electric 
flux i!>, versus time graph is as showii in figure-1.272 below. 

1"z ., 

a 

V 

Figure 1.272 

# lllustrative Example I. 75 

2a 

V 

The field potential in a certain region of space depends only 
on !hex-coordinate as q, = - ax3 + b, where a, bare constants. 
Find the distribution of the space charge p{x). 

Solution 

We know that the field strength is given as 

ilq, 
E = -- =3ax3 

X 0X ... (1.212) 

If we consider an elemental cylinder of length dx and 
cross-sectional surface area Sas shown in figure-1.273. Using 
gauss's law on this we have 

q,,,, 
i!>ou,-q,.,=~ 

0 

p(x).Sdx 
~ 3a(x+dx)2.Sdx-3ax3.Sdx= ~~

e, 

6ax. Sdx = p(x).Sdx 
e,, 

p(x) =6axe0 

• y 

-------E, 

$.-0-$00, 
-+--:,:--+-:-. 'dxc-+---+x 

. Figure 1.27.3 

--- - - -- -- · ' · Electrostatics j 

# Illustrative Example J. 76 

The field potential inside a charged ball depends 9nly on the 
distance from its centre as q, = ar + b, where a and b are 

constants. Find the space charge distribuiion p(r) inside the 
ball. 

Solution 

Inside the ball, electric field strength is given as 

d,j, 
' B=--=2ar 

dr 
... (1.213) 

If we wish to determine the distribution of volwne charge density 

in the ball then it can be done by using Gauss's law. l:'or thiswe 
consider an elemental shell ofradius x and width_ dx as sh.9wn 
in thefigure-1.274. 

Figure 1.27_4 

On the inner surface of shell as r = x the electric field strength 
can be given as 

Thus the electric flux q,., which' goes into the elemental shell 
from its inner surface can be given as . . 

q,. =8rrax3 m . ... (1.214) 

Similarly the electric field strength at the outer surface of the 
shell can be given as 

E
001

=2a(x+dx) 

In _above equation as dx is very small )'le considered dx2-, 0. 

The electric flux q,
001 

which·coines out from the elemental shell 
from its outer surface is given as 

q,
001 

= 2a (x + dx) x 41' (x + dx'f 
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001

=2a(x+dx)x41t(x2+2xdx) 

~ •• , = 81ta (x3 + 3x3dx) 

~out= 81tax2(x+ 3dx) ... (1.215) 

Now we use Gauss's Law for the region ofelemental shell which 

gives 

I 
~out - ~;n = p (x) x 47lx2 dx x

Eo 
... (1.216) 

Here p(x) is the volume charge density in the ball as a function 

of radial distance x for which we have taken enclosed charge in 

the elemental shell volume p(x) x 47tX2 dx. From above 

equation-(1.214), (1.215) and (1.2)6) we have 

- I 
81ta x2(x+ 3dx)-81lax3= p (x) x 41lx2dx x

Eo 

I 
24,rax2dx = p (x) x 47lx2 dx x -

Eo 

p(x)=6aE0 ... (1.217) 

Thus in this case the volume charge density is constant. This 

can also be predicated bythe expression of electric field strength 

which is directly proportional to the distance from center of the 

ball which happens in case of a sphere uniformly charged with 

a constant volume charge density. The expression in 

equation-(1.217) can be directly obtained by equating the 

expression of electric field strength to the equation-(1.64) in 

article-1.7.7. 

# I11ustrative Example 1. 77 

The intensity of an electric field depends only on the 

coordinates x and y as follows, 

~ a(xl + y}) 
E= 

x2+y2 

where, a is a constant and i and J are the unit vectors of the 

X and y axes. Find the charge within a sphere ofra_dius R with 

the centre at the origin. 

Solution 

At anypointP(x,y, z) on the sphere a unit vector perpendicular 

to the sphere radially outwards is; 

y 

Figure 1.275 

X • y • Z • 
;, = ,=====i +,=======j +,=====k 

Jx2+y2+z' Jx2+y2+z2 Jxz+y2+zz 

As x2+ y2 + z2= R2, we use 

x- y- z
n=-i+-j+-k 

R R R 

The electric flux passing through an elemental area dS at point 

Pon the sphere is given as 

- ~ ~ dS 
{ 

2 2 } 
d, =E-ndS= + 
~. R(x2 + y 2 ) R(x2 + y 2 ) 

d~, = (1)ds 
Here we can note that d~, is independent of the co-ordinatesx, 

y and-z thus total electric flux passing through the sphere is 

given as 

~, = f d~, = * f dS = (;)c41lR
2
) 

=:, ~. =47taR 

From Gauss's law, we use 

(47taR).= qm 
Eo 

qm =41tE0aR 

# I1111strative Example I. 78 

Electric field in a region is given by E = --4xl +6y}. Find charge 

enclosed in the cube of side Im as shown in the diagram. 
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X 

Figure 1.276 

Solution 

From the given function of electric field strength we can see 
that at plane x = 0 and the plane y = 0 E = 0 thus no flux will 
enter in the cube through these two planes but flux will come 
out of the cube from the planes x = I and y = I which is given as 

~out= [-4(!) (l )2Jya I+ [6(l).(J )2]xal 

=> ~out =2V-m 

Using Gauss's law we can find the net enclosed charge in the 
cube. If q is the charge then we use for the cube'surface 

q 
cf>out = ;

o 

=> q =2E0 

1.15 Concept ,of Solid Angle 

Solid angle is a three dimensional angular region enclosed by 
the lateral surface ofa cone at its vertex as shown in figure-1.277. 
Solid angle can also be defined as a three dimensional angle 

subtended by a spherical section at its centre of curvature. As 
shown in the figure-1.277 point A is the centre of curvature ofa 

spherical section S ofradius R which subtend a solid angle n 
(omega) at point A. 

R 
Solid angle 

Figure 1.277 

Eiec'trostaj§J 

1.15.1 Calculation of Solid Angle of a Random Surface at a 
Given Point 

Figure-1.278 shows a surface M. To find the solid angle 
subtended by this surface at point C, we join all the points of 

the periphery of the surface M to the point C by straight lines. 
This gives a conical surface with vertex at C. 

s, 

Figure 1.278 

Now by taking centre at C, we draw several spherical sections 

on this cone of different radii as shown. The area of spherical 

section which is ofradius r 1 is S1 and the area of section having 

radius r; is S2• Ifis found thatthe ratio ofarea ofany spherical 

section interrupted by cone to the square of radius of that 
sphere is a constant and this constant is considered as solid 
angle. It is denoted by Greek letter .n (omega) 

In the above figure-1.278 the solid angle n can be given as 

S1 S2 n = 2 = 2 
'i r2 

Solid angle is a dimensionless physical quantity and its S.I. unit 
used is steradian. 

One steradian is the solid angle subtended at the centre of 
sphere by the surface of the sphere having area equal to square 
of the radius of sphere. 

1.15.2 Solid Angle of a Surface not Normal to Axis of Cone 

Consider a smallsurfaceABofarea dS as shown infigure-1.279. 

Let PQ is the axis of cone formed by this surface at point P. In 

this case as surface AB is oriented at some tilt, PQ is not normal 
to the surface AB. In this situation the solid angle n subtended 
at point P can be given as 

n = dScos0 
r2 

Figure 1.279 . 

... (1.218) 
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Here e is the angle between surface area vector s. and the axis 

of cone PQas shown in figure-1.279. For small surfaces, solid 

angle can be obtained byequation-(1.218) for any point in the 

surrounding. 

1.15.3 Relation in Half Angle of Cone and Solid Angle at 
Vertex 

Consider a spherical section M of radius R, which subtend a 
halfangle e (radian) atthe centre ofcurvature. To find the area 

ofthis s~ction, we consider an elemental strip on this section of 

radius R sine and angular width de as shown in figure-l .280. 
The surface area of this strip can be given as 

dS = 2ru1 sine x Rde 

, R sin 0 
M 

0 

Figure 1.280 

The total area of spherical section can be given by integrating 
the area ofthis elemental strip within limits from 0 to $. Given as 

• 
S= J dS = J 27tR

2 
sine de 

0 

S =2ru12 [-coseJt 

... (1.219) 

If solid angle subtended by this section at its centre Q is n then 

its area can be given as 

S=nR2 

From equation-(1.219) we have 

n = 2,c (I - cos$) ... (1.220) 

·----·--- ······gfj 
Equation-(1.220) gives the relation in halfangle ofa cone$ and 

the solid angle enclosed by the lateral surface of cone at its 
vertex. 

1.15.4 Solid Angle Enclosed by a Closed Surface 

Consider the figure-1.28 I shown. S is a spherical section of 

radius R which subtend a solid angle n at its centre of curvature 
0. The half angle of cone formed for this solid angle is$. 

R 

0 

Figure 1.281 

· In above figure if we gradually increase the halfangle ofcone, 
size of surface S also increases. When ~ becomes 90°, surface 
becomes a hemisphere as shown in figure-1.282. 

flat base 

Figure 1.282 

s 

' ' ' ' ' 

In this situation if we use equation-(1.220) to find the solid 
angle subtended by a hemispherical surface at its centre then it 
can be given as 

n = 2,c (I - cos 90°) 

n = 2,c steradian 

Thus if we generalize our result, it can be stated that any surface 
having a flat base and closed_ on the curved side, subtend a 
solid angle 2,c at every point of the base. In the SJ!rfaces shown 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



in figure-1.283 •we can say that the surfaces subtend a solid 
angle 21t at every point on their base. 

Figure 1.283 ~ 

In figure-1.282 ifwe further increase the angle cj,, at cj,= 180°, 
surface Sin this figure becomes a complete sphere ( closed). In 
this situation, solid angle at centre is 

Q=21t(l-cosl80°) 
Q=21t(I + 1)=411 

If all points on surface of sphere are connected by a line at its 
center, it occupies the.whole region in ihe volume of sphere for 

which we ~ay the spherical surface is subtending a solid angle 
41t at its center. Even the. spherical surface subtend the same 
solid angle at every interior point inside it as the surface is 
completely surrounding all the interior points. Similarlyto,this 
case we can say that every closed surfa~e subtend a solid . ' - . 
angle 41t at everyinteri~r point. 

We can also say that 41t is the solid angle of complete three 
dimensional surrounding space at every point in the space. 

1.15.5 Electric Flux Calculation due to a Point Charge Using 
Solid Angle · 

Figure-1.284 shows a point charge q placed at a distance / from 
the centre of a circular disc of radius R. Now we will calculate 
the electric flux passing through the disc surface due to the 

charge q using the concept of solid angle. This we have already 
calculated by traditional way of flux calculation in article-1.13.7. 

q 

Figure 1.284 

We have studied that from ~ point charge q total amount of 

electric flux originated is .!L ii, all directions radially or we can 
Eo , 

Electrostatics. I 

also state that from a point charge q, .!L flux is originated in 411 
.·Eo 

solid angle in surrounding of the charge q as shown in 
figure-1.285 below. 

Figure 1.285 

In figure-1.284 the solid angle enclosed by the cone subtended 
,by disc at the point charge is given as 

Q=21t(l-coscj,) 

( / ) Q=21t 1 
~/2 +R2 

... (l.221) 

We can easily calculate the electric flux of q which is passing 
· through the disc surface as whole flux of charge q is distributed 
uniformlyin its surrounding in a solid angle41t (all directions) 
thus out of the this total flux we can find the flux which goes in 
a solid angle given by the equation-(1.221) as 

q/e, 
cj,diso=47t xQ 

.· q/e, ( . ; ' / ) 
cj,diso = -4- X 27t I - ,.,--:;, 

" . v/2+R2 

= _q (1 / )· 
cj,dise 2 Eo ~/2 + R2 ... (1.222) 

Equation-(1.222) gives the flux ofcharge q which is passing 
through the disc as shown in figure-1.284 or it is the flux going 
through the conical region having solid angle Q. This result 
can be used as a standard result in calculation of electric flux in 
many different situations due to a point charge which is being 
discussed in upcoming articles. 

. 1.15.6 Electric Flux due to a Point ChargeThroogh Random 
Surface 

Consider the situation shown in figure-1.286. A point charge q 
is placed at a depth h below the centre of mouth of a vessel 
called "Lota" whose open end is circular having a radius R. We 
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I Electrostatics . ·-·· - ···- -····. . 

will calculate the electric flux through the lateral surface of this 
vessel Using equation-(1.222) in previous article we can calculate 
the electric flux due to the point charge which comes out from 
the circular mouth of the vessel. Thus .the electric flux through 
the lateral surface of vessel can be calculated by subtracting 
the flux coming out from the circular mouth of vessel from the 
total flux originated from the point charge q which is given as 

"'1,t,ral ,mr.,, "". :. - flux through the mouth 

<i>i,1,ra1 ,wiare = -2 ~-o (I+ -.Jc:h=/=+=R=:) ... (1.223) 

Figure 1.286 

# Illustrative Example I. 79 

A point light source of I OOW is placed at a distance x from the 
centre ofa hole ofradius R in a sheet as shown in figure-1.287, 
Find the power passing through the hole in sheet. 

R 

/ ~"<"-----x•---+---1~ 

' l00Wbulb 

Figure 1.287 

Solution 

From figure, the solid angle ofcone shown in figure-1.288 can 
be given as 

n =2it(l-cos 0) 

.Q =2it (J X . ) 

.JR2+x2 

·- ---~---- -----1-25"7 

---~----~· -~I 

Figure 1,288 

Power in hole= power given in solid angle n 
JOO 'P=-xQ · 4it 

100 ( P= - X2it I 
4it 

P=so(1 x J watt 
.JR2 +x2 

# Illustrative Example 1.80 

A point charge q is placed at the centre of the cubical box. Find, 
(a) total flux associated with the box (b) flux emerging through 
each face of the box (c) flux throngh shaded area of surface. 

Figure 1.289 

Solution 

· (a) Total flux coming out of the cubical box is given as 

ti\,'= !L 
9) 

(b) This total flux is emerging equally from each of the six face 
of the box. Thus flux through each face can be given as 

~~ _!!__ 
6 9) 

(c) The flux through shaded portion would be one four1h of 
the flux through each face as through all the four triangular 
portions flux would be same due to symmetry, thus we have 

t=1=24q9), 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



pl1-.26-----------.. -- .. --
L. ;.;;.~~-"''4'-1------- .~,-- -~ ~- .. , 

# Illustrative Example 1.81 

An infinitely long uniform line charge distribution of charge 
per unit lengtl\ A lies parallel to the y-axis in the y-z plane at 

z = ../3 a as shown in figure-1.290: Find the electric flux d~e to 2· 
this line charge through the rectangular surface ABCD lying in 
the x-y plane with its centre at the origin. 

z 

,IJ.~----

X 

Figure 1.290 

Solution· 

'/3 
-a 
2 

,, 

If we consider four such identical rectangular surface in 
surroundingofthelinecbargeas shown infigure-1.291 then we 
can say that by symmetry the electric flux through all these four 
surfaces due to the line charge will be same and if we close the 
surface by placing the two side squares of side length ../3 a 
then for the closed surface we can use Gauss's law as 

... (1.224) 

z 

y 

X 

Figure 1.291 

·- · · ·· ··------:E=:1-ec.,.t,-o-,sta'"_:-:-tt~-~-,I 

As the total flux is symmetrically coming out from the four 
rectangular surfaces, the flux through the surfaceABCD is given 
as 

# 1/lu.strative Example 1.82 

Two charges +q I and -q2 are placed at points A and B 
respectively. A line of force originates from the charge q 

I 
at an 

angle a with the line AB. Find at what angle tliis line will be 
terminating at the charge-q,? 

~B 
q, 

Figure 1.292 

·Solution 

The number of electric lines of force emerging out from a charge 
is proportional to the magoitude of charge. The lines of force 
originating from q I spread out uniformly in all radial directions 
from it. Thus electric flux per unit solid angle from charge q 

I 
is 

given as. 

q, 
iii,= 4it Eo 

The electric flux through cone of half angle a as shown in 
figure-1.293 is given as 

q, ' 
qi = --x 2it(l-cosa) 

a 41t Eo 
. . 

... (1.225) 

As we know that in space electric lines of force never cut each 
other so all the electric flux originated from charge q 

I 
within the 

cone of half angle a will terminate on the charge-q
2 

within the 
cone of half angle p if this is the angle at which the specified 
line of force described in question is terminating on the charge 
-q2. 

The electric flux terminating on -q2 within the cone of half 
angle p is given as 

q2 ' 
~= --x21t(l-cosp) 

4it Eo 

Figure 1.293. 

... (1.226) 
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As the electric flux,originating from q 1 as given in 
equation-(l.225} is equal to the electric flux tenninating on q

2 
as 

given byequation-(l.226), we have 

. q, q2 . 
--x 21t(l-cosn)= --x 2!t(l-cosp) 
41t Eo 41t Eo 

=> !l!.zsin2 ~ = q2 2sin2 Jl. 
2 2 2 2 

=> .P f1·n sm- = -sm-
2 q2 2 

P=2sin-'[ f sin~] 

# Illustrative Example I. 83 

A point charge q is placed on the top a cone of semi vertex 
angle 0. Show what the electric flux through the base of the 
cone is given as 

q(l- cos0) 
%ase = 2&o 

Solution 

The total flux originated from the point charge is given as 

.q 
~=-

Eo 

Above flux is emerged out from the point charge uniformly in 
the radial direction in total solid angle 41t of the space 
surrounding the point charge. Thus the flux emerging out per 
unit solid angle from the point charge is given as 

q 
<I\,= 41tEo 

The solid angle subtended by the base of cone at its vertex is 
given as 

n = 2!t(I -cos0) 

Thus the el_ectric flux through the base of cone is given as 

" =-q-xn 
'f'base 41t Eo 

=> 
q . q 

" =-
4
-x21t(l-cos0)=-

2 
(l-cos0) 

'l'base 7t Eo 91 

.. ·-------------------~ 
i Web Reference atw\vw.physicsgalaxy.com 

Age Group-Grade 11 & 12 I Age 17-19Years 
Section-ELECTROSTATICS 
Topic - Electric Lines & Gauss's Law 
Module Number- 1 to 24 

-- ···- ---1-21-1 

Practice Exercise I. 8 

(i) Find flux through the hemispherical cup due to the charge 
q placed as shown in figure-1.294. 

[~] 
2e, 

Figure 1.294 

(ii) Two point charges q and-q are separated by a distance 
21. Find the flux of the electric field strength vector across a 
circle of radius R located symmetrically_in a plane normal to line 
joining the charges. 

q/(l I J 
[ e, I- .JR' +I' I 

(ill) A charge % is distributed uniformly on a ring of radius 
R. A sphere of equal radius R is constructed with its centre on 
the circumferenceofthering. Find the electric flux through the 

- surface of the sphere. 

[~ l 
3E0 · 

Cw) An electric field given by E = 4/ +3(y2+2)} pierces a 

gaussian cube of side Im placed at origin such that one of its 
corners is at origin and rest of sides are along positive side of 
coordinate axis. Find the magnitude of net charge enclosed 
within the cube. 

[3 e 0] 

·(v) .A point charge q is located on the axis ofa disc ofradius 
R at a distance b from the plane of the disc as shown in 
figure-1.295. What should be the radius of the disc if one
fourth.ofthe total electric flux from the charge passes through 
the disc. 

Figure 1.295 

[-JJb] 
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@a --~=~~· ... 
(vi") Find the electric flux through a cubical surface due to a 
point charge q placed (a) at centre ofone face (b) comer ofthe 
cubical box as shown in figures-1.296 below, in case (b) find the 
flux through each face of the cube. 

(a) 

[ _lL _lL _q_ O 1 
2e0 ' 8e0 '24e0 ' 

' ' ' ' ' ' ' 
(b) 

Figure 1.296 

(vb") A cube has sides oflength L = 0.2m. It is placed with 
one comer at the origin as shown in figure-1.297. The electric 

· field is unifurm·and given by E = (2.5 i' -4.2}) N/C. Find the 
electric flux through the entire cube. 

z 

L 

L 

----- ---·,----+Y 
/,/ L 

X 

Figure J .297 

[Zero] 

(viii") For a spherically symmetrical charge distribution, electric 
field at a distance r from the centre of sphere is E = kr1 r , 
where k is a constant. What will be the volume charge density 
at a distance r from the centre of sphere? 

[9kE0r
6] ' 

(ix) A n~n-conducting spherical ball ofradius R contains a 
spherically symmetric charge with volume charge density 
p = /a", where ris the distance from the centre of the ball and n 
is a constant. What should be n such that the electric field 
inside the ball is directly proportional to square of distance 
from the centre? 
[!] 

(x) An infinite, uniformly charged sheet with surface charge 
density cr cuts through a spherical Gaussian surface ofradius Rat 
a distance.x from its center, as shown in the figure-1.298. The 
electric flux ~ through the Gaussian surface is : 

er 

R 

X 

Figure 1.298 

1.16 Electric .Press11re 

When a charged surface is placed in an electric field then due to 
the electri_c force on the surface charges the surface experiences 
a pressure which we term electric pressure. If the surface is 
made up of a flexible material then surface may get deshaped 
due to electric pressure. Even in a surface charged single body 
surface charges on one part of body may exert electric pressure 
on other parts of body due to mutual repulsion. 

1.16.1 Electric Pressure onin a Charged Metal body· . 

We have already studied when some charge is given to a metal 
body it will spread on the outer surface of the body due to 
mutual repulsion in the charge. As on surface every charge 
experiences an outward repulsive force due to repulsion by 
remaining charges on other parts of body, every part of body 
experiences an outward pressure. We will calculate this electric 
pressure on surface of a charged metal body. 

M 
dS 

A • B .. 
N 

C 

Figure I .299 

Figure-1.299 shows a charged metal body. On this body surface 
we consider a small segment AB of area dS as shown. If cr be the 
surface charge density on AB, charge on it is given as 

dq=crdS 
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Now we consider two points M andNjust outside and inside of 
section AB as shown in the figure. At the two points if E1 is the 
electric field strength due to charges only on section AB then 
directions of the electric fields at points Mand Nwill be away 
from AB as charge is considered positive and this is as shown 
in figure-l.3OO(a). Ifwe remove the charges from section AB 
from the metal body then due to remaining body ACE, ifwe 
consider E2 is the electric field strength at point Mand N, then 
the direction of E2 will be same at Mand N as both points are in 
close vicinity which is as shown in figure-l.3OO(b). 

(a) 

______ -",A M!E, B . 

N E2 

Figure 1.300 

C 

(b) 

At jloint M, the electric field strength is given by 
equation-(1.211) as explained in article-1.14.1O and at point N 
the electric field must be zero as it is inside the metal body. The 
net electric field strengths at points Mand N due to complete 
body can also be obtained by vector sum of the electric fields at 
these points due to both parts of body AB and ACE which are 
given as 

As net electric field outside the surface is given as 

a E. =-
net at M Eo 

In equation-(1.23O), we can substitute the value of a which 
gives 

p = (e0 E"0 )
2 

e 2 Eo 

I 
P --e E2 e- 2 0 net ... (1231) 

For a charged metal body at any point ofits surface the electric 
pressure is given by1equation-(l.23O) or (1.231 ). As discussed 
this pressure is due to the charges present on other parts of 
body. Equation-(1.23O) gives the electric pressure in terms of 
the surface charge density of the body at the local point on 
surface and equation-(1.231) gives the electric pressure in terms 
of the net electric field just outside the surface point of the 
body where it is giving electric pressure. 

Another important thing to be noted in above analysis is that 
from equation-(1.229) we can see that the electric field strength 
at any point just outside a charged metal body surface half is 
contributed by the section just below the point and remaining 
half is due to the rest of the body. 

1.16.2 Electric Pressure on a Charged Smface due to External 
Electric Field 

and 

a 
E =E +E =-

M I 2 Eo 
... (1.227) Figure-1.3O1 shows a surface uniformly charged with charge 

density a C/m2• If we consider a small section AB on the surface 
... (1.228) area dS, the charge on AB is given as 

Solving equations-(1.236) and (1.237) we get 

E1=E2 

a 
E=E=-

1 2 2 Eo 
... (1.229) 

Thus electric field at the location of section AB due to remaining 

a 
body A CB is -2- , using which ·we can find the outward force 

Eo 

on section AB, due to the rest of the body ACE as 

dF=dqE2 

a 
dF=adSx--

2 Eo 

Thus pressure experienced by the section AB can be given as 

dF a2 

P=-=
' dS 2 e0 

... (1.230) 

dq=adS 

er C/m2 

+ 

Figure. 1.301 

As shown in figure-1.3O I we consider the strength of external 
electric field on the location of section AB is E. It has two 
components, one component parallel to the surface and other 
perpendicular to the surface, given as 

E1. =Ecos0 

E11 =Esin0 
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In this situation due to the component £

11
, the force on surface 

is tangential which stretches the surface and due to the 
component EL' surface experiences an outward pressure. The 
outward force on AB due to external electric field is 

dF=dqEL 

dF=crELdS 

Thus outward electric pressure can be given as 

dF 
P,= ds =crEL 

1.16.3 Equilibrium of Hemispherical Shells under Electric 
Pressure 

Figure-1.302 shows a thin spherical shell of radius R having 
uniformly distributed charge q. At the centre of shell a negative 
point charge- q0 is placed. If the shell is cut in two identical 
hemispherical portions by a diametrical section XY as shown, 
due to mutual repulsion the two hemispherical parts tend to 
move away from each other but due to the attraction of - q

0
, 

they may remain in equilibrium. Let us find the condition of 
equilibrium of these heruisphericalshells. 

Figure 1.302 

The outward electric pressure at every point of the spherical 
shells due to its own charge can be given as 

cr2 
P=-

1 2 Eo 

Pi= 2~0 (4n~2 J 
q2 

P=-~-~ 
1 32n2 e0 R

4 

Due to charge - q;, the electric field on the surface of shell is 
given as 

Kqo 
E=-, 

R 

· -·--· -·· -----,E"'lec--,-t,-o""'st,..at,,.lc~s--.l 
. -··-·- -· ·--~-------~-

This electric field pulls every point of the shell in inward direction 

thus inward pressure on the surface of shell due to this negative 
point charge at centre is 

P2 = crE 

p = q% 
2 16n2 e 0 R

4 

For equilibrium of hemispherical shell or for the shell not to 
separate, the condition is · 

P,"?. P1 

In this case the net outward electric pressure on shells is 
balanced by the inward electric pressure due to the point charge 
situated at center is giving us the condition for shells not to 
separate by their mutual repulsion. Similarly there are many 
such situations in which the concept of electric pressure is 

used. In upcoming illustrations we will discuss different such 

situations where electric pressure is used in analysis. 

# lllustrative Example 1.84 

A soap bubble of radius r is given a charge q uniformly on its 
surface. As a result of which the radius of soap bubble slightly 
increases. If surface tension of soap solution is T, find the· 

increase in radius of bubble due to supply of charge q. 

Solution 

We know that the excess pressure in· a soap bubble ofradius r 
due to surface tension Tis given by 

4T 
11P=-

r 

P, 

Figure 1,303 

' a 
2e0 
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If now bubble is given a charge q; then the outward electrical #lllustrative Example 1.85 
pressure change due to this is given as -------'--------------

(J2 l(q)2 
dP, = 2 Eo = 2 E

0 
4itr2 32it2 Eo r4 

For the equilibrium of the bubble, we have 

(
P+~)-P = 4T 
' 2eo .atm r 

=> 
4T cr2 4T 

P.-P =---= 
' ""' r 2<eo r 

q2 
2 4 ... (1.232) 

32it Eo r 

Thus decrease in pressure due to charge on the bubble 

dP = 
' 32it2 Eo r4 ... (1.233) 

At constant temperature for air inside the bubble, we can use 

PV = constant 

=> 
4 3 

Px -itr =constant 
3 

A soap bubble of radius r and surface tension T is given a 

potential V. Show that the new radius R of the bubble is related 
with the initial radius by the equation 

where P is the atmospheric pressure. 

Solution 

If P1 is the initial pressure inside the bubble, ihen for equilibrium 
of bubble we have 

4T 
p =P+-

1 r ' 

4 
Initial volume of the bubble is V1 = 3 itr3 

V 
When bubble is charged, its electric field becomes E = R 

=> Pr' = constant ... (1.234) Outward pressure due to charging is given as 

Differentiating equation-(1.234), we get 

dP 3dr 
p r 

=> dr=f(-:) ... (1.235) 

In above expression dP is the decrease in inside pressure due 
to supply of charge because of which the radius of bubble 
increases by dr. Further we have 

r ( q2 ) 1 
dr= 3x 32it2 Eo r4 P 

=> dr= q2 
96,t' Eo r3 P 

.. .'(1.236) 

In above expression P is the initial pressure inside the soap 
bubble before supply of charge which is given as 

4T 
P=P.=P +-

' """ r 

dr= 2 ' ( ) 96it Eo r rPatm + 4T 

1 
P,= 2 E_e2 

If P 2 is the final pressure inside the bubble then for equilibrium 

of bubble we have 

(
4T 1 2) P =P+ ---<=--E 

2 R 2 '"1J ' 

. 4 
Final volume ofbubble is V2 = 3 itR

3• 

Using Boyle's law for inside air of bubble, we have 

Substituting the values in above equations, we get 

F- v'R 
P(R3 -r3)+4t(R2 -r2)= --''"1/'---

2 

# Illustrative Example 1.86 

The minimum strength of a uniform electric field which can tear 

a conducting uncharged thin-walled sphere into two parts is 
known to be £ 0• Determine the minimum electric field strength 

£ 1 required to tear the sphere of twice as large radius if the 

thickness ofits walls is the same as in the former case. 
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· Solution 

If ±<r is the induced surface charge density on the two halves of 
the sphere then force on these halves in opposite directions 
due to the external electric field is given as 

F oc ( cnrR2)E ... (1.237) 

In above expression proportionality sign is used because 
induced surface charge density will not be uniform. As the 
surface charge density is induced due to the external electric 
field it will be proportional to the magnitude of electric field 
which will be analyzed in upcoming section of conductors. Thus 
from equation-(1.237) wehav~ 

·F=kR2& ... (1.238) 

In above equatiqn k is a proportionality constant. If S be the 
rupturing stress of the material then to tear the two halves of 
the shell at the cross section where the two halves are attached, 
th.e stress due to the above force is given as 

=> 

F 
-->S 
2,rRt -

E'-R <! Constant 

For the sphere of twice th_e radius, we use 

EgR = Ei2 (2R), 

=> 
Eo 

E=-
1 -.fi. 

1.17 Distribution a11d l11ductio11 of Charges 011 Cavity 
Surfaces i11 Co11ductors 

In articles-1.6 and I. IO we've already discussed about the charge 
distribution and induction of charges in metal bodies. Induction 
of charges take place till the whole metal body becomes 
equipotential' arid at every interior point of the body net electric 
field becomes zero. So always remember that there can never be 
any electric field inside a conductor due to static charges and 
after final distribution ofcharges on any metal body no electric 
line of force can enter in it. 

Consider a point charge +q inside a spherical cavity at centre 
within a metal body shown in figure-1.304. The total electric flux 

originated by +q is .!L . Due to this charge at the inner surface 
Eo 

of cavity a charge -q is induced on whi~h this complete electric 

flux will terminate and no electric lines of force enters into the 
metal body. At point A inside the metal body' as shown we know 
that net electric field is zero thus the electric field at A due to the 
point charge +q is nullified by the electric field due to the 
negative induced charges on the inner surfuce of cavity and . 
the positive charge induced on outer surface is automatically 
distributed on the surface in such a way that it does not produce 
any electric field within the metal body. 

+ 

+ 

+ + + + + 
+ 

+ + + + 

Figure l.304 

+ 

+ 
+q 

+ 

+ 

+ 

+ 

From the above analysis we can conclude some points about 
the induction and distribution of charges on cavity surface and 
that on conductor when a charge is placed inside the cavity of 
a metal body. Below listed points are always valid for such 
cases. 

(i) Whenever a charge is placed inside a metal cavity, an equal 
and opposite charge is induced on the inner surface of cavity. 

(u) A similar charge is induced on the outer surface of body 
with surface charge density inversely proportional to radius of 
curvature of body to have electric field inside the metal body 
zero due to this charge on outer surfuce of conductor. . 

(tit) When the charge inside cavity is displaced, the induced 
charge distribution on inner surfuce of body ~hanges in such a 
way that its centre of charge can be assumed to be at the point 
charge so as to nullify the electric field in region outside cavity 
surface. 

(iv) Due to movement in the point charge inside the body. The 
charge distribution on outer surfuce of body does not change 
as shown in figute-1.305. 

+ + + + + 
+ + 

"Q Q , ~+q_ + + 

+ + ' ·+ '~{ ',_-
+ + + 

'f- + 
+ + + 

Figure 1.30S 

(v) If another charge is brought close to the body from outside, 
it will only affect the outer distribution of charges and does not 
produce any effect on the charge distribution inside the cavity 
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as shown in figure-1.306. Outer charge distribution ofconductor 
changes in such a way that inside the body of conductor at 
every point the electric field due to external charge is nullified 
by the electric field due to the outer surface charge distribution. 

o-q 

+-±-~-.;JC 
+ + + + 

+ 
+/Z/ 

++ Q + + 

Q 
+ + 

+ 
+ + 

+ 

Figure 1.306 

In next article we will discuss an illustration to understand this 
concept of charge induction and distribution on conducting 
surface. 

1.17.1 Electric Field and Potential due to Induced Charges on 
a sphere 

-
Consider the situation shown in figure-1.307. A metal sphere of 
radius R is placed at a distance r from the point charge +q. 
There is a point Min the sphere at a distance x from the point 
charge +q. In this situation we will calculate the electric field 
strength and electric potential at point M due to the induced 
charges on the surface of sphere. 

+ + 

-..:,, ___ _ 
______ x_ __ 

---------
r +q 

Figure 1.307 

We know that inside a metal body net electric field strength is 
always zero. Thus at pointM electric field due to induced charges 
balances the electric field of the point charge +q. The electric 
field strength at point M due to external point charge +q is 

given as 

E = Kq 
M X2 

... (1.239) 

The direction of above electric field strength is directed away 
from the point charge +q. To have net zero electric field at point 
Mas this is a point inside metal body, the electric field strength 
due to induced charges at M must be exactly equal to the electric 
field as given in equation-(1.239) and in opposite directi~n. 
Thus due to induced charges the electric field at point Mis 
given ~s 

Kq 
EMi=-2 

X 
... (1.240) 

The direction of net electric field at point M due to induced 

charges must be directly opposite 10 that due to electric field at 

M produced by the external point charge +q, the direction of 
EMi is shown in figure-1.307. 

As inside the sphere at every point E = 0 and due to this the 

whole region is equipotential. Ifwe find potential at centre of 

sphere, it is only due to the charge +q as due to induced charges, 

potential at centre it will be zero because equal positive and 

negative induced charges are located equidistant from the center 

of sphere. Thus net potential at the centre of sphere can be 

given as 

Kq 
V. =-c r 

As whole sphere is equipotential, at point M, the potential must 

be equal to that at point C, but at M potential due to induced 
charges potential will be non-zero as all induced charges are 

not equidistant from point M. Thus net potential at point Mis 

the sum of potential due to point charge +q and that due to 

induced charges which can be given as 

Kq Kq 
V: =-=-+V: 

M r . X I 
. .. (1.241) 

In above equation-(1.241), JI, is the potential due to induced 

charges at M. This gives the value of JI, as 

Kq Kq 
V:= - --

' Y X 
... (1.242) 

In above analysis we've calculated the electric field strength 

and potential inside a charged conducting body due to induced 
charges distribution on the outer surface of the body. 

The calculation of electric field inside a conductor by induced 

charges can always be done by using the fact that inside a 
conductor due to static charges net electric field at every point 

is always zero. The calculation of electric potential due to 

induced charges is done by using the fact that whole metal 

body remain equipotential in state of static charges on it. 

We will have another similar illustration with a cavity in a 

conducting sphere. Consider the situation shown in figure-1.308. 
Inside a conducting spherical shell ofinner radius R1 and outer 
radius R2, a point charge +q is placed at a distance x from the 

centre as shown. If we calculate the net electric potential at 

centre due to this system then it can be given as 

... (1.243) 
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Figure 1.308 

In above equation-(1.243) first term is the potential at center 

due to the point charge +q. As discussed in previous article, 

this charge induce~ equal and opposit~ charge on inner surface 

of the cavity and same charge on the outer surfuce of the sphere 

as shown. Thussecoild term in equation-(1.243) is the potential 

at C due to the charge-q which is induced on the inner surface 

of the cavity and third term is the potential at C due to the 

charge +q induced on the outer surface of the sphere. 

If we calculate the net electric field at Cthen due to outer induced 

charges it is zero as outer surface charges +q are uniformly 

distributed on it and due to point charge +q it can be directly 

given by using the result of a point charge. But due to the 

charge -q induced on the inner surface of cavity, directly the 

electric field strength cannot be calculated because charge 

distribution is not uniform so for this first we need to determine 

the charge distribution function on inner surface of cavity then 

using that we can calculate the electric field. This is a complex 

and long method which is not in scope here so we are not 

discussing in this case and this is not asked in any competitive 

examinat_ion at high school level. 

Ifwe calculate the electric field and potential at a distance r 
from the centre outside the shell, it will only be due to the 

charge on outer surface as induced charge on inner surface of 

cavity always nullify the effect of point charge inside it. Thus it 
can be given as 

Kq Kq 
£out=? and Vp= 7 

1.17 .2 Charge Distribution on a System of Parallel Plates 

If a large conducting plate is given a charge +Q then due to 

symmetry this charge is distributed equally on both of its 
surfuces as shown-1.309. If surface area of each face of the 
plate is A, charge density on surface can be given as 

Q 
CJ=-

2A 

+Q 

,i B 

Figure 1.309 

Thus electric field on both sides of the plate at points A and B 
can be given as 

CJ Q 
E =E =-=--

A B Eo 2A Eo ... (1.244) 

If another uncharged plate is placed in front of this charged · 
sheet as shown in figure-1.310, then on the front plate of this 
plate an equal and opposite charge - Q/2 is induced as whole 
flux from the front face of first plate is terminating on this fuce of 
the second plate and on its back surface +Q/2 is induced. To 

calculate the electric field in surrounding region of plates, it can 

be given as !!... where CJ is the surface charge density on the 
Eo 

surface facing the point at which we are calculating the electric 
field. In figure-1.310 the direction ofelectric field strengths in 

different region are indicated by arrows. 

+Q 
+ A 

+11. 
. 2 

14----d--+I 

Figure 1.310 

B 

As electric field is uniform due to plates," we can calculate the 
potential difference between the two plates A and B as 

=> ... (1.245) 
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We consider another illustration on the same concept to 

understand it better. Figure-1.311 shows a system of three 

parallel plates A, Baud C. The plates are given charges +Q, 
-2Q and +3Qrespectively. 

Q -2Q 3Q 

A B C 

Figure 1.311 

In this situation first we will calculate the charge distribution on 

the surfaces of these plates using the logic discussed in previous 

illustration of two plates. Due to the effect of charge induction 

on all the-plates by initially present charges, these charges are 

redistributed on the surfaces of plates in such a way that the 

_ _ ····-=-= .. 0

135/I 

. -2Q JQ 

q Q-q 

-(Q-q) -Q-q 

(Q+q) 2Q-q 

A B C 

Figure 1.312 

Thus the electric field strength at point P is as shown in_ 
figurn-1.313. 

2Q-q· ---~~--~ 
Ae0 

p 

Fig~re 1.313 

_q_ 
Ae0 

As net electric field at point P must be zero, we have 

2Q-,q - _q_ =O 

final electric field in the body of each plate will become zero. We 

assume that after final distribution of charge on the left face of ~ 

plate A, if the charge is q-then on right side of it remaining 

charge will be (Q-q) as shown in figure-1.312. We have already 

discussed that the electric flux originating from one surface will 

terminate on the other facing surface and induces an equal and 

opposite charg~ on that face. This should always be 

A e 0 A e 0 

q=Q 

Q 0 0 -2Q 2Q Q 

remembered as 

"In a system of large parallel conducting plates, the facing 

suifaces of plates always carry equal and opposite 

charges . ., 

According to this logic we distribute the charges on the plates 

as shown in figure-1.312. The facing surface of plate B will have 

a distributed charge-(Q-q) and other surface of plate B will 

have [-2Q + (Q - q)] and so on. Now we consider a point P 

inside the plate A. The net electric field at point P must be zero 

as itis inside a conducting body. In this way we can determine 

the charge q and hence the complete charge distribution on all 

faces of the plates. We can carefully see and analyze that the 

electric field at point Pis only due to the left face of A and right 

face of C as all other charges produces electric field at point P 

in equal and opposite direction and hence nullified. 

A B C 

Figure 1.314 

This gives us the final distribution ofcharges on the system of 
parallel plates shown in figure-1.314. 

1.17.3 Alternative Method of Charge Distribution on a System 
of Large Parallel Metal Plates 

When in a system oflarge isolated parallel metal plates some 
charges are given to one or more plates of the system then due 
to induction effects it is redistributed on the different faces of 

the plates in such a way that finally the electric field strength at 
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all interior points-of each plate net electric field becomes zero. 

The final charge distribution on all plates can be directly 
calculated by using two facts. One we have already discussed 
in previous article that all facing surfaces of the plates have 
equal and opposite polarity charges and the second.is that the 

total charges on outermost surface of side plates of the system 
are always equal and half of the sum of all charges on plates. 
This second statement can also be deduced by considering 

zero electric field at interior points of the side metal plates. 

If we analyze the illustration of three plates discussed in previous 

article again in figure-1.314 then we can see that on outer faces 
of plate A (left face) and plate C (right face) the charge should 
behalfof(Q-2Q+ 3Q)=+ Q. Thus on therightfaceofplateA 
total charge left is O as its total charge was only +Q. Thus the 

facing surface of plate B will also have O charge so its right face 

will carry its total charge-2Q. Similarly the left surface of plate 

C which is facing a charge-2Q will have total charge+ 2Q on it 
and on its right face the charge left ls (3Q- 2Q) = +Q which we 
have already determined. 

lising the above logic of charge distribution, we can calculate 
the charges on all faces of plates ofa system of parallel plates 
without using any paper calculations. In solving different 
numerical problems this is very.useful and fast analysis. 

# Illustrative Example 1. 8 7 

A point charge q is within an electrically neutral_ shell whose 
outer surface has spherical shape (see figure-1.315). Find the 
potential at the point P lying outside the shell at a distance r 
from the centre O of the outer surface. 

Figure 1.315 

Solution 

The field at the point P is determined only due to induced 
charges on the outer spherical surface. The field of the point 

charge q and of the induced charges on the inner surface of the 
sphere of the sphere is equal to zero everywhere outside the 
cavity. Also, the charge on the outer surface of the shell is 
distributed uniformly and hence potential at P 

1 q 
V=---

41t '=<> r 

- -- · · Electrosl~tlcs ] 

Figure 1.316 

# Illustrative Example 1.88 · 

A charge Q is placed at the centre of an uncharged, hollow 

metallic sphere of radius a, 

(a) Find the surface charge density on the inner surface and 

on the outer surface. 

(b) If a charge q is put on the sphere, what would be the 

surface charge densities on the inner and the outer surfaces? 

. (c) Find the electric field inside the sphere at a distancex from 

the centre in the situations (a) and (b). 

Solution 

(a) Figure-1.317 shows the situation described in question. 

Due to the central charge induced charges appear on the inner 

and outer surface of the shell. 

+ 
+Q 

Figure 1.317 

The surface charge densities on the inner and outer surfaces 

of the shell are given as 

-Q Q 
a= -- and cr

0
= --

2 ; 41tR2 41tR 

(b) Figure-1.318 shows the situation described in question. 

Due to the central charge induced charges appear on the inner 

and outer surface of the shell. 
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+ 
+ 

+ 
Q+q 

J:igure 1.318 

Thus the surface charge densities on inner and outer surfaces 
of the shell are given as 

-Q (Q+q) 
cr; = 

4
1tR, and cr0 = 41tR, 

(c) According to gauss theorem 

1 qin 
E=---

41t&0 r2 

Forx:5R, q,n =Q 

and r = x both cases, we have 

1 Q 
E=--

41t&o x2 

1.18 Earthing of Charged or Uncharged Metal 
Bodies 

In electrical analysis, earth is assumed to be a very large 
conducting sphere of radius 6400 km. If some charge Q is given 

to earth, its potential becomes 

V= KQ 
' R, 

As R, is very large V, comes out to be a negligible small value. 
Thus for very small bodies whose dimensions are negligible 
compared to earth we can assume that earth is always at zero 
potential no matter whatever charge is given to it in practical 

conditions. 

If we connect a small conducting body to earth, charge flow 

takes place between earth and the body till both will attain same 
potential. As potential of earth we consider to always remain 
zero, after connecting a metal body to earth we also consider 
that final potential on the body will become zero. To maintain 
this zero potential on body charges may flow into the earth 
from body or into the body from earth. This implies that if a 
body at some positive potential is connected to earth, earth will 
supply some negative charge to this body so that the final 

potential of body will become zero and vice versa. Figure-1.319 
shows the symbol of earthing when a body is connected to 

earth. 

+ + 

+ 
+ 

(a) 

(b) 

Figure 1.319 

+ 

_l 
7 Earthing 

7 Earthing 

If there is an isolated metal body containing some charges then 
the body potential is only due to its own charges. If this body 
is connected to earth then all its charges flow into earth to keep 
it at zero potential as shown in above figure. If the body is not 
isolated from surrounding and it has pctential due to some 

. charges in its surrounding then after connecting such a body 
to earth, charges are supplied by earth to body in such a way to 
nullify the external potential on body due to its surrounding. In 
next article we will take an illusttation to understand this concept 

in detail. 

1.18.1 Earthing ofa metal Sphere 

Whenever· an isolated charged metal sphere is connected to 
earth, no matter whether its charge is positive or negative whole 
of its charge will flow into earth as an isolated metal sphere 
potential is zero only when its charge is zero. In fact any isolated 
charged metal body when connected to earth, its complete 
charge flows to earth and it becomes neutral as to make its . 
potential zero we consider that no electric field should exist in 
its surrounding as we consider zero potential also at infinity as . 

a reference. 

Consider a solid uncharged conducting sphere as shown in 
figure-1.320. A point charge +q is placed in front of the sphere 
at a distancex from its center as shown. Due to+q, the potential 

of sphere is given as 

Kq 
V=

x 
... (1.246) 
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There will be induced charges on surface of sphere due to +q 
but as sphere is neutral the induced charges will be equal and 
opposite on its surface and will not produce any potential at its 
center so net potential at center of sphere will be given by 
equation-(1.246) only and as it is conducting at every point of 
sphere potential will be same. 

C)C---------- X ---
q s 

l 
Figure J.320 

In above situation Ifwe close the switch S, then we consider 
that earth supplies a charge q, on to the sphere to make its final 
potential zero. Thus final potential on sphere can be given as 

V= Kq + Kq, =O 
X R 

qR 

Electrastatlcf!:l 

If switch Sis closed, charge flows between middle shell and 
earth till the final potential of middle shell becomes zero. We 
consider that final charge on middle shell after closing the switch 
gets modified by earth to q, such that the final potential of 
middle shell becomes zero, given a.s 

. .. (1.248) 

In above equation-(1.248) different potential terms are explained 

below 

Kq, . b = Potential of shell B due to shell A 

Ki, = Potential of shell B due to its own charge q, 

Kq3 = Potential of shell B due to shell C, as B is inside C its 
C 

potential is equal to that on surface of C. 

~ q =- - ... (1.247) 
' x On solving the above equation we get 

From equation-(1.247) we can see that earth has supplied a 
negative charge to develope a negative potential on sphere to . ( + b ) q,=- q, -cq3 
nullify the initial positive potential on it due to q. 

... (1.249) 

Always remember whenever a metal body is connected to earth, 
we consider that earth supplies a charge to it ( say q) to make 
its final potential zero due to all the charges including the charge 
on body and the charges in its surrounding. 

Similar to this case in next article we will discuss the case of 
earthing ofa shell in a system·ofmultiple concentric shells. 

1.18.2 Charges on a System of Concentric Shells 

Figure-1.321 shows three concentric spherical·shells ofradii a, 
b and c having charges q1, q

2 
and q

3 
on these respectively. 

Now we'll find the final potential of the three shells if switch Sis 
closed. 

q2 +-% 

Figure 1.321 

' Now we can write the final pot.entials of the three shells as 

V = Kq1 + Kq, + Kq3 
A b b C 

VB=O 

K(q, +q, + q3) 
Ve= c 

There are cases when surrounding charges of a conductor are 
not at rest and in state of motion, the potential of conductor 
varies. If the conductor is.connected to earth then continuously 
charges flow to or from the body to keep the instantaneous 

potential of conductor at zero due to which a current flows 
between body and- earth. In next article we will consider an 

illustration on continuous flow of current through an earthed 
conductor. 

1.18.3 Currentflow due to Earthing 

Figure-1.322 shows a metal ball connected to earth through an 
ammeter, If a charge +q is moving toward the ball at speed v, 

because of which the potential of ball continuously increases. 
When it is at a distance x from ball, the potential of ball due to 
this charge can be given as-

Kq 
V=

x 
... (1.250) 
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Figure 1.322 

In above situation at this instant, charge on ball due to earth 
connection q, can be calculated by making its potential zero 
which is given as 

Kq + Kq, =O 
X R 

qR 
q =--

' X 
... (1.251) 

As x is continuously decreasing, charge on ball must be 
continuously increasing hence ammeter shows a current i, 
which can be determined by calculating the rate of change of 
charge on ball, given as 

. dq qR dx 
i=-=--

dt x 2 dt 

. qR 
,=-v 

x2 
... (l.252) 

Thus we can state whenever in the surrounding of an earthed 
conductor one or more charges are in motion, a continuous 
current may flow in the wires connecting body to earth. 

1.18.4 Earthing of1\vo or More Condnctors Simultaneously 

Figure-1.323 shows three conducting balls A, Band C ofradii a, 
2a and a respectively. Ball B and Care connected to earth ~a 
switches S1 and S2 as shown. Ball A is given a charge Q and 
balls Band Care uncharged. Nciwwe'll find charges appearing 
on B and C if both switches S1 and S2 are closed. Let these 
charges be q,

1 
and q,

2 
respectively such that final potentials of 

balls B and C will become zero: We have 

KQ Kq,
1 

Kq.,_ 
V = - + -- + -- =O 
B5a 2a Sa 

... (1.253) 

and 
. KQ Kq~ Kq,

2 V = - + -- + -- =O 
c Sa Sa a 

... (1.254) 

. 139j 

' ' 

Q 

' ' ' ' ' 

' 

B 

' ' 

' ' ' ' ' 
/ 5a 

5a 

' ' ' ' ' ' ' ' \5a 
' ' ' ' 

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

' 

. , C 

Figure 1.323 

\ q 

--?s, 

In the above equations-(1.253) and (1.254) we have considered 
the potential of spheres B and C due to their own charges as 
well as due to the charges on the other two spheres. 

On solving the above two equations can calculate the values of 
q,

1 
and q,2 Here we are leaving this calculation part as an 

exercise for students to solve and get the desired results. 

One more analysis can be done in above situation. 
Equations-(1.253) and (1.254) are written under condition when 
the switches S1 and S2 are closed simultaneously. H could also 
be asked to solve the situation if initially switch S1 is closed 
and opened then switch S2 is closed then opened. In such a 
situation we will first write the equation of electric potential at 
sphere B to be equal to zero considering that earth has supplied 
a charge q,

1 
to sphereB and sphere Cremain neutral as switch 

S2 is open. So we have 

KQ Kq 
V=-+-~-=O 

B Sa 2a ... (1.255) 

... (1.256) 

Equation-(1.256) gives the charge q on sphereBwhichrernain 
'I 

constant as switch S 1 is opened. If now switch S2 is closed, 
earth will supply a charge q on sphere C which makes the 

'2 . 
potential of sphere C zero, given as 

. KQ K(-¾Q) Kq.,_ 
V. = - + --'~----'-- + -- = 0 

c Sa Sa a ... (1.257) 

... (1.258) 
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1.18.5 Earthing of a System of Parallel Plates 

Consider a large plate shown in figure-1.324 charged with a 
. charge Q. This is connected to earth with a switch Sas shown. 
If switch S is closed, whole charge will flow to earth and the 
plate will become neutral as in the SUITounding ofa single earthed 
bodyno electric field exist. 

Q 

' ' 

Figure 1.324 

Now consider the system of two .plates A and B shown here. 
Plate A is given a charge Q and plate B is neutral. The charge 
distribution on plates is as shown in figure-1.325(a). If the 
switch Sis' now closed the total charg~ on outer surface of the 
system of plates after ea_rthing should become zero as again we 
consider to have no electric in surrounding of an earthed system 
' ' . . ,, 
hence whole charge on plate A will transfer to its inner surface 
and hence on theinnersurfaceofplateB, an equal and opposite 
charge-. Q is indµced which is supplied by earth as shown in 
figure- l.325(b ), 

Q 
+ + - + 

+il + 
2 

+il 
2 

_Q_ +11 
2 2 

+ + - i,, + 
+ + + 

+ +- + 

+ + + 

+ + + 

+ + + 
+ + 

A l+--d---+1 B 

xs 

(a) 

·'-~~----_-_··_-_-·:,.-,------=E""lec--,-t,-os"'iattcil 

+Q -Q 
+ 

+ 

+ 

+ 

+ -> 
E 

+ 

+ 

+ 

+ --d-
(bl 

Figur:e 1.32S 

s 

We consider area of each plate is A then !lie electric field between 
the system of plates can be given as 

E=l 
'f Ae0 

Before earthing this electric field was only due to the charge on 
plate A which is given as 

Q Ef 
E=--=-

1 2A e0 2 

Thus just after earthing of plate B, the electric field between the 
plates is doubled and the.potential difference between the two 
plates will also get doubled. As plate Bis earthed, its potential 
is zero. The potential of plate A can be given as 

Q 
VA=-A .d Eo 

We cari consider another example similar to the previous one as 
shown in figure-1.326. It shows a system of three large parallel 
platesA,B and C. Themiddlej,lateB is given a charge Qdueto 
which charges are induced on plates A and C which are also 
shown in figiire.'Piat~s A and Care connected to earth through 
two switches S1 and S2 which are initially open. 

Q 
+ .••; - + + + 

+• 
d, 

+ + 
d, + 

Q+ -:;.Q +Q+. \Q _g- + Q +- +-
2 + 2 2+ ,+ 2 2 + 2 

+ + + + 

+ +• + + 

+ + + + 

+ + + + 

+ + s, B C s, 
:..L _L 

Figure 1.326 
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On the basis of discussion done in the previous section we can 

say that if switch S1 is closed keeping S2 open then whole 

charge of plateB will shift on its left surface and a charge-Q is 

flown through S1 from earth to plate A and final situation will be 
as shown in figure-l.327(a). 

-Q Q 
+ 

d, a, 
+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
B C s, 

i.: 

(a) 

Q -Q 
+ a, a, 
+ 

+ 

+ 

+ 

- + 

+ 

+ 

+ 
s, 

--

(b) 

Figure 1,327 

If switch S2 is closed keeping switch S1 open then whole charge 
of plate B will shift on its right surface and a charge-Q flows 
through switch S2 from earth to plate C as shown in 
figure-1.32 7 (b). 

Ifin above systentofplates both the switches are simultaneously 
closed then, the charge on plate B is distributed as shown in 

figure-1.328. The charge on plate B is distributed on the two 
surface q1 and q2 with equal and o;:,posite charges-q

1 
and-q

2 
induced on the i~ner surfaces of plates A and C. 

----·· • 

0 1411I 
",.-,-,_ --·-- ·-·,.-,a·,I 

-qi q, q, -q, 
+ + 

+ + 

+ + 
~ 

+ + 
_, 

E1 E, 

+ + 

+ + 

+ + 

+ + 

+ 
1+--d,--->1 s, 

J__ 
-

Figure 1.328 

We can calculate these charges q I and q
2 

by equating the 

potential difference of plates A, Band C, Bas platesA and Care 

connected to earth and both are at same potential, so we use 

... (1.259) 

The electric field between plates A and B is given as 

E=-1L 
I A9i 

The electric field between plates Band C is given as 

E = -'lL 
2 A Eo 

From equation-(1.259), (1.260) and(l.261), we use 

We also have 

qi +q2=Q 

Solving equations-(1.262) and (1.263), we get 

and 

... (!.260) 

... (l.261) 

... (1.262) 

... (1263) 

Thus if both the switches are closed simultaneously, charges 

--q I and-q2 will flow through the switches S1 and S2 from earth 

to plates A and C. 
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# lllustrative Example I. 89 

A charge q is distributed uniformly on the surface of a sphere 
· of radius R. It is covered by a concentric hollow conducting 
sphere of radius 2R. Find the charges on inner and outer surface 
surfaces of hollows sphere ifit is earth~d. 

Figure 1,329 

Solutio11 

The charge on the inner surface should be- q, because ifwe 
draw a closed Gaussian _surface through the material of the 
hollow sphere the total charge enclosed by this Gaussian 
surface should be zero. Let q'be the charge on the outer surfuce 
of the hollow sphere. 

q' 

-q 

0 
Figure 1.330 

Since, the outer sphere is earthed, its potential should be zero. 

The potential on it is due to the charges q, -q and q', Hence, 

Thus there will be no charge on the outer surface of the hollow 
sphere. 

# lllustrative Example 1.90 

Three large conducting plates are kept close to each other as 

Electrosta~pi:J 

Q -Q Q 

2d d 

A C 

Figure 1.331 

Solutio11 . 

When all the plates are connected together their potential will 
be same and no electric' field will exist between the plates and 

total charge will be equally distributed on the outer surfaces of 

the outer plates A and Cas shown in figure-332. 

q 

Figure 1.332 

By conservation of charge we have 

2q=Q-Q+Q 

rj=Q=lµC 
2 

#Illustrative Example 1.91 

q 

There are 4 concentric shells A, B, C andD ofradius a, 2a, 3a, 
4a respectively. Shells B and D are given charges+ q and - q 
respectively. Shell C is now earthed. Find the potential 
difference VA - Ve. 

Solution 

shown in the figure-1.331. Now all the three plates A, B, and C If the shell C attains a charge q'which will be such that final 
are connected by a thin conducting wire. Find the charge (in potential of c is zero, we use 
µC) on left surfuce of plate A at electrostatic equilibrium. 
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I Electrostatics 

V = Kq + Kq' + (-Kq) =O 
c3a 3a 4a 

Kq+Kq'=Kq 
3a 3a 4a 

=> 

=> 

Aswe have 

q'=3q(¾-½) 

q'=- 'l. 
4 

Figure 1.333 

=> VA-Vc=v. 

Nowcalculating VA we have 

Kq K(q/4) Kq 
~=z;- 3a - 4a 

Kq 
V=-

A 6a 

# Rlustrative Example 1.92 

There are two uncharged identical metallic spheres of radius a, 
separated a distance d. A charged metallic sphere ( charge q) of 
sarue radius is brought and touches sphere 1. After some time it 
is moved away to a far off distance. After this, the sphere 2 is 
earthed. Find the charge on sphere 2. -

Figure 1.334 

1431 

Solution 

When sphere with charge q touches metallic sphere l, the charge 

on 1 becomes q/2. The potential due to sphere I at the surface 
of2 is given as 

lq, l(q) 
Vz, = 41t 91 d = 41te

0 
2d 

When sphere 2 is earthed, its potential bec~mes zero. If induced 

charge on it is q' then we have 

=> 

' 

1 - q l q' 
V = ----+--- =O 2 41t 91 2d 41t 91 a 

qa 
q'=--

2d 
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Practice Exercise I, 9 

(i) Figure-1.335 shows two coriciucting thin concentric 

shells ofradii rand 3r. The outer shell carries charge q whereas 

inner shell is uncharged. Find the charge that will flow from 

inner shell to earth after the switch Sis closed. 

Figure 1.335 

[+!!.charge will flow from inner shell to earth] 
3 
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(ii) Initially the conducting shells A andB are at potentials 
VA and V0 • Find the potential of A when sphereB is earthed. 

A 

0 
Figure 1.336 

(iii) Figure shows three concentric thin conducting spherical 

shells A, Band C ofradii R, 2R and 3R. The shell Bis earthed, 
A and C aie given charges q and 2q respectively. Find the 
charges appearing on all the·surface of A, Band C. 

Figllre 1.337 

4 
[Inner surface (A) 0, (B) -q, (C) 3q 

4· 2 
Outer surface (A) q, (B) - 3q, (C) 3q] 

(iv) Three identical metallic plates are kept parallel to one 
another at a separation of a and b. The outer plates are 
connected by a thin conducting wire and a charge Q is placed 
on the central plate. Find final charges on all the surfaces of 
the three plates. 

2 3 4 5 6 

Figure 1..338 

Q Qb Qb Qa Qa Q 
[Faces (I) 2' (2) - a+b, (3) a+b' (4) a+b '(5) - a+b '(6) 3 J 

• Electrostatics 1 
. -- ·-----"~-"-,,~J 

(v) There are two concentric conducting spherical_ shells of 
radii rand 2r._ Initially a charge Q is given to the inner shell, 
Now, switch S1 is closed and opened then S2 is closed and 
opened and the process is repeated n times for both the keys 
alternatively. Find the final potential difference between the 
shells. 

Figure 1.339 

· (vi) An electrometer is charged to 3 kV. Then the electrometer 
is touched with a neutral metal ball, mounted on an insulating 
rod, and then the metal ball is taken away and earthed. The 
process is done for 10 times, and finally the electrometer reads 
1.5 kV. After this, at leasthowmanytimes must the above process 
be repeated in order that the electrometer reads less than 1 kV? 

[6] 

(vii) Whe_n an uncharged conducting ball of radius r is placed 
in an external uniform electric field, a surface charge density 
cr = cr0 cos 0 is induced on the ball's surface where cr0 is a 
constant, 0 is a polar angle measured from a direction parallel 
to external electric field. Find the magnitude of the resultant 
electric force acting on an induced charge of the same sign on 
one half of hemisphere. 

(viii) Find the force with which the two halves ofa uniformly 
charged metal spheres repel each other. Total uniformly 
distributed charge on surface of sphere is Q. 

r:i1tR2 
[--] 

2Eo 

1.19 Field Energy of Electrostatic Field 

Consider a uniform electric field shown in figure-1.34O. A small 
body of mass m and charge q placed in an electric field E. When 
the body is released from rest, it starts moving in the direction 
of electric field due to ·the electric force qE acting on it. The 

body will gain some kinetic energy due work done by electric 
field. 
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i 

----m,q--------+ 

Figure 1.340 

In above situation shown in figure a common question arises 
"Who is giving kinetic energy to this charged particle ?" The 
answer is simple - "Electric Field''. This shows that electric_ 
field must posses some energy in the region where field exist 
due to which it can do work on any charged body placed in it. 
This energy stored in the space by which electric field can do 
work on any charge in it is called "Field Energy of Electric 
Field''. Wherever electric field exist, field energy also exist in 
space. In next article we will calculate the field energy in the 
region electric field. 

1.19.1 Field Energy Densi!)' of Electric Field 

As discussed in previous article that in every region wh·erever 
electric field is present, its field energy must exist. This field 
energy we can calculat~ by considering a general illustration. 

Consider a charged conducting body shown in figure-1.341. Its 
surface Mis having a charge distributed on it. We've already 
studied in article-1.14.10 that the electric field just outside the 
surface of a co~ducting body at a point where surface charge 
density is cr, can be given as 

Figure 1.341 

In article-1.16 we've also studied that on the surface of a charged 
conducting body, it experience an outward electric pressure 
which is given as 

14s 1 

In above case ifwe consider the conducting surface Mis made 
up of a flexible material then due to electric pressure it will start 
expanding. We consider a very small expansion of the body to 
the expanded surface M' as shown in above figure. In this 
situation we can see that inside the conducting body there is 
no electric field and initially electric field was only present from 
surface M to infinity. Thus the field energy of electric field was 
also present from the surface M to infinity. After expansion the 
surface expands toM' then in the final stage the electric field as 
well as field energy exist from surface M' to infinity. In the 
process of expansion of surface, the field energy in the shaded 
volume (say dV) vanishes as before expansion there was electric 
field in this region and after expansion electric field becomes 
zero in the region. 

In the above process expansion is done by electric forces in the 
body due electric pressure thus by conservation of-energy it 
can be stated that the work done by electric field in process of 
expansion .is equal to the loss in field energy in the shaded 
volumedV. 

If P, is the -electric pressure on the body surface then in the 
small expansion in body volume dV, work done by electric forces 
can be given as 

dW=P,dV 

If we consider that dU is the field energy stored in this elemental 
volume dV then we can use 

dU=dW=PdV 
e 

dU 
u=-=P dV , 

cr2 l 
u = _2 Eo = 2 e,J{'- J/m3 

dU 
In above expression u = dV is considered as the field energy 

stored per unit volume in the space where electric field strength 
is E and it is called field energy density of electric field in that 
region. 

If in a region electric field is uniform, the total field energy 
stored in a given volume V of space can be given as 

l 
U= 2,E,J!'-X V 

Ifelectric field in a region is non-uniform, the total field energy 
stored in a given volume of space can be calculated by 
integrating the field energy dU stored in an elemental volume 
dV of space as 
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1 
dU= 1 E,p'xdV 

And total field energy in a given volume can be given as 

f . · f 1 2 U= dU= 1 E0 EdV 

The limits ofintegration in above integral is substituted as per 
the dimensions of the region in which we will calculate the field 
energy. In upcoming articles applications offield energywill be 
understood properly. 

1.19.2 Self Energy of a Charged Body 

We've discussed whenever a system of charges is assembled, 
some work is done and this work is stored in the form of electrical 
potential energy of the system. Consider a metal sphere ofradius 
R charged with a charge Q. We will discuss about the work 
done needed to charge this sphere or in other words we will 
now calculate the amount of work done in assembling the charge 
Q on this sphere. 

,Odq 

,,,,,' 

,,,,,,,' 

,..---.eq~~ ,,,,," 

Figure 1.342 

Figure-1.342 shows a conducting sphere ofradius R. In the 
process ofcharging this sphere gradually we bring charge to 
the sphere from infinity in steps of elemental charges dq. The 
charge on sphere opposes the elemental charge being brought 
to it. At an intermediate step of charging we consider that upto 
this instant sphere has collected a charge q, due to which it has 
attained a potential given as 

V= Kq 
R 

!fin this state a charge dq is brought from infinity to its surface, 
the work done in the process can b, given as 

dW=dqV 

Kq 
dW= Rdq 

Total work done in charging the sphere can be given by 

Electfos~ffii) 

integrating the above elemental work in transporting dq within 
limits from O to Q which is given as 

f 
QfKq 

W= dW= -dq 
o R 

. KQ2 
W= 2R ... (1.264) 

Equation-(1.264) gives the total work done in charging the sphere 
ofradius R with a charge Q .. 

We've discussed in article-1.19 .1 that in space wherever electric 
field exist, in region field energy is stored of which energy 
density is given as 

1 
U = 2_ E,p' J/m3 

In above case. we can see when the sphere was uncharged 
tliere was no electric fie)d in its surroundings. But when it is 
fully charged, electric field exist in its surrounding from its 
surface to infinity. We can calculate the field energy associated 
with this charged conducting sphere in its surrounding space. 

Figure 1.343 

We've studied that electric field due to a charged sphere with 
charge Q, at its exterior points at a distance x (x > R) varies as 

KQ 
E= xz 

As this electric field is non uniform (varying withx), we cannot 
directly multiply the field energy density with the volume in 
which field exist. To calculate the total field energy associated 
with this sphere, we consider an elemental spherical shell of 
radius x and width dx as shown in figure-1.343. The volume of 
space enclosed within this shell is 

dV=4n:x2. dx 

Thus field energy stored within the volume of this elemental 
shell is given as 
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l Electrostatics 

1 [KQ]2 

dU= - E ·- x4nx2dx 
2 o x2 

KQ2 
dU= 

2
x2 dx 

Thus total field energy associated with the sphere can be 
calculated by integrating the above expression from surface of 
sphere to infinity as electric field inside the sphere is zero. So 
total field energy in the surrounding space of sphere is 

oo KQ2 
U= I dU= J-2 dx 

R 2x 

U= KQ2 [-.!.Joo 
2 X R 

KQ2 
U=ZR ... (1.265) 

We can see that this result is same as equation-(1.264). By this 
analysis we can conclude that work done in charging a body is 

' . 
stored in its surrounding in the form of its field energy. This 
energy is also called "Seif Energy" of that body. Once a body is 
charged in a given configuration, its self energy is considered 
as a constant, if the body is displaced or moved in any manner 
keeping its shape and charg~. distribution constant, its self 
energy does not change. As discussed above we can say that 

"Seif energy of iz charged body is the total field energy, 
associated with the electric field due to this body in its 
surrounding and same is the work done in charging the body 
in the given final charge configuration and shape." 

1.19.3 SelfEnergy ofa Uniformly Charged Non-conducting 
Sphere 

We know in outside region of a non-conducting uniformly 
charged sphere, electric fi"eld strength at every exterior point is 
same as that of a conducting sphere of same radius. Thus field 
energy in the surrounding of this sphere from surface to infinity 
can be given as 

+ + + + + 
. + +. + 

Figure 1.344 

... (l.266) 

141 I 
Unlike to the case of conducting sphere, in nonconducting 
sph~re at interior points E,;, 0. Thus field energy also exist in 
the interior region. This can be calculated by considering an 
elemental shell inside the sphere as shown in above figure-1.344. 

The field energy in the volume of this elemental shell can be 
given as 

I [KQx]2 

dU=-e -- x4nx2dx 2 o R3 

KQ2 
dU=-6 x"dx 

2R 

Total field energy inside the sphere can be given by integrating 
the above expression within limits from O to R which is given as 

KQ2 R 
U= Jdu = - fx4

dx 
2R6 o 

... (1.267) 

Thus total self energy of this sphere can be given by sum of 
inside and outside field energies as given by equation-(1.266) 
and ( 1.267) so we have 

3 KQ2 

u .. ~=sR ... (1.268) 

Equation-(1.268) gives the total field energy associated with·a 
uniformly charged non conducting sphere. Same is the amount 
of work done in charging an uncharged sphere to the state of 
uniformly volume charged sphere. Students can calculate the 
work in bringing elemental charges dq from infinity to a unifonnly 
charged non conducting sphere from O to Q and verify that 
result will be same as given in equation-(1.268). 

1.19.4 Total Electrostatic Energy of a System of Charges 

When a system .of two or more charged bodies are broug~t 
close to a given state of charge configuration then work is done 
by an external agent in two ways. First is the work done in 
charging to bodies to their respective charges which we call 
self energy of objects and another work will be done bringing 
the bodies close to a given separation which is called interaction 
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energy of the system. Total electrostatic potential energy a 
system of charges can be given by sum of the above work done 
given as 

U = L selfenergy ofall charged bodies+ L Interaction 

energy of all pairs of charged bodies. 

Let us consider some cases tt:> understand this concept. 
Figure-1.345 shows two nniformly charged non-conducting 
spheres ofradius R1 andR2 and charged with charges Q

1 
and 

Q2 respectively separated by a distance r. Ifwe find the total 
electrostatic energy of this system, we can write as · 

u = USelf + ulnte"raction 

u,.,o1 = Self energy of inner sphere 

+ Self energy of outer shell 

Electrostat19s'! 

+ Interaction energy of the two shell 

Kqf Kqi Kq1q2 
=--+--+--

2a 2b b 
... (1.270) 

Similar to the previous article, in this case also first and second 

terms of the equation-(1.270) are the self energies of the inner 
sphere and outer shell respectively and the third term is the 
interaction energy of the two. 

As we've already discussed that the electrostatic potential 
energy is always stored in a system in form offield energy so in 

this case we can also calculate the total energy by calculating 

the total field energy associated with the system. 

2 Q2 . 3KQ1 3K 2 KQ1Q2 U=--+--+--
5R1 5R2 r 

... (1.269) 1.19.6 Total Field Energy ofa System of Conducting Sphere 

r 

Q 

Figure 1.3.45 

First and second terms in above equation-(1.269) are the self 
energies of the two spheres and third term is the interaction 

energy of the system of two spheres as given by 
equation-(!. JOO) in article-1.8.2. Next article will also explain this 

concept in more detail for nnderstanding it better. 

1.19.5 Electrostatic Energy of a System of a Conducting Sphere 
and a Concentric Shell 

Figure-1.346 shows a solid conducting sphere and a concentric 
shell ofradii a and b respectively charged uniformly with charges 
q1 and q2• The total energy of this system can be given as 

Figure 1.346 

and a Concentric Shell 

In the situation shown in Figure-1.347 we can state that the 
electric field inside the sphere at points x < a at every point · 

electric field is zero so no field euergyexist inside this region. In 
the region from x = a to x = b the electric field exist only due to 

the charge on conducting sphere and in outer region where 

x > b, electric field exist due to the charges of both sphere as 
well as that of the shell. 

Figure 1.34 7 . 

Total field energy in the electric field associated with the system 

can be calculated by considering elemental concentric shell of 
radiusx and width dx as shown in figure-1.347. We can find the 
field energy in the elemental volume of such elemental shells in 

region a<x< b and for regionx >band integrating within the 
specified limits of the region. This can be given as 
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I v2 K2 ,,-2 2 2 
U= - ~ - --'l!... + ~ + Kq2 + Kq2 

~ 2 a 2b b 2b b 

~ U= Kqf + Kqi + Kq,q2 
2b 2b b 

Above equation is same as equation-(1.270) 

1.20 Dielectrics 

Materials which do not contain any free electrons are insulating 
medium in which charges do not flow like a conductor. When 
such materials are placed in external electric field then charges 
in these are slightly displaced from their initial position causing 
polarization of material. Such materials are called 'Dielectrics' .. 
Dielectrics are of two types - Polar and Non Polar. 

Polar dielectrics are made up of such atoms or molecules which 
do not have any dipole moment but on applying external electric 
field, these atoms are transformed iµ to dipoles with a specific 
dipole moment depending upon the strength of electric field 
applied. This can be explained with the help offigure-l.348(a) 
which shows an atom with its nucleus at center and spherical 
electron cloud in surrounding. 

When an external electric field is applied then nucleus being 
positively charged it experiences a force in the direction of 
electric field and electron cloud being negatively charged, all 
electrons in it experience the force in direction opposite to 
electric field. Due to these opposite forces electron cloud gets 
distorted and the atom is transformed in form of a dipole with 

. slight separation between its negative and positive centers as 
shown in figure-l.348(b). Such dielectrics which have initial 
dipole moment zero and transform into a dipole when placed in 
an electric field are called non polar dielectrics. 

(a) 

eE 

eE 

Negative 
centre --+ 

-+ 
p 

(b) 

Figure 1.348 

Positive 
centre 

-+ 
E 

-+ 
E 

Some other insulating material which consist of molecules which 
have a non zero dipole moment due to ionic bonds or polar 
covalent bonds like HCl, NaCl and many other such substances 
are termed as polar dielectrics. When such material are placed 
in external electric field then the electric field exert a couple on 
the dipole as discussed in article- I. 12. l and this torque of couple 
the dipole rotates it and align in the direction of electric field as 
shown in figure-1.349. 

------+E 

- f /T.rqE 
qE~~ 

Figure 1.349 

1.20.1 Polarization of Dielectrics in Electric Field 

Figure-1.350 shows a polar dielectric slab at room temperature. 
In normal conditions the dipoles of the dielectric are randomly 
scattered in its volume. 

+ 
Figure 1.350 
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vso 
When an external electric field is applied on this slab, the electric 
field exerts a torque on each dipole and rotate all dipoles to 
align these in the direction of electric field as shown in 
figure-l.35l(a). 

When all dipoles are aligned along the direction of electric field, 
the charges of neighbouring dipoles in the slab overlap and 
neutralize the effect as shown in figure-L351(b) which shows 
the state of slab after polarization. 

In this state only the surface charges of dipoles will remain in 
the slab. These charges are called bound charges on surface of 
a dielectric placed in external electric field. These are also called 
induced charges on dielectric surface. 

-+- -+-

-+- r111 -+-

-+- t]J -+-

-+- -+-

-+- 't.$+ -+-

(a) 

--+-- ~.+ra+1t4[-t:rrar0 _.,__ 
--+-- - --+--
--+--~ --+-

-+-~ --+--

(b) 

Figure 1.351 

-+-

-+-

-+-

-+-

Figure-1.352 shows the electric field lines configuration in the 
dielectric slab after polarization. Due to induced surface charges 
on dielectric some of the field lines terminate on these charges 
due to which the flux density inside the dielectric is less than 
the external field. 

__ ·_· ·_-~-~lectrostatio§,~ 

·<1· ·~ +cri 

Gu) 
t&±)' li8::D 

~ 

@l±)+Ep- @D E 

'1iiD li8::D 
~+) @D 

~ 

· Figure 1.3S2 

Inside the slab electric field strength is lesser because of the 
electric field inside the slab due to induced surface charges 
which exist in direction opposite to the external electric field. 
The net electric field strength inside the dielectric slab is given 
as 

... (1.271) 

In above equatiori-(1.271) the electric field strength due to 
induced surface charges is Ep and E is the external applied 
electric field. Dne to induced surface charges, always the net 
electric field inside a dielectric material placed in an external 
electric field is less than the external field. The calculation ofEP 
becomes complex many times in different cases so the reduction 
in electric field strength inside a dielectric is mathematically 
accounted by a constant factor called "Dielectric Constant" 
as give_n in equation-(1.272) below 

E 
E =E-E =-

net P Er 
... (1.272) 

In above equation-(! .272) E, is dielectric constant or relative 
permittivity of medium which is discussed briefly in article-1.2.2. 
As already discussed that E,> 1 for all medium and the last term 
on right side ofequality gives the net electric field in the medium 
which accounts the reduction in field due to_ EP in opposite 
direction. Derivation of equation-(1.272) is not in scope now so 

. students are advised to use this equation whenever electric 
field is normally incident on a dielectric surface. 

1.20.2 Bound Charges on a Dielectric Surface in Electric 
Field 

As discussed in previous article when a dielectric is placed in 
an external electric field, bound charges appear on the surfaces 
of dielectric as shown in figure-1.352. We consider that +cr; and 
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--0; are the surface charge densities of these bound charges on 
the surfaces of dielectric slab as shown. The electric field due 
to these bound charges exist inside the slab in direction opposite 
to the external electric field which can be calculated by 
considering the surface of dielectric to be large, given as 

(J". 
E =___!,_ 

p Eo 
... (1.273) 

From equation-(1.272) of previous article, we have 

=> ... (1.274) 

Above equation-(1.274) gives the surface charge density of 
bound charges on the surface of a dielectric which is placed in 
external electric field such that electric field direction is normal 
to its surfaces. 

For metals or all conducting bodies surface density ofinduced 
charges are such that net electric field in_side the material 
becomes zero so we can state that for conducting materials 

Ep=E and E,~co. 

1.20.3 Polarization Vector in Dielectrics 

When a dielectric is placed in an external electric field, it gets 
polarized as discussed in previous articles. After polarization 

. the dielectric has a net dipole moment. In previous article we 
have calculated the surface density of bound charges on the 
dielectric slab as shown in figure-1.352. In this polarized state 
the polarization vector is defined as "Net dipole moment of the 

material per unit volume". 

If each molecule of the material has a dipole moment p in 
polarized state and there are n molecules per unit volume then 
the polarization vector is given as 

- -p =np· ... (1.275) 

From figure-1.352 the total bound charges on the dielectric slab 
is given as q; = cr;. A thus the magnitude of total dipole moment 
due to bound charges of the dielectric slab is given as 

... (1.276) 

Thus dipole moment of the whole slab per unit volume can be 

calculated as 

. ~!§iJ 
Above equation-(1.277) explains that the polarization vector is 

numerically equal to the surface density of bound charges on 
dielectric slab due to polarization of dielectric, which are induced 
when dielectric is placed in electric field. 

1.20.4 Dielectric Breakdown 

In figure-1.35 l(a) of article-1.20.1 we have discussed the effect 
of external electric field when applied on a dielectric medium. 
Every dipole of the medium experiences a torque which tend to 
align the dipole in the direction ofelectric field. After the dipoles 
are aligned in polarized state as shown in figure-l.35 l(b) ifwe 
consider one dipole and effect of electric forces on it then we 
can see as external electric field increases the stretch on the 
dipole due to two opposite forces increase on it as shown in 

figure-1.353 . 

t<--d-+I 

qE~ qE 
-q +q 

p~qd 

Figure 1.353 

As the electric forces on dipole in polarized state are acting on 
the positive and negative poles of the dipole (molecule), on 
increasing external electric field the molecule is further stretched 
and effective separation between the positive and negative 

poles increases due to which dipole moment of each molecule 
increases and due to this polarization vector increases hence 
surface density of bound charges also increases. This is also 
shown by equation-(1.274) that surface density of bound 
charges on dielectric surface is directly proportional to the 
applied electric field strength . 

Every molecule as a specific bond strength. If the atoms of 
molecules are pulled with a force more than its bond strength, 
the bond breaks. In figure-l.353 we can see ifon increasing 
strength of applied electric field when the stretching electric 
force on the dipole increases beyond the bond strength of the 
dipole, it will break and its positive and negative charges will 
get separated. The minimum electric field strength at which the 
dipoles ofa specific material break is call its "Dielectric Strength" 
and the phenomenon of breaking the dipoles of a dielectric 
medium is called "Dielectric Breakdown". Figure-l.354(a) 
shows when applied electric field strength approaches the 
dielectric strength E

8 
of the material, dipoles break and its 

positive and negative charges become free to move in the 
medium which were initially bound in form of dipoles. Figure
l.354(b) shows the dielectric medium after dielectric breakdown 
in which all the positive and negative charges are separated 
and free to move in the medium due to breakdown and the 
medium behave as a conductor due to freely moving charges . 

. . . (1.277) Thus after dielectric breakdown an insulator transforms into a 
conductor. 
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(b) 

Figure I.354 

Many tirr.1es the process of dielectric breakdown produces so 
much heat in the material that it starts melting and no longer 

remain in solid state. 

1.20.5 Effect of Temperature on Dielectric Constant of 
Medium 

In previous articles we've discussed as dielectric constant of a 

medius is a measure of the extent to "11.ich medinrn gets polarized 
when external electric field is applied onto it. 

!fin presence ofexternal electric field the dipole moment of the 

medinrn particle is high then it produces more E P and net electric 

field in the system will be reduced more and to account this 

opposite electric field due to bound .charges the dielectric 

constant will also be higher as discussed in equation-(1.272). 

If the temperature of dielectric medium is increased, it increases 

the thermal agitation in the medium particles. Random 

oscillations because of thermal energy causes particles do 

disalign th,eir dipole moment from the direction of electric field. 

However in osciilations average dipole moment direction 

remain same but overall due to random oscillations the 

polarization of the medium will relatively less compared to the 

state at lowtemperature. 

Thus we can say that at higher temperature under same value 

ofapplied electric field strength the induced eiectric field due to 

bound charges in the medinrn will be lesser and net electric field 

inside the medium will be more at higher temperature and 

dielectric constant is also considered to be lesser. 

ElectrostiiiCj] 

Thus with the above explanation we can state that on increasing 

temperature ofa given medinrn its dielectric constant decreases,. 

due to thermal agitation. 

Dielectric constant is also termed as relative permittivity of the 

medium as discussed in article-1.2.2. Here this constant also 

determines the amount of electric flux of an electric field which 

enters in to a dielectric medinrn. 

Figure-l .355(a) shows a dielectric slab placed in an electric field. 

Due to induced bound charges on the surface of slab some 

field lines will terminate on the slab and remaining will enter in 

the slab and the flux densitywhich gives the strength ofnet 

electric field is less inside the slab. 

-q,. 
' -

-
-

- ~ _, 

-

... 

e,, 

(a) 

E~2 

(b) 

Figure 1.355 
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If dielectric constant is more then from equation-(1.274) we can 
see that surface density of induced charges will be more and 
more electric lines will terminate on the surface and less will 
enter in the slab as shown in figure-L355(b). 

For metals we can use E, ~ oo thus all the electric lines will 
terminate on the surface of slab and no flux is permitted to enter 

in the slab. Thus indirectly we can state that the dielectric 
constant or relative permittivity of the medium is associated 
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with the amount of electric flux permitted to enter in a medium. 

If dielectric constant of a medium is less, more flux will be allowed 
to enter into it and if dielectric constant of a medium is high, 
less flux will be allowed to enter into it. 

# lllustrative Example 1.93 

Figure-U56(a) shows a shall of radius R having charge q1 

uniformly distributed over it. A point charge q is placed at the 

centre of shell. Find amount of work required to increase the 
radius of shell from R toR1 as shown in figure-l.356(b). 

(a) (b) 

Figure 1.356 

Solution 

Work done required can be calculated by difference in total 

electrostatic energy of the shell given as 

Initial total electrostatic energy of the shell is given as 

U.=SE +SE +IE 
' q ql 

=> 
K 2 Kqq U. = SE + _'lJ_ + _1_2 

' q ZR R 

Final total electrostatic energy of the shell is given as 

Work done in the expansion process is given as 
W=U1-U1 

=> 

=> 

. Kqf Kq1q Kqf Kq1q 
W=-+-------

ZR1 R1 ZR R 

# lllustrative Example 1.94 

Find the electrostatic energy stored in a cylindrical shell of 

length I, inner radius a and outer radius b, coaxial with a uniformly 

charged wire with linear charge density A C/m. 

Solution 

For this we consider an elemental shell ofradius x and width dx. 
The volume of this shell dV can be given as 

dV = Zrr:xl · dx 

The electric field due to the wire at the shell is 

ZKA 
E=-

x 

The electrostatic field energy stored in the volume of this shell 

is 

I 
dU= - E g,. dV . z O • 

=> 1 (ZKA)2 

dU= 2 E 0 -x- . Zrr:xl. dx 

The total electrostatic energy stored in the above mentioned 

volume can be obtained by integrating the above expression 

within limits from a to b as 

I bf I (ZKA)2 

U~ dU= 02 Eo ~ . Zrr:xl.dx 

=> 
,_21 b 1 

U=- f-dx 
A1t Eo x 

a 

=> 
,_ 21 b 

U= --[lnx] 
41t Eo a 

=> 

#Rlustrative Example 1.95 

Three shells are shown carrying charge q1, q2 and q3 and of 

radii a, band c respectively. If the middle shell expands from 

radius b to b' (b' < c). Find the work done by electric field in 

process. 
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Solution 

q, 

Figure 1.357 

Work done by field can be given as 

Total initial electrostatic energy of system is given as snm ofall 
the SelfEnergies (SE) and Interaction Energies (IE) of all pairs 
of system charges which is given as 

U1""' SE1 + SE2 + SE3 + IE12 +,JE13 + IE23 

Kqt KqJ KqJ Kq,q, Kq,q2 Kq2q, 
u = ~ + 2b + z,;- + -c- + -b- + -c-

Similarlytotal final electrostatic energy of system is given as 

U1= SE;+ SE;_+ SE;+ IE{2 + IE{3 + IE;_3 

Kqf Kq; . KqJ Kq1q3 Kq1q2 Kq2q3 U=--+-- +-- +-.--+--+--
! 2a 2b' 2c c b' c 

Work done by field in expansion process is 

W=U,-U1 
2 2 . 

Kq2 Kq2 Kq,q2 Kq,q2 
=> W= 2b - 2b' + -b- - ----,;,--' 

=> W=Kq,(%+~)(¼-i,) ... (1.278) 

Alternative Method by Field energy oftbe electric field 

In above given sitnation we can calculate the total field energy 
of the electric field associated with the System due to all the 
charges by using the expression of field energy density. The 
total initial electrostatic energy of the system _can be given as 

bl (K, )2 b' l (K( + ))2 
U = f- E ...!lJ. 4m2dx+ ·f- E qi q2 4m2dx ; 20 2 20 2 

a X b X 

+ rof.!_ E (K(q, +q2 +q,))2 4m2dx 
2 0 2 . 

C X 

__________ :::-_·_:::-.=:_-:eieci(ostatlt1•~ 
Similarly total final electrostatic energy of the system can be 
given as 

Uf= l ½ Eo ( :;
1 J 4m2dx + [ ½ Eo ( :;

1 J 4m2dx 

+ J-!- Eo (K(q, ;q2))2 4m2dx 
b'2 . X 

+ I ½eo ( K(q, +J2 +q,)J 4m2dx 

Thus work done in expansion process is given as 

W=U,~[7! 

c 1 (K( ))2 · b' l (K, )2 
=> W= [2Eo q::q

2 
4m2dx-[2Eo J' 4~dx 

- J-!- Eo (K(q,; q2))2 4rn:2dx 
b'2 X 

W K(q, +q2)2 [.!__.!_]- Kqf [.!_ _ _!_] 
=> 2 b C 2 b b' 

K(a1 +a2 )2 [.!._!] 
2 b' C 

Kqf Kqf K(q, +q2)2 
---+----=~~ 

2b 2b' 2b' 

Kqf Kq; Kq,q2 Kqf °Kqf Kqf Kqi => W=--+--+-----+--------
2b 2b b 2b 2b' 2b' 2b' 

Kqi KqJ Kq1q2 · Kq,q2 
=> W= Zb- 2b' +-b---b,-

=> W= Kq, ( q, + ~ )(¼- i,) 

Kq,qz 
b' 

... (1.279) 

Above equation-(1.279) is same as equation-(1.278) which was 

obtained bythe difference ofinitial and final total electrostatic 
energies of the system calculated by snm of self and interaction 
energies. 

# lllustrative Example 1.96 

A cable consisting of a solid conductor of 6 mm diameter is 
surrounded by two layers of insulating material, the inner having 
a thickness 3mm and dielectric constant 7 and the other a 
thickness 4 mm and dielectric constant 5. Outside this is an 
earthed conducting sheaths. Find the ratio of falls of potential 
in the two insulating layers. _On gradually raising the p.d. 
between inner conductor and earthed sheathing, which of the 
layers will first breakdown, assnming_the dielectric strength of 
two materials are the same? 
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Solution 

The intensity of the electric field due to a cylindrical conductor 

is given by 

I 2q 
E=--x-

411e0 Kr 

where q_= charge per unit length of the inner solid cylinder. 

The potential difference across the inner dielectric is given by 

Jo.003 I 2q 
V = --x=dr(K=1) 

I o.006 411so 7r 

V =-1-x
2
qtog (~) 

I 411Eo 7 . '\3 
... (1.280) 

Similarly, the potential difference across the outer dielectric is 

given by 

Io.006 I 2q 
V = --x-'-dr 

2 o.01 4rcso 5r 

V = -
1
-

2
q log,(~) 

2 411e0 5 6 

Now 
V, 5 log.(2) 
V2 = 7 log.(5/3) =0.9693 

I . 2q V 
Further,(E1'""')atr=3mm= --. x-~-

411e0 7x0.003 m 

I 2q V 
and (£;""") at r= 6 mm= 411e

0 
x 5 x 0.006 m 

Elmru< = ~ X 0.006 = 1.43 
E 2m"' 7 0.003 

... (1.281) 

... (1.282) 

This shows that maximum intensity in the inner dielectric will 
always be greater than that in the outer dielectric, Given that 
the dielectric strength is same for both the dielectric and hence 

the inner dielectric will breakdown first. 

#Illustrative Example 1.97 

A point charge q is isolated at the centre O of a spherical 

uncharged conducting layer provided with a small orifice. The 
inside and outside radii of the layer are equal to a and b 
respectively. What amount of work has to be performed to 
slowly transfer the charge q from the point O through the 

orifice and into infinity. 

Solution 

Figure-1.358 shows the situation described in the question. 

X 

Figure 1.3S8 

In initial state when the charge was located at the center of the 

shell opposite charges -q and +q induced on the inner and 

outer surface of the shell and the total electrostatic energy of 

the system in this state is given as . 

... (1.283) 

In above equation s. is the self energy of point charge q which 

remain constant. When the charge q is taken to infinity then 

-induced charges also vanish and final electrostatic energy will 

only be the self energy of the point charge thus we have 

Total work required in the process is given as 

W=Uf-[f; 

W=S _ S -(Kq' + Kq' + Ki/ _Kq' _ Kq') 
·••2a_2bb b a 

. .. 
WebRefefen~e,i,twwwcphysiP!gll)mcom• - ' .. 

Age Group-"G!'ade 11 & 12 j ~ 17019 Yeats 
Section-ELEGJ'ROSTATICS · 
T(!pic-C<mductors & J.)ielectrics 

Module Nwnl?et-2'.3 to 27 

Web Referenceilbwww.physicsg;ilaxy.com 
- ' ' " '. 

;\geGroµp,-Gxade 11 & 12 j Age17-l9Years 

Section_-EtijCfR(JSTATICS 
Topic -<Ele~\rQ~tatlc Field Energy 

• Module Nuro\>eI-1 to 12 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



-[jif-56-.-. ==·-··-_-_-
Practice Exercise I.JO 

(i) One thousand similar electrified raindrops merge into 
one so that their total charge remains unchanged. Find the 

· change in the total electric energy of the drops, assnming that 
the drops are spherical and that small drops are at large distance 
from one another. 

[Energy increases by I 00 times] 

(ii) A point charge q is located at the centre of the spherical 
layer of uniform isotropic dielectric wi!h relative permittivity k. 
The inside radius of the layer is equal to a and the outside 

radius is b. Find the electrostatic energy inside the dielectric 
layer. 

q' [I I] [-- --- l 
81tk2 Eo b a 

(iii) A solid conducting sphere of radius a having a charge q 
is surrounded by a concentric conducting spherical shell of 

inner radius 2a and outerradins 3a as shown in figure-1.359. 
Find the amonnt of heat produced when switch is closed. 

2 
[-q-] 

16ri: e0 a 

Figure 1.359 

(iv) The figure-1.360 shows a conducting sphere 'A' ofradius 
'a' which is surrounded by a neutral conducting spherical shell 
B ofradius 'b' (> a). Initially switches S" S2 andS

3 
are opeu and 

sphere 'A' carries a charge Q. 

s, 

~ 

s, 

+ 
Figure 1.360 

First the switch 'Si' is closed to connect the shell B with the 

ground and then opened. Now the switch 'S,' is closed so that 
the sphere 'A' is grounded and then S2 is opened. Finally, the 

Electrostati~ 

switch 'S/ is closed to connect the spheres together. Find the 
heat (in Jonie) which is produced after closing the switch S

3
• 

[Consider b =4 cm, a=2 cm, and Q= 8 µc] 

[I.BJ] 

(v) A long cylindrical shell oflength I and radius a is given 
a uniformly distributed charge Q on its surface. If the shell is 
expanded uniformly to a radius b, find the work done by electrical 
forces in the process of expansion. 

[ ..!::!_ In (I,_) l 
41t91 a 

(vi') In a system of two concentric spherical conducting shells 
charge q is given to both inner and outer shells as shown in 

figure-1.361. Inner shell is connected to earth bya switch. Find 
the amount of heat produced when switch is closed. 

Figure 1.361 

(vii) Two uniformly charged solid spheres A and B of radii a 
and b with charges q I and q2 are kept at a separation r. Find the 

work done.in disassembling the whole system into very small 
particles and displace the particles to infinite separation. 

[ ~ Kqf +I KqJ + Kq1q2 ] 
5 a 5 b r 

(viii) Two uniformly charged concentric spherical shells are 
ofradii a and b respectively. The charges on the two shells are 

q I and q2• Find the work required in expanding the outer shell of 
radius b to increase its radius to infinity. 

[ -(Kqi + Kq1q2) J 
2b . b 

. ·---··-----------------~ 
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Discussion Question 
Q1-1 Two identical metallic spheres of exactly equal masses 

are taken. One is given a positive charge q coulombs and the 
other an equal negative charge. Are their masses after charging 

equal? 

Q1•2 It is said that the separation between the two charges 

forming an electric dipole should be small. Small compared to 

what? 

Q1-3 A point chargeq is placed in a cavity in a metal block. If 
a charge Q is brought outside the metal, will the charge q feel 
an electric force? 

Q1-4 An electron and a proton are freely situated in an electric 

field. Will the electric forces on them be equal? Will their 

acceleration be equal? Explain with reason. 

Q1-5 Is there any lower limit to the electric force between two 
particles placed at a separation of 1 cm? 

Q1-6 Can two equipotential surfaces intersect? 

Q1-7 Why the electric fie!~ at the outer surface of a hollow 

charged conductor is normal to the surface? 

Q1-B Can a gravitational field be added vectorially to an 

electric field to get a total field? 

Q1-9 Why does a phonograph-record attract dust particles 

just after it is cleaned? 

Q1-10 A spherical shell made.of plastic, contains a charge Q 

distributed uniformly over its surface. What is the electric field 

inside the shell? If the shell is hammered to deshape it without 
altering the charge, will the field inside be changed ? What 
happens if the shell is made ofa metal? 

Q1-11 How can the whole charge ofa conductor be transferred 

to another isolated conductor ? 

Q1-12 Does the force on a charge due to another charge 

depend on the charges present nearby ? 

Q1-13 A charged particle is free to move in an electric field. 

Will it always move along an electric lines of force? 

Q1-14 Two point charges+ q and-q are placed at distanced 

apart. What are the points at which the resultant field is parallel 
to the line joining the two charges ? 

Q1-15 A point charge is taken from a point A toa pointB in an 
electric field. Does the work done by the electric field depend 
on the path of the charge ? 

Q1-16 A positive charge +q is located at a point. What is the 
work done ifa unit positive charge is carried once around this 
charge along a circle ofradius r about : 

Q1-17 A rubber balloon is given a charge Q distributed 
uniformly over its surface. Is the field inside the balloon zero 
everywhere if the balloon does not have a spherical surface? 

Q1-1 B Two small balls having equal positive charge q coulomb 
on each are suspended by two insulting strings of equal length 
/ meter from a hook fixed to a stand. The whole set up is taken 
in a satellite into space where there is no gravity (state of 
weightlessness). What is the angle between the two strings 
and the tension in each string? 

Q1-19 The number ofelectrons in an insulator is of the same 
order as the number of electrons in a conductor. What is then 
the basic difference between a conductor and an insulator? 

Q1-20 No work is done in taking a positive charge from one 
point to other inside a positive charged metallic sphere, while 
outside the sphere work is done in taking the charge from one 
point to other (towards the sphere). Explain. 

Q1-21 A small plane area is rotated in an electric field. In which 
orientation of the area is the flux of electric field through the 
area maximum? In which orientation is it zero? 

Q1-22 When a charged comb is brought near a small piece of 
paper, it attracts the piece. Does the paper become charged 
when the comb is brought near it? 

Q1-23 A circular ring of radius r made of a nonconducting 
material is placed with its axis parallel to a uniform electric field. 
The ring is rotated about a diameter through 180° does the flux 
of electric field change? If yes, does it decrease or increase? 

Q1-24 A charge Qis uniformly distributed on a thin spherical 
shell. What is the field at the centre of the shell ? If a point 
charge is brought close to the shell, will the field at the centre 
change ? Does your answer depend on whether the shell is 
conducting or nonconducting ? 

Q-1-25 One going away from a point charge, the electric field 
due to the charge decreases. This is also true for a small 
electric-dipole. Does the electric field decreases at the same 

rate in both cases ? 

* * * * * 
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Conceptual MCQs Single Option Correct 
1-1 A soap bubble is given a negative charge, then its radius : 
(A) Decreases 
(B) Increases · 
(CJ Remains unchanged 
(D) Nothing can be predicted as information is insufficient 

1-2 A given charge is situated at a certain distance from an 
electric dipole on its axis, experiences a force F. If the. distance 
of the charge from dipole is doubled, the force acting on the 
charge will be : 
(A) 2F 
(CJ F/4 

(B) F/2 
(D) F/8 

1-3 The electric field on two sides of a thin sheet of charge is 
shown.in the figure-L362 The charge density on the sheet is : 

+ 
E1 = 8V/m +- E2 = 12V/m 

+ 
+ 
+'. 

Figure 1.362 

(B) 48<, 
(D) Zero 

1-4 ThreeJdentical charges are placed· at corners of an 
equilateral triangle of side I. If force between any two charges 
is F, the work required to double the dimensions of triangle is : 
(A) - 3FI (B) 3FI 
(CJ (-3/2)FI (D) (3/2)FI 

1-5 Three concentric conducting spherical shells carry charges 
+ 4Q on the inner shell - 2Q on the middle shell and +6Q on the , 
outer shell. The charge on the inner surface of the onter shell 
is: 
(A) 0 

(CJ -Q 
(B) 4Q 
(D) -2 Q 

1-6 A andB are two concentric spherical shells. IfA is given a 
charge+ q while B is earthed as shown in figure-1.3 63, then : 

Figure 1.363 

(A) Charge on the outer surface of shell Bis zero 
(B) The charge on Bis equal and opposite to that of A 
(CJ. The field inside A and outsideB is zero 
(D) All of the above 

1-7 Two concentric conducting thin spherical shells A andB 
having radii rA and r8 (r8 > rA) are charged to QA and 
- Qo(IQ81 > IQAI). The electric field strength along a line passing 
through the centre varies with the distance x as : . 

E E 

(A) r-,..._ . (B) ' ' ' ' ' ' ' ' r, ' 0 v-- X 0 rsy- X r, r, 

E 

(CJ (D) None of these 

1-8 Electric potential at a point P, r distance away due to a 
point charge located at a point A is V. If twice of this charge is 
distributed uniformly on the .surface of a hollow sphere of 
radius 4r with centre at point A, the potential atPnow is given 
as: 
(A) V 

(CJ r-74 
(B) V/2 
(D) VIS 

1-9 There is a point charge +q inside a hollow sphere and a 
point charge -q just outside its surface. The total fl\lX passing 
through the surface of sphere is : 

(A) _ _g_ 
9) 

(CJ 2q 
9) 

(B) _g_ 
9) 

(D) zero 

1-10 The figure shows three non condncting rods, one circular 
and two straight. Each has a uniform charge of magnitude Q 
distributed on its one half and -Q on its other half as shown in 
the figure-1.364. Which of these correctly represents the 
direction of field at point P : 

(A) I 
(CJ III 

+Q ' : 
' ' ' ------l: 

-Q ! 
(!) 

+Q~ +Q~ 

E P P E 

-Q -Q . 

(ll) (lll) 

Figure 1.364 

(B) II 
(D) Jandl! 
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1-11 A conducting spherical shell having inner radius a and 

outer radius b carries a net charge Q. If a point charge q is 
placed at the centre of this shell, then the surface charge density 

on the outer surface of the shell is given as: 

(A) Q-q 
4rrb2 

(D) zero 

1-12 If a unit charge is taken from one point to another over 

an equipotential surface, then : 

(A) Work is done on the charge 

(B) Work is done by the charge 
(C) Work on the charge is constant 

(D) No wor~ is done 

1-13 Ten electrons are equally spaced and fixed around a circle 
of radius R. Relative to V= 0 at infinity, the electrostatic potential 

Vand the electric field Eat the centre Care: 

(A) V¢ 0 and E ¢ 0 

(C) V=Oand E=O 

(B) V¢0and E=O 

(D) V=Oand E¢0 

1-14 Letp(r)= Q
4 

r bethevolumechargedensityforasolid 
- rrR 

sphere ofradiusR and total chargeQ. For a point 'P' inside the 
sphere of distance r 1 from the centre of the sphere, the 

magnitude-of electric field is given as : 

(A) 
Q (B) 

Qr{ 

4it Eo ri' 4rr Eo R
4 

(C) 
Qri' 

(D) 0 
3it Eo R

4 

1-15 A hollow conducting sphere is placed in an electric field 
produced by a point charge placed at Pas showo in figure-1.365. 

Let VA, V
8

, Ve be the potentials at point A, Band Crespectively. 

Then: 

A •------- c------.. 
. p 

B 

Figure 1.365 

(B) V8 < Ve 
(D) VA= Ve 

1-16 Two very large thin conducting plates having same 
cross-sectional area are placed as showo in figure-l .366. They 

are carrying charges Q and 3Q respectively. The variation of 
electric field as a function at x (for x sc Oto x = 3d) will be best 

represented by : 

E 

(A) 

E 

(C) 

y 

r, 

' ' ' ' ' ' ' ' ' ' ' ' ,--., ' 
' ' ' ' ' ' ' ' ' ' ' ' ' ' ' d 2d 3d 

' ' ' ' ' 

r, 

' ' ' ' ' ' ' ' ' ' ' 3d 

~2d 
' ' ' ' d 

' 
(d, 0) (2d, 0) (3d, 0) X 

"Figure 1.366 

E 

,--., 
' ' ' ' ' ' (B) ' ' ' ' ,--., 

' ' ' ' ' ' ' ' ' ' X d 2d 3d X 

E 

r, 

' ' ' ' ' ' ' ' ' ' ___, 
' ' ' ' ' ' ' ' ' (D) ' ' 

X 
2d 3d X 

1-17 A conducting shell S1 having a charge Q is surrounded 

by an uncharged concentric conducting spherical shell S2• Let 

the potential difference between S1 and that S2 be V. If the shell 
S

2 
is now given a charge - 3Q, the new potential difference 

between the same two shells is : 

(A) V 
(C) ,fol 

(B) 2V 
(D)-2V 

1-18 _For a given surface the Gauss's law is stated as 

f E.dA ~ 0. From this we can conclude that 

(A) Eis necessarily zero on the surface 
(B) E is perpendicular to the surface at every point 
(C) The total flux through the surface is zero 

(D) The flux is only going out of the surface 

1-19 In a certain region of space, the potential field depends 

on x and y coordinates as V = (x' - .f). The corresponding 
electric field lines in x-y plane are correctly represented by: 
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y 

(C) _)r+-( 
)( 

--~---·" 

X (B) 

~ (D) 

y 

~ / X 

/ ~ 
y 

\ ( 
X 

1-20 Consider a neutral conducting sphere. A positive point 

charge is placed outside the sphere. The net charge on the 
sphere after induced charges appear on it will be : 
(A) Negative and distributed uniformly over the surface of the 
sphere 

(B) Negative and appears only at the point on the sphere 
closest to the point charge 

(C) Negative and distributed _non-uniformly over the entire 
surface of the spl\ere 
(D) Zero 

1-21 One metallic sphere A is given positive charge whereas 
another identical metallic sphereB ofexactly same mass as of A 
is given equal amount ofnegative charge. Then : 
(A) Mass of A and mass ofB still remain equal 
(B) Mass of A increases 

(C) Mass of B decreases 

(D) Mass of B increases 

1-22 Two point charges a and b whose magnitndes are same 

positioned at a certain distance along the positive x-axis from 
each other. a is at origin. Graph is drawn between electrical 
field strength and distance x from a.Eis taken positive ifit is 
along the line joining from a to b. From the graph it can be 
decided that : 

E u. 
1-----='---------+X 

Figure 1.367 

(A) a is positive, b is negative (B) a and b both are positive 

(C) a and b boih are negative (D) a is negative, bis positive 

1-23 Two spheres A and B of radius a and b respectively are at 

same electric potential. The ratio of the surface charge densities 
ofAandBis:· 

• :'"4 Electrostatics I - ' ~·--- " ·--·~-~ 

(A) 
a b 

b 
(B) 

a 

a2 b2 
(C) 

b2 (D) 
a2 

1-24 A long, hollow conducting cylinder is kept coaxially inside 
another long, hollow conducting cylinder oflarger radius. Both 
the cylinders are initially electrically neutral. Which of the 
following statement is correct : 

(A) A potential difference appears between the two cylinders 
when a charge,density is given to the inner cylinder 

(B) A potential difference appears between two cylinders when 
a charge density is given to the outer cylinder. 
(C) No potential difference appears between the two cylinders 
when a uniform line charge is kept along the axis of the cylinders. 
(D) No potential difference appears between the two cylinders 
when same charge density is given to both the cylinders. 

1-25 The figure shows the path ofa positively charged particle 
1 through a rectangular region of uniform electric field as shown 
in the figure-1.368. What is the direction deflection of particles 
l,2,3and4? 

Top 
I -----, 

2 0:=1-)• _: ;-,; ,~--,0 3 
I I 
' ' I+ ' rl~•----,04 
1------------- I 

Down 

Figure 1.368 

(A) Top, down, top, down 
(C) Down, top, top, down 

(B) Top, down, down; top 
(D) Down, top, down, down 

1-26 The force experienced by a unit positive point charge 
when placed in an electric field is called ? 
(A) Potential of electric field at that point 
(B) Moment of electric field at that point 
(C) Intensity of electric field at that point 
(D) Capacity of electric field at that point 

1-27 A square surface of side lmeters is in the plane of the 

paper. A uniform electric field E (in Vim), also in the plane of 
the paper, is limited only to the lower halfof the square surface, 
as shown in figure-1.369. The electric flux in SI units associated 
with the surface is given as : 

(A) zero 
(C) EL2/2e0 

::t=====::t=:::E 

Figure- 1.3639 

(B) EL2 

(D) EL2/2 
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1-28 -'A positively charged disc is placed on a horizontal plane. 

A charged particle is released from a certain height on its axis. 

The particle just reaches the centre of the disc. Select the 
correct alternative : 

(A) Particle has negative charge on it 
(B) Total potential energy (gravitational+ electrostatic) of the 

particle first increases then decreases 
(C) Total potential energy of the particle first decreases then 
increases 
(D) Total potential energy of the particle continuously 

decreases 

1-29 T_he electric field intensity at the centre of a uniformly 
charged hemispherical shell is E 0• Now, two portions of the 

hemisphere are cut from either side and remaining portion is 

shown in figure-1.370. If et= J3 = .'.: then electric field intensity 
3 

at centre due to remaining portion is given as : 

Figure 1.370 

(A) 
Eo (B) 

Eo 
3 6 

(C) 
Eo 
2 

(D) Information insufficient 

1-30 A wooden block performs SHM on a frictionless surface 

with frequency v0• The block carries a charge +Q on its surface. 

If now a uniform electric field E is switched-on as shown, then 

the SHM of the block will be : 

Figure 1.371 

(A) Of the same frequency and with shifted mean position. 
(B) Of the same frequen·cy and with the same mean position. 
(C) Of changed frequency and with shifted mean position. 
(D) Of changed frequency and with the same mean position. 

1-31 Two equal positive charges are kept at points A and B. 
The electric potential at the points between A and B ( excluding 
these points) is studied while moving from A to B. The potential 

between these charges : 
(A) Continuously increases (B) Continuously decreases 
(C) Increases then decreases (D) Decreases then increases 

1611 

1-32 Consider a system of three charges '!. , '!. and - Zq 
. 3 3 3 

placed at points A, B and C respectively which lie on a circle 
with Oto be the center with radiusR andangleCAB=60°. IfAB 

is the diameter of the circle, choose the correct statement: 

(A) The electric field at point O is q 
2 

directed along the 
81t 9l R 

negative x-axis. 
(B) The potential energy of the system is zero. 
(C) The magnitude of the force between the charges at C and 

2 
Bis q 

541t 9l R2 

(D) The potential at point O is q 
12n '=tl R 

1-33 A solid conducting sphere having a charge Q is 

surrounded by an uncharged concentric conducting hollow 
spherical shell. Let the potential difference between the surface 
of the solid sphere and that of the outer surface of the hollow 
shell be V. If the shell is now given a charge of - 3 Q, then new 
potential difference between the same two surfaces is : 

(A) V (B) 2V 
(C) 4V (D) -2V 

1-34 Charges Q and -2Q are placed at some distance. The 
locus of points in the plane of the charges where the potential 

is zero will be : 

(A) A straight line 
(C) A parabola 

(B) Acircle 

(D) An ellipse 

1-35 Three infinite long charged sheets of charge densities 
--a, -2cr and cr are placed parallel to,y-plane atz= 0, z= a, z= 3a. 

Electric field at point Pis given as : 

z= 3a " 
•P 

z=a -2cr 

z= 0 " 
Figure 1.372 

2cr - 2cr -
(A.) --k (B) -k 

9) 9) 

-4cr - 4a -
(C) -k (D) -k 

9) 9) 

1-36 A spherical insulator of radius R is charged uniformly 
with a positive charge Q throughout its volume and contains a 
point positive charge of magnitude Q/16 located at its centre. 

Which of the following graphs best-represent qualitatively, the 

variation of electric field intensity E with distance r from the 
centre: 
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E E 

(A) ~ 
' ' ' ' ' ' 

(B) 

R 
r r 

E E 

(C) (D) ~ 
R 

r r 

1-37 Figure shows a cubical surface of side L/2. A uniformly 
charged rod oflength L moves towards left at a constant speed 
v. At t= 0, the left end just touches the centre of the face of the 

cube as shown in figure-1.373. Which of the graphs shown in 

the figure represents the electric flux through the cube as the 
rod passes through it : 

(A)I 
(C) ill 

Figure 1.373 

(B) II 
(D) N 

1-38 The curve shown in figure represents the distribution of 
potential along the straight line joining the two charges Q 1 and 
Q2 separated by a distance r then which _of the following 
statements are correct? 

Figure 1.374 

I. JQil>JQ,1 
2 Q1 is positive in nature 
3. A and B are equilibrium points 
4. C is a point of unstable equilibrium 

(A) land2 (B) l,2and3 
(C) l,2and4 (D) l,2,3and4 

Electrostatics I 
. -·· ------------'-'--~ 

q 

q _q 

q 

Figure 1.375 

(A) 
6q2 

(B) 
4q2 

4it "<> a 4it "<> a 

(C) 
3q2. 

(D) 
q2 

4it "<> a 4it 9> a 

1-40 A positively charged ball hangs form a silk thread. To 

calculate the electric field E due to ball's charge at a nearby 

point we put a positive charge % at the point and measure 

Flq., then it can be predicted that the electric field strength E 
at the point where 'lo is placed is given as : 
(A) > Flq. (B) =a Flq

0 
(C) < Flq. (D) Can not be estimated 

1-41 . A particle of charge -q and mass m moves in a circular 
orbit ofradius r about a fixed charge +Q. The relation between 

the radius of the orbit r and the time period Tis given as : 

(A) r= Qq T2 

16,c2 "<> m 
(B) ,:i = Qq T2 

16it3 9> m 

1-42 Two concentric spherical shells of radii r and R (r < R) 

have surface charge densities - a and + a respectively. The 

variation ofelectric potential Vwith distancex from the centre 
0 of the shells plotted. Which of the following graphs best 
depict the variation qualitatively? 

V 

(A) (B) 

' ' ' ' X X r R 

V V 

1-39 Four similar point charges q are located at the vertices of (C) 
a tetrahedron with an edge a. The energy of the interaction of 

(D) 

charges is given as : 
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1-43 In figure +Q charge is located at one of the edge of the 

cube as shown in figure-1.376. Then electric flux through cube 

due to +Q charge is given as : 

r 
' ., 
' ' ' ' 

+Q 

I ,,,--,,,-i---------- ~;~-y 
,,. a •11/ 

Figure 1.376 

(A) +Q (B) 
+Q 

9) 2 9) 

(C) 
+Q 

(D) 
+Q 

4 9) 8 9) 

1-44 Two equal negative charge -q are fixed at the points 
(0, a) and (0, - a) on the Y-axis. A positive charge q is released 

from rest at the point (2a, 0) on the X-axis. The charge q will: 

(A) Execute simple harmonic motion about the origin 

(B) Move to the origin and remains at rest 

(C) Move to infinity 

(D) Execute oscillatory but not simple harmonic motion. 

1-45 The adjacent diagram shows a charge +Q held on an 

insulating support S and enclosed by a hollow spherical 

conductor. 0 is the centre of the spherical conductor and Pis a 

point such that OP= x and SP= r. The electric field at point P 
will be given as : 

(A) 
4it 9> x2 

Q 

(C) 0 

Charge+Q on 
insulating support 

SP=r 
OP=x 

Figure 1.377 

Q 
(B) 4 2 

" 9> r 

(D) None of the above 

1-46 A charge q is placed at O in the cavity in a spherical 
uncharged conductor. Point Sis outside the conductor. If q is 
displaced from O towards S slightly inside the cavity the : 

0 
Figure 1.378 

(A) Electric field at Swill increase 
(B) Electric field at Swill decrease 

. -- 163 ! 

s 

(C) Electric field at Swill first increase and then decrease 
(D) Electric field at Swill not change 

1-47 Two pith balls having charge 3q and 2q are placed at 
distance of a from each other. For what value of charge 
transferred from 1 ~ ball to 2nd ball, force between balls becomes 
maximum? 

(A) 'f_ 
2 

(C) 7q 

(B) Sq 
2 

(D) q 

1-48 Two insulated charged sphere ofradii R1 and R2 having 
charges Q1 and Q2 respectively are connected to each other. 
Which of the following statement is correct about the given 
situation: 
(A) No change in the energy of the system 
(B) An increase in the energy of the system 
(C) Always a decrease in the energy of the system 
(D) A decrease in energy of the system unless Q1 R2 = Q2R1 

1-49 A uniformly charged thin spherical shell ofradius R carries 
uniform surface charge density of cr per unit area. It is made of 
two separate hemispherical shells, held together by pressing 
them with force F. This force Fis proportional to: 

(A) cr2R2 tB) cr2R 

(C) cr2 
R 

1-50 A sphere of radius R carries charge density proportional 
to the square of the distance from the centre given asp= Ar2, 
where A is a positive constant. At a distance of R/2 from the 
center, the magnitude of the electric field is : 

(A) A/(4,:J (B) AR3!(40eoJ 
(C) AR3/(24eoJ (D) AR3/(5eo) 

1-51 Two point charges, each with a charge of+ 1 µC, lie at 
some finite distance apart. On which of the segments of an 
infinite line going through the charges is there a point, a finite 
distance away from the charges, where the electric potential is 
zero, assuming that it vanishes at infinity? 
(A) Between the charges only 
(B) On either side outside the system 
(C) Impossible to tell without knowing the distance between 
the charges 
(D) Nowhere 
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1-52 In normal cases thin stream of water bends toward a 
negatively charged rod. When a positively charged rod is placed 
near the stream, it will bend in the : ·· 

Figure 1.379 

(A) Away from rod . 
(C) It won't bend at all 

(B) Toward rod 
(D) Can't be predicted 

1-53 How does the electric field strength vary when we enter 
and move inside a uniformly charged spherical cloud? 
(A) Increases inversely as the square of the distance from the 

center. 
(B) Decreases inversely as the square of the distance from 

the center. 
(C) Increases directly as the distance from the center. 
(D) Decreases directly as the distance from the centre 

1-54 On an imaginary planet the acceleration due to gravity is 
same as that on Earth but there is also a downward electric field 
that is uniform close to the planet's surface. A ball of mass m 
carrying a charge q is thrown upward at a speed v and hits the 
ground after an interval t, What is the magnitude of potential 
difference ~etween the starting point and top point of the 
trajectory? 

(A) ;;(v-~) (B) ~v(v-~) 
mv 

(C) Zq (v-gt) (D) 
2mv 
-(v-gt) 

q 

1-55 A uniform electricfieldof400 V/misdirectedat45° above 
the x-axis as shown in the figure-1.3 80. The potential difference 
VA- V9 is given by: 

(A) 0 
(C) 6.4V 

y(cm) 

(0, 2) A 

B x(cm) 
(3, 0) 

Figure 1.380 

(B) 4V 
(D) 2.8V 

• ···• •··· ·- Electrost~ 

1-56 A continuous line of charge oflength 3d lies along the 
x-axis, extending from x + d to x + 4d. the line carries a uniform 
linear charge density A. 

,x 

Figure 1.381 

In terms of d, )., and any necessary physical constants, find the 
magnitude of the electric field at the origin: 
(A) ')J5rm,p (B) ')J4rm,p 
(C) 3')Jl6ms,p (D) 3')J8rm,p 

1-57 Electric charges are distributed in a small volume. The 
flux of the electric field through a spherical surface ofradius Im 
surrounding the total charge is 1 OOV-m. The flux over the 
concentric sphere ofradius 2 m will be : 
(A) 25V-m (B) 50V-m 
(C) IOOV-m (D) 200V-m 

1-58 Three concentric spherical metallic shells A, Band C of 
radii a, band c (c > b > a) have charge densities cr, - cr and cr 
respectively. The potential of shell Bis given as : 

(J 

(A) (a+b+c)
Bo 

(
a

2 
b

2 J cr (C) ---+c -
C C &o 

(
a

2 
) cr (B) --b+c -

b Bo 

<JC 
(D) -

"• 
1-59 A particle of mass m and charge q is attached to a light 
rod oflength L. The rod cau rotate freely in the plane of paper 
about the other end, which is hinged at P, the.entire assembly 
lies in an uniform electric field E acting in the plane of paper ·as 
shown in the figure-1.3 82. The rod is released from rest when it 
makes_ an angle 9 with the electric field direction. Determine the 
speed of the particle when the rod becomes parallel to the electric 
field: 

m 

L 

-- '!_ ________ _ 
,P 

Figure 1.382 

(A) ( 2qEL(~ cos 9) )'
12 

(C) ( qEL(~~cos 0) J'12 

--+E 
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1-60 A positively charged sphere of radius r0 carries a volume 
charge density p as shown in figure-1.383. A spherical cavity of 
radius r r/2 is then hollowed out and this portion is left empty as 
cavity as shown. What is the direction and magnitude of the 
electric field at point B ? 

B 0 
Figure 1.383 

(A) 
17pr0 --left 
54 91 

(B) pro left 
6 9) 

(C) 17pr0 'gh (D) pro right --n t 
54 91 . 6 9) 

1-61 Using Thomson's model of the atom, consider an atom 
consisting of two electrons, each of charge -e, embedded in a 
sphere ofcharge + 2e and radius R. In equilibrium each electron 
is at distanced from the centre of the atom. What is equilibrium 
separation between electrons ? 

(A) R 
(C) R/3 

e • 
I• i ••tc d •l 

Figure 1.384 

(B) R/2 
(D) R/4 

1-62 If the electric potential of the inner shell is 1 OV and that 
of the outer shell is 5V, then the potential at the centre will be : 

(A) IOV 
(C) 15V 

Figure 1.385 

(B) 5V 
(D) Zero 

__ 213[J 
1-63 A nonconducting sphere with radius a is concentric with 
and surrounded by a conducting spherical shell with inner radius 
b and outer radius c. The inner sphere has a negative charge 
uniformly distributed throughout its volume, while the spherical 
shell has no net charge. The potential V(r) as a function of 
distance from the center is given as : 

0 

(A) V(r) 

' ' a, 

(C) V(r) 

' bi 

' ' C' 

' ' ' ' ' r! 

' ' C' 

' ,. 
' 
' ' ' ' ' r! 

C 

Figure 1.386 

(B) 

a b 

(D) V(r) 

' ' C' 

' ' ' ' ' : 
' ' r! 

' ' C' v-
' ' ' ' ' ' r! 

1-64 A charged particle q is shot from a large distance towards 
another charged particle Q which is fixed, with a speed v. It 
approaches Q up to a closest distance rand then returns. If q 
were given a speed 2v, then distance of approach would be: 

(A) r 
(C) r/2 

q V 
-------------- • Q 

Figure 1.387 

(B) 2r 
(D) r/4 

r 

1-65 A sphere carrying a charge of Q having weight w falls 
under gravity between a pair of vertical plates at a distanced 

· from each other. When a potential difference V is applied 
between the plates the acceleration of sphere changes as showr. 
in the figure-1.388, to along line BC. The value of Qis: 

A 

J 
~ 
I C 
J ;I 
! ~ 

l+--d--->I 

Figure 1._388 
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w w 
(A) 

V 
(B) 

2V 

(C) 
wd 

(D) 
..fi.wd 

V V 

. 1-66 Let £ 1(r), E,(r) andE,(r) be the respective electric fields 
at a distance rfrom a point charge Q, an infinitely long wire with 
constant linear charge density ;\., and an infinite plane with 

uniform surface charge density a. If E 1 (r J = Ei(r ;> = £ 3 (r 0) at a 
given distance r 0, then : · 

(A) Q=4cmr0
2 (B) 

(D) Ei(rrJ2)=4£3(rrJ2) 

1-67 Consider a uniform spherical charge distribution of radius 
R 1 centered at the origin 0. In this distribution, a spherical 
cavity of radius R2 is made with centre at point- P with 

distance OP= a= R1 -R2 is made as shwon in figure-1.389. If 
the electric field inside the cavity at position r is E(r}, therrthe 
correct statement is : 

Figure 1.389 

(A) E is uniform, its magnitude is independent of R2 but its 
direction depends on r. 

(B) Eis uniform, its magnitude depends on R2 and its direction 
depends on r 

(C) E is uniform, its magnitude is independent of a but its 
direction depends on a. 

(D) Eis uniform and both its magnitude and direction depend 
on magnitude and direction of a 

1-68 Figure-1.390 shows a closed dotted. surface which 
intersects a conducting uncharged sphere. !fa positive charge 
is placed at the point P, the flux of the electric field through the 
closed surface will be: 

. 
p 

Figure 1.390 

(A) Wtllremainzero 
(C) Will becomes negative · 

_ · E1eciros1a11~1 
(B) Will become positive 
(D) Data insufficient 

1-69. A positive point charge +Q is fixed in space. A negative 
point charge -q of mass m revolves around fixed charge in 
elliptical orbit. The fixed charge+Q is at one focus of the ellipse . 
The only force acting on negative charge is the electrostatic 

· force due to positive charge. Then which of the following 
statement is true : 

----.,---,m "<I 

I 
' ' --------•-------4-----------------

+Q (?xed) ! 
' ' 

Figure 1.391 

(A) Linear momentum ofnegative point charge is conserved 
(B) Angular momentum ofnegative point charge about fixed 

positive charge is conserved 
(C) Total kinetic energyofnegative point charge is conserved 
(D) Electrostatic potential energy of system of both point 

charges is conserved 

1-70. An irregular shaped non conductor has some charge 
distribution. The potential difference between the two points A 
and B in it is V. If it is now enveloped in a spherical non 

conducting shell having uniform charge distribution in it, the 
new potential difference between the points anywhere (neglect 
any induction dne to presence ofcharge anywhere): 

(A) Is greater than V 

(B) ls less than V 
(C) ls equal to V 

Figure 1.392 

(D) Depends on the relative position of inner nonconductor 
vis-a-vis outer nonconducting shell 

* * * * * 
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NumericalMCQs Single Options Correct 

1-1 A particle of charge - q and mass m moves in a circle of 
radins r around an infinitely long line charge oflinear charge 
density+,., Then time period will be given as: 

(A) T= 21tr J m 
2KAq 

· I J2KAq (C) T=- --
21tr m 

+ 
+ '
+ 
+ 
+ 

+ 
~i-----•r--+ -q 

+ 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

Figure 1.393 

41t2m 3 
(B) T'= --r 

2KAq 

I~ 
(D) T= 2iir'f2Jaq 

1-2 Electric charge is uniformly distributed along a long straight 
wire ofradius Imm. The charge per cm length of the wire is Q 
coulomb. Another cylindrical surface of radius 50 cm and length 
Im symmetrically encloses the wire as shown in the figure- l .394. 
The total electric flux passing through the cylindrical snrface is: 

+ 
+ 
+ 

I 
. Im 

·l 
+ 
+ 50cm 

+ 

Figure 1.394 

(A) _R (B) 
IOOQ 

eo eo 

(C) 
IOQ 

(D) 
IOOQ 

( rreo) (1teo) 

1-3 A copper ( density of Cu= Pel ball of diameter dis innnersed 
in oil of density p . What is the charge on the ball if, in a 
homogeneous elecl'ric field E directed vertically upward, it is 

suspended in the oil ? ( k a rrd 3 p~g) : 

I ( Po) (A) -k 1--
6 Pc 

I ( Po) (B) -k. 1--
3 Pc 

l ( Po) (C) -k 1--
2 Pc 

1-4 A particle of mass m and charge q is fastened to one end 
of a string oflength /. The other end of the string is fixed to the 
point 0. The whole system lies on a frictionless horizontal 
plane. Initially, the mass is at rest at A. A uniform electric field 
in the direction shown in then switched on. Then : 

A 

Figure 1.395 

. . . J2qE/ (A) The speed of the particle when 1t reaches Bis --;;;-

(B) The speed of the parti~le when it reaches Bis Jq!/ 

(C) The tension in the string when the particle reaches at B is 
qE 

(D) The tension in the string when the particle reaches at Bis 

zero 

1-5 A small ball of mass m and charge+ q tied with a string of 
length /, rotating in a vertical circle under gravity and a uniform 
horizontal electric field E as shown in figure-1.3 96. The tension 
in the string will be minimum at an angle: 

, , 
' ' 

/ 
/ 

------

' , ' / ' , ------
Figure 1.396 

E 
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(A) 0= tan-
1 

( !! ) (B) 8=1t 

(C) 0=0° 

1-6 Ifuniform electric field E = Eoi + 2E0} , where E0 is a 

constant, exists in a region of space and at (0, 0) the electric· 
potential Vis zero, then the potential at (x

0
, 0) will be : 

(A) Zero (B) - E
0 

x
0 

(C) - 2£0 x0 (D) -.Js E
0 

x
0 

1-7 Two metal pieces having a potential difference of800V are 
0.02m apart horizontally. A particle of mass 1.96 x 10-15 kg is 

suspended in equilibrium between the plates. If e is the 

elementary charge, then charge on the particle is : 
(A) e (B) 3e 

(C) 6e (D) Se 

1-8 A sphere ofradius 2R has a uniform charge density p. The 
difference in the electric potential at r = R and r = 0 from the 
centre is: 

(A) 
-pR2 

(B) 
-2pR2 

9l 9l 

(Ci 
pR2 (D) -pR2 

3 9l 6 9l 

-1-9 A sphere of radius R carries charge density p proportional 
to the square of the distance from the centre such that p = Cr'-, 
where C is a positive constant. At a distance R/2 from the centre, 

the magnitude of the electric field is : 

(A) 
CR2 CR2 
--

(B) 10 '=<i 20 9l 

(C) 
CR2 

(D) None of these --
5 9l 

1-10 The work done in bringing a 20C charge from point A to 
point B for distance 0.2m is 2J. The potential difference between 
the two points will be: 
(A) 0.2V 
(C) O.IV 

. (B) 'iN 

(D) 0.4V 

1-11. In an electric field region, the electric potential varies 
along the x axis as shown in the graph. The x components of 
the electric field in the regions for the intervals PQ and QR as 
marked in the graph, are given as : 

········---~~-, Eleictrost_ati(!s 
1 

V(volt) 

5 p 

x(m) 

-10 

Figure 1.397 

(A) 5.0N/C along negative x-direction and 20.0N/C along 
positivex-direction 

(B) 5.0N/C along positive x-direction and 20.0N/C along 
negativex-direction 

(C) 5.0N/C along negative x-direction and 20.0N/C along 
negativex-direction 

(D) 5.0N/C along positive x-direction and 20.0N/C along 

positivex-direction 

1-12 Two spheres A and B of radii 17 cm each and having 

charges of 1 and 2 coulombs respectively are separated by a 

distance of SO cm. The electric field at a point on the line joining 

the centres of two spheres is approximately_ zero at some 

distance from the sphere A. The electric potential at this point 
is: 

(A) 6.56X 1010 V 

(C) 2.03 x 109V 

(B) s.12x.107v 
(D) 1.2 x 1011 V 

1-13 Electric potential at any point in a region is given as 

V=-5x+3y+ ../lsz. 
In this region the magnitude of the electric field is: 

(A) 3..Jz 

(C) s..Jz 

(B) 4..Jz 

(D) 7 

1-14 A charge +Q is unifonnly distributed in a spherical volume 

of radius R. A particle ofcharge +q and mass m projected with 

vebcity v0 from the surface of the spherical volume to its centre 

inside a smooth tunnel dug across the sphere. The minimum 

value ofv0 such that it just reaches the centre (assume that 

there is no resistance on the particle except electrostatic force) 
of the spherical volume is : 

(A)-~ 

~ 
(C) V"~ 

~ 
(B) v~ 
~ 

(D)v~ 
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1-15 A charge +q is fixed at each of the pointsx=x0, x= 3x0, 

x= 5x0 • .. upto infinite, on the x-axis and a charge--q is fixed at 
each of the points x=2x0, x=4x0, x = 6x0 ... upto infinite. Here 
x0 is a positive constant. Take the electric potential at a point 
due to a charge Q at a distance r from it to be Q/(4ite0r). Then, 
the potential at the origin due to the above system of charges 
is: 

(A) 0 (B) 
q 

8ite0x0 ln2 

(C) 00 (D) 
qln2 

4ite0x0 

1-16 The displacement ofa charge Qin the electric field vector 

E = e/ +e2) +e,k is r = ai +b). The work done is: 

(B) Q~(ae1)2 + (be,)2 

(D) QJ( ef + "i) (a+ b) 

1-17 A non-conducting ring ofradius 0.5 m carries a totalcharge 
of I.I I x 10-10 C distributed non-uniformly on its circumference 

producing an electric field E everywhere in space. The value 

1=0 

of the line integral J -E.dl (I= 0 being centre of the ring) is 

(A).+2V 
(C) -2V 

l=r:o 
(B) -IV 
(D) zero 

1-18._ Three semi-infinite rods uniformly charged out of which 
one is negatively charged and other two are positively charged 
are kept perpendicular to plane of paper outward such that the 
finite ends of the rods are located at points A, B and C on a 
circle of radius Ras shown in figure-1.398. The net electric field 
at centre of circle O is : 

/ 
' ' ' ' ' ' ' ' ' ' ' ' ' 

A+). 
,,,,.,. ..... ---

B + A ,, ............... ______ ............... "/ C- A 

0 = Centre _of circle 

Figure 1.398 

2Ki. . 
(A) R, along OC 

Ki. 
(B) R , perpendicular to plane of paper and inward direction 

..J5Ki. -1 1 . 
(C) -- at an angle tan - with OC 

R 2 

(D) 
,/2.Ki. . 
-- at an angle 45° with OC 

R 

1-19 Two small balls of mass Meach carrying charges +Q and 
-Q, connected by a massless rigid non-conducting rod oflength 

L lie along x-axis as shown. A uniform electric field E = 3k + 3 J 
has been switched on. The angular velocity vectorof the dipole 
when dipole nioment aligns with the electric field is : 

z 

(A) J3.fi.Q (-) + k) 
2ML 

(C) J3,/2.Q(-)-k) 
ML . 

y 

J..-~-----.x 
-Q +Q 

Figure 1.399 

(B) J6!Q (-}+k) 

(DJ J3'!,Qc-J+ki 

1-20 A particle of mass m and charge-q is projected from the 
origin with a horizontal speed v into an electric field ofintensity 
E directed downward. Choose the wrong statement. Neglect 
gravity: 

y 

-q,m--1-..,..-----+x 
V 

Figure 1.400 

(A) The kinetic energy after a displacement y is qEy 
(B) The horizontal and vertical components of acceleration 
are ax= qE/m, ay = 0 

(C) The equation oftrajectoryisy2= .!.(qEx:) 
2 mv 

(D) The horizontal and vertical displacements x and y after a 

I z 
timetarex=vt2andy= -ay1 

2 

1-21 The grid (each squareoflm x Im), represents a region in 
space containing a uniform electric field. If potentials at point 
O,A,B,C,D,E,F, G,Harerespectively0,-1,-2, l,2,0,-1, 1 and 
0 volts. Find the electric field intensity: 
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(A) (/ + }) Vim 

(C) (-/ + }) Vim 

y 

D 

C 

0 

G H 

E F 

A B X 

Im 

Figure 1.401 

(B) (/ - }) Vim 

(D) (-i - }) Vim 

1-22 At a certain distance from a point charge, the field 

3Qh2rocot2 0 
(A) 20 

Qh2 rotan2 0 
(C) 20 

Electrostatics. I 

Qh2rocot2 0 
(B) 20 

(D) 3Qh
2
rotan

2 
0 

20 

_1-25 A conducting rod of length I rotates about its one end 
with angolar velocity ro. Potential difference between A and B 
points ofrod as shown in figore-1.404 is V AB" Find VAB" Takem 
as mass of electron and e is the charge of electron : 

l+--l/2--+l+-- I/2------+I 

61-I ____ : _____ :~) 
Figure 1.404 

intensity is 500 Vim and the potential is-3000V. The distance (A) mro212 

to the charge and the magnitude of the charge respectively e 

3mro2/2 
(B)--

are: 
(A) 6m and 6µC 
(C) 6m and 4µC 

(B) 4mand2µC 
(D) 6m and 2µC 

1-23 Two large insulating plates both uniformly charged in 
such a way that the potential difference between them is 
V2 - Vj = 20 V. The plates are separated by d = 0.1 m. An electron 
is released from rest on the inner surface of plate I. What is its 
speed when it hits plate 2 : 

(A) 7.02 x I 0!2 mis 
(C) 32 X J0-19 mls 

0.Im 

2 
Figure 1.402 

(B) J.87 X J06 mis 
(D) 2.65 X J06mls 

1-24. A charge Q is uniformly distributed through out the 
volume of a right circular cone of semi-vertical angle 0 and 
height h. The cone is rotated about its axis at a uniform angolar 
velocity ro. Magnetic dipole moment of cone is : 

ro 

-r------------ 0, 

_l_ ----------~ 

Figure 1.403 

4e 

3mro212 

(C) Se (D) Zero 

1-26 A tiny spherical oil drop carrying a net charge q is 
balanced in still air will a vertical uniform electric field of strength 

S !,,: x I 05 V/m. When the field is smtched off, the drop is 
7 

observed to fall with terminal velocity 2 x 10-3 mis. Given 
g = 9.8 mls2, viscosity of the air= 1.8 x 10-5 Nsim2 and the 
densityofoil = 900 kg/m3, the magnitude of q is: 
(A) 1.6 x 10-1•c (B) 3.2 x 10-19c 
(C) 4.8 x I0-19C (D) 7.8 x I0-19C 

1-27 The two ends of a rubber string of negligible mass and 
having unstretched length 24cm are fixed at the same height as 
shown. A small object is attached to the string in its midpoint 
due to which the depression h of the object in equilibrium is 
5cm. Then the small object is charged and a vertical electric 
field E1 is switched on in the region. The ·equilibrium depression 
of the object increases to 9cm, now the electric field is changed 
to E2 and the depression of object in equilibrium increases to 
16cm. What is the ratio of electric field in the second case to 
that ofin the first case ? 

(A) 4.25 
(C) 4.30 

24cm 

71 . l 
Figure 1.405 

(B) 4.20 
(D) 4.35 
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1-28 Let there be a spherically symmetric charge distribution 

with charge density varies with distance r from the center and 

given as 

p(r)=p0(¾-fi) forr=R 

and p(r)= 0 for r> R 
The electric field at a distance r(r < R) from the origin is given 

as: 

(A) (B) 4rtp0r (~ _ !:_) 
3e0 3 R 

1-29 Two electrons are at a certain distance apart from one 

another. What is the order of magnitude of the ratio of the 

electric force between them to the gravitational force between 

them? 

(A) 108 : 1 
(C) 1011: 1 

(B) 1028 : I 
(D) 1042 : 1 

1-30 Two point charges q1 and q2 are placed at a distance of 

50m from each other in air, and interact with a certain force. The 
same charges are now put in oil whose relative permittivity is 5. 

If the interacting force between them is still the same, their 

separation now is : 
(A) 16.6m 
(C) 28.4m 

(B) 22.3m 
(D) 25.0m 

1-31 Theelectricfieldinregionisgivenby E =200 iN/Cfor 

x> 0 and-200 i N/C forx< O.Aclosedcylinder oflength2m 

and cross-section area 102m2 is kept in such a way that the axis 

of cylinder is along X-axis and its centre coincides with origin. 

The total charge inside the cylinder is given as. 

Takethevalueofe.=8.85 x 10-12 C2m2 N: 

(A) Zero (B) 1.86 x 10-5c 
(C) 1.77 X 10-11C (D) 35.4x l<r"C 

1-32 A solid conducting sphere ofradius 5.0 cm has a charge 
of 0.25nC distributed uniformly on its surface. If point A is 
located at the centre of the sphere and a point Bis 15cm from 

the center, what is the magnitude of the electric potential 

difference between these two points ? 

(A) '13V (B) 30V 
(C) 15V (D) 45V 

1-33 An electric dipole is placed perpendicular to an infinite 

-····---- ----,-71-1 

+ 
+ 

+ 

+ -1!.+ 
+ 
+ 

+ 
Figure 1 .406 

(A) The dipole is attracted towards the line charge 

(B) The dipole is repelled away from the line charge 

(C) The dipole does not experience a force 

(D) The dipole experiences a force as well as a torque 

1-34 S is a solid neutral conducting sphere. A point charge 
q = I x Jo-6C is placed at point A. Cis the centre of sphere and 

AB is a tangent BC= 3m and AB =4m: 

Figure 1,407 

(A) The electric potential at B du~ to induced charge on the 

sphereis 1.2kV 
(B) The electric potential at B due to induced charge on the 

sphereis-1.2kV 
(C) The electric potential at B due to induced charge on the 

sphere is---0.45kV 
(D) The electric potential at B due to induced charge on t.he 

sphere is 0.45kV 

1-35 If the potential at the centre ofa unifonnly charged hollow 

sphere ofradius R is V then electric field at a distance r from 

the centre of sphere will be (r> R): 

Figure t .408 

(A) 
VR v, 
r2 (B) R2 

line ofcharge at some distance as shown in figure-1.406. Identify (C) 
the correct statement: 

VR 
r 

VR 
(D) R2+r2 
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~------ Electrosta1i:~j 
1-36 An isolated conducting sphere whose radius R = Im has 

a charge q = .!. nC . The energy density at the surface of the · 
9 

sphere is: · 

(A) -3:!L 
4rr&0a 

(A) &o J /m3 
2 

(C) 2&oJ/m3 

(B) &oJfm3 

(D) •o J lm3 
3 

1-37. A charged rod have continuous charge distributi~n 
having density"-= 2x C/m. If rod is oflen~h /then findrat10 

ii. where q1 is charge on halfofrod& q
2 

is charge on z"" half q2 
ofrod: 

(A) 2 

I 
(C) 3 

(B) 4 

3 
(D) -

I 

1-38 Three concentric spherical metallic shells A, Band C of 
radii a, band c (a< b < c) have charge densities er, - er and er, 
respectively. Ifthe shells A and Care at the same potential then 
the correct .relation between a, band c is : 

(A) a+b+c=O (B) a+c=b 
(C) a+b=c (D)a=b+c 

1-39 A andB are two concentric spheres. IfA is given a charge 
Q while B is earthed as shown in figure-1.409 : 

+ 
0

·+ 

+·O!+ 
+ ', " + 

Figure 1.409 

(A) The charge density of A and Bare same 
(B) The field inside and outside A is zero 
(C) The field between A and Bis not zero 
(D) The field inside and outside Bis zero 

1-40 The electrostatic potential due to the charge 
configuration at pointP as shown in figure-1.410 for b<< a is: 

c---- b -----1 
+qi'- ---------0-q 

' ·' : a 
' 

pl' a 

-q•n---- +q 
c---- b -----1 

Figure 1.410 

(C) ~ 
41t&oa3 

(D) Zero 

1-41 Two thin wire rings each having radius Rare placed at a 
disia'iice d apart with their axes coinciding. The charges on the 
two rings are+ Q and - Q. The potential difference between the 
centres of the two rings is given as : 

{A) Zero Q [I 
(B) 4rr&

0 
4 

Q [I I ] 
(D) 21t&o R .J R2 + d2 

1-42 In a certain region of space, ~lectric field is along the 
z-direction throughout. The magnitude of electric field is, 

however, not constant but increases uniformly along the positive 
z-direction, at the rate of! 05 N/C per meter. The force experienced 

by a system having a total dipole moment equal to I 0-7 cm in 
the negative z-direction is : 
(A) 0.0IN 
(C) 0.04N 

(B) 0.02N 

(D) Zero 

1-43 There are two uncharged identical metallic spheres I and 

2 of radius r separated by a distance d(d >> r). A charged 
metallic sphere of same radius having charge q is touched with 

one of the sphere. After.some time it is moved away from the 
system. Now the uncharged sphere is earthed. Charge on 
earthed sphere is : 

(A) +'I (B) 
q 

2 2 

(C) _!f!:... (D) - qd 
2d Zr 

1-44 Two small identica_l metal balls of radius rare at a distance 

a (a>> r) from each other and are charged, one with a potential 
V1 and the other with a potential V2• The charges on the balls 

. are: 
(A) q1 = V1a, q2 = V2a 

(B). qi= V1r, q2 = !'2' 

(CJ q1 = c, :v2 )a, q2= (Vi :v2-} 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



I Electrostatics ·· - · ~-------""-
1-45 In the figure-1.411 shown, the charge +Q is fixed. Another 
charge + 2q and mass Mis projected from a distance R from the 
fixed charge. Minimnm separation between the two charges if 

I 
the velocity becomes ..fj times of the projected velocity, at 

this moment is given as : 

v~ 

O>------~---=-'---"'o 
+Q +2q 

(A) ..fj R 
2 

I 
(C) -R 

2 

R 

Figure 1.411 

I 
(B) -R ..fj 

(D) None of these 

1-46 A bullet of mass m and charge Q is fired towards a solid 
uniformly charged sp):iere ofradius R and total charge Q. If it 
strikes the surface of sphere with speed v, the minimum speed v 
so that it can penetrate through the sphere is given as : 

(A) 
Q (B) Q 

~2rc 9l mR ~6rc 9l mR 

(C) 
Q (D) 3Q 

~4rc 9l mR ~4rc 9l mR 

1-47 A charged particle of mass m and charge q is released 
from rest in an electric field of constant magnitude E. The kinetic 
energy of the particle after a time tis: 

2E2r2 
(A) 

mq 

E2q'12 
(C) 2m 

q2m 
(B) 212 

(D) Eqm 
21 

1-48 Consider the shown uniform solid insulating sphere of 

mass m with a short and light electric dipole moment pj 
embedded at its centre placed at rest on a horizontal surface. 

An electric field Ei is suddenly switched on in the region such 

that the sphere starts ro/ling without sliding. Speed of the sphere 
when the dipole becomes horizontal for the first time is given 
as: 

y 

1/, 

Figure 1.412 
, X 

-~--~--- ~-:_rill 
(A) ;? (B) lOpE 

l 7m 

(C) fl! (D) Zero 
m 

1-49 A loop of diameter dis rotated in a uniform electric field 
until the position of maximum electric flux is found. The flux in 
this position is measured to be q,. What is the electric field 
strength ? 

(A) ::2 

_q, 
(C) rcd 2 

2q, 
(B) rcd2 

(D) rcq,d 
4 

2 

1-50 A block of mass m and charge q is connected to a point 0 
with help ofan inextensible string. The system in on a horizontal 
table. An electric field is switched on in direction perpendicular 
to string. What will be tension in string when it become parallel 
to electric field? 

(A) qE 
2 

(C) qE 
I 

-------ql 
,,," I 

/ ' 
' ' / 11 

/ t jE 
c!J i I 

0 

Figure 1.413 

(B) 3qE 

" 3 E 
(D) .!L 

5 

1-51 The electric potential Vat any point O(x,y,zall in meters) 
in space is given by V=4x2V. The electric field at the point (Im, 
0,2m)is: 
(A) 8 V /m along negative x-axis 
(B) 8 Vim along positive x-axis 
(C) !6V/malongnegativex-axis 
(D) 16 V /m along positive z-axis 

1-52 A solid sphere having uniform charge density p and radius 

R is shown in figure-1.414. A spherical cavity ofradius R is 
2 

made in it. What is the potential at point O? 

+ 
+++++ 

++++++++ __ +c-',\ 

++++ 
+ + +O 

++++ 
+++ 
++++-,_____-;, 
+++++ 
+++++ 

Figure 1.414 
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(A) 
llR2 p 

(B) 
~R2p 

24&o 12 s0 

(C) 
7pR2 3 R2 p 

(D)--
12s0 2 "o 

1-53 Initially the spheres A and Bare at potential VA and V8 

respectively. Now sphere B is earthed by closing the switch. 
The potential of A will now become: 

Figure 1.415 

1-54 A charge q is placed at the centre of the line joining two 
equal charges Q. The system of the three charges will be in 
equilibrium, if q is equal to : 

(A) 
Q 

2 

Q 
(B) 4 

(D) +Q 
2 

1-55 A thin non-conducting ring or radius a has a linear charge 

density A= A0sin~. A uniform electric field Eot + E0} exist in 

the region . .Net torque acting on ring is given as : 

(A) Eo .fi. na'Ao 

(C) 2Eona'Ao 

tY 
' 

Figure 1.416 

1-56. The locus of the points (in the xy-plane) where the 
electric field due to a dipole ( dipole axis is along x-axis and 
its equatorial is along y-axis) is perpendicular to its axis is: 

. Electrostatics ) '-•' ~- --·----,~-~--~-1 

(A) Straight line perpendicular to the axis 
(B) Circle 
(C) Parabola 

(D) Straight line having inclination 0 = tan-1 ./2 with the 

axis 

1-57. A ring of radius R having a linear charge density A moves 

R 
towards a solid imaginary sphere of radius - , so that the centre 

. 2 
of ring passes through the centre of sphere. The axis of the ring · 
is perpendicular to the line joining the centres ofthe ring and 
the sphere. The maximmn flux through the sphere in this process 
is: 

AR 
(A) 

(C) A!tR 
4Eo 

Figure 1.417 

(B) AR 
2Eo 

A1tR 
(D) 

3 Eo 

1-58. A semi-infinite insulating rod has linear charge density A. 
The electric field atthe pointPshown in figure-1.418 is: 

+ + + + + + + + + + 
, ___________ £>·.· .--. . , •• w .; •• : C '/ :, ,. ,' . ·lA I 

: 
' ' : , , 
: r 

(A) (41tEor)2 

.fi.A 

lpl 
Figure 1.418 

.fi.A 2 

at45°withAB (B) -
4 2 at45°withAB 

1tE0r 

.fi.A 
(C) -

4
- at45°withAB 
n&or 

(D) -
4 

- at 135° with AB 
. 1t&0r 

1-59 Two spherical conductors B and C having equal radii and 
carrying equal charges repel each other with a force F when 
kept apart at some distance. A third spherical conductor having 
same radius as that of B but uncharged is brought in contact 
with B, then· brought in contact with C and finally removed 
away from both. The new force ofrepulsion between B and C 
is: 
(A) F/4 
(C) FIS 

(B) 3F/4 
(D) 3F/8 
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1-60 Two insulated charged spheres ofradii 20 cm and 25 cm 

respectively and having an equal charge Qare connected by a 
copper wire and then they are separated : 
(A) Both the spheres will have the same charge 

(B) Charge on the 20 cm sphere will be greater than that on the 
25 cm sphere 

(C) Charge on the 25 cm sphere will be greater than that on the 

20cmsphere 

(D) Charge on each of the spheres will be 2Q 

1-61 A uniform electric field of strength E exists in a region. 

An electron enters a point A with velocity v as shown. It moves 
through the electric field and reaches at point B. Velocity of 
particle at Bis 2v and it is moving at an angle 30° with x-axis as 

shown. Then which of the below options correct: 

y 

V L 
B(2a, cf) 

X 
(0, 0) A(a, 0) 

Figure 1.419 

. Ii - 3mv
2 

-(A) Electric eld E = ---i 
2ea 

(B) Rate of doing work done by electric field at B is 3mv
2 

2ea 

(C) Both (A) and (B) are correct 
(D) Both (A) and (B) are wrong 

1-62 The potential at a pointx (measured in µm) due to some 
charges sitnated on the x-axis is given by: 

20 
V(x) = -,--

4 
volts 

X -

__ -·-· .· -· 175] 

The electric field Eat x = 4 µm is given as 

(A) 5/3 V/µmand in the-vex direction 
(B) 5/3 V/µm and in the+ve direction 
(C) 10/9 V /µm and in the-ve direction 

(D) 10/9 V/µm and in the +ve direction 

1-63 Four charges +q, -q, +q and-q are placed in order on 

the four consecutive corners of a square of side a. The work 

done in interchanging the positions of any two neighbouring 

charges of the opposite sign is : 

2 

(A) _q_(-4+../2) 
4rrs0a 

2 

(B) _q_(4+2../2) 
4rrs0a 

q2 ro 
(C) --(4-2v2) 

4rrE0a · 

2 
(D) _q_(4+..fi.) 

4rrs0a 

1-64. A particle of mass m and charge +q approaches from a 

very large distance towards a uniformly charged ring ofradius 

Rand charge, mass same as that of particle, with initial velocity 
v0 along the axis of the ring as shown in the figure-1.420. What 
is the closest distance of approach between the ring and the 

particle? Assume the space to be gravity free and frictionless : 

Smooth 

Figure 1.420 

q4 4 

R2 3q +R2 
(A) 

7t2E2m2v:4 
(B) 21t2E2m2v4 

0 0 0 0 

m2vg R2 q4 R2 (C) 
2rr2q4

E~ 
(D) 41t2E2m2v4 

0 0 

* * * * * 
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Advance MCQs with One or More Options Correct 
1-1 A ring with a unifonn charge distribution with a total'charge 
Q and radius R is placed in the yz plane with its centre at the 

origin then which of the following is/are correct about this 

situation: 
(A) The field at the origin is zero 

)Th ·1 h ... IQ (B e potentrn att e ongm 1s -·--
4rre0 R 

h . ( )". I Q (C) The field at t e pomt x, 0, 0 ts --2 . 4rre0 x 

(D) The field atthe point (x, 0, 0) is . 
1 

2 
Q 

2 4rre0 R +x 

1-2 Two concentric shells have radii Rand 2R charges qA and 
qB and potentials 2V and (3/2V respectively. Now shell Bis 
earthed by closing the switch Sand let charges on the shells 

changed to q/ and qB '. Then we have : 

(A) q/qB = 1/2 

(B) qA 'lq/ = I 

Figure 1.421 

(C) Potential of A after earthing becomes (3/2) V 

(D) Potential difference between A and B after earthing 
becomes V/2 

1-3 Which of the following statement( s) is/are correct ? 
(A) If the. electric field due to a point charge varies as r 25 

instead of r 2, then the Gauss law will still be valid 
(B) · The Gauss law can be used io calculate the field distribution 
around and electric dipole 

(C) If the electric field between two point charges is zero 
somewhere, then the sign of the two charges is the same 
(D) The work done by the external force in moving unit positive 
charge from p'ointA at potential VA to pointB at potential VB is 

(VB-V) 

1-4 A few electric field lines for a system of two charges Q 1 
and Q2 fixed at two different points on the x-axis are shown in 
the figure-1.422. With the figure what information about charges 
and electric field we are getting : 

(A) IQil > IQ2I 
(Bl IQil < IQ2I 

Figure 1.422 

(C) Ata finite distance to the left of Q1 the electric field is zero 

(D) At a finite distance to the right of Q2 the electric field is 
zero 

1-5 A spherical metal shell A of radius RA and a solid metal 
sphereB ofradius Rs(<RA) are kept far apart and each is given 
charge '+Q/2'. Now they are connected by a thin metal wire. 
Then which of the following is/are correct about this situation. 
(A) Inside shell A at every point electric field is zero: 

(B) After connections QA> QB 

CJA RB (C) After connections - = -
CJB RA 

(D) After connections electric field strength on surface of A is 
less than that on the surface of B. 

1-6 A particle of mass 2kg and charge lmC is projected vertically 
with a velocity 1 Om/s. There is a uniform horizontal electric 
field ofl 04N/C : · 

, (A) The horizontal range of the particle is !Om 
(B) The time offlight of the particle is 2s 

(C) The maximum height reached is 5m 

(D) The horizontal range of the particle is 5m 

1-7 A cubical region of side a has its centre at the origin. It 

encloses three fixed point charges, -q at (0, -a/4, 0), +3q at 
(0, 0, 0) and-q at (0, ± a/4, 0). Which of the following options is/ 
are correct : 

X 

z 

/,~i -------~---~· 
/,,.. ,. ! ,,,,,.,," 
r--------+-·--1---t 

' ' ' M • a/2 

:-q 
' 

a/2 

3q -qi 
N 

' ' ' L -~ 
. _,,," - ,, 

,,' r ,.,.,.,'; 

k'~-------------------~~,. 

F~gure 1.423 

y 
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(A) The net electric flux crossing the planex=+ a/2 is equal to 
the net electric flux crossing the plane'x = - a/2 
(B) The net electric flux crossing the plane y = + a/2 is more 

than the net electric flux crossing the plane y = --a/2 

(C) The net electric flux crossing the entire region is !L 
Eo 

(D) The net electric flux-crossing the planez= +a/2 is equal to 

the net electric flux crossing the plane x = +a/2 

1-8 The figure-1.424 shows, two point charges q 1 = +2Q and 

q2 =-Q. The charges divide the line joining them in three parts 
I, II and III as shown in figure-1.424 then which_ofthe following 
statements is/are correct : 

i II m 
+2Q -Q 

Figure 1.424 

(A) Region III has a local maxima of electric field 

(B) Region I has a local minima of electric field 
(C) Equilibrium position for a test charge lies in region II 
(D) The equilibrium for constrained motion along the line 
joining the charges is stable for a negative charge 

1-9 At the distance of 5cm and 10cm from surfuce ofa uniformly 

charged solid sphere, the potentials are IOOV and 75V 

respectively. Then which of the following statements is/are 
correct about the given situation : 
(A) Potential at its surface is 150V 

(B) The charge on the sphere is SO x 10-10 C 
3 

(C) The electric field on the surface is 1500V /m 

(D) The electric potential at its centre is 250V 

1-10 Six point charges are kept at the vertices of a regular 
hexagon of side Land centre 0, as shown in the figure-1.425. 

Given that C = -
1 

- ; , which of the following statements is/ 
4ns0 L 

are correct ? 

F E 
t+--L--+i 

+q, \ ------7'~ 
/ \ / \ 

/ \ / \ 
,/ \ p ./ \ 

/ \ / \. 
' \ / \ 1/ \/ \D 

+2q, S on T J-2q 
\ I ' I 
·, l/ \\ ,/ 
'\ ,lR\, ,I 

\ I \ I 

\_ / \ / 
Bv.' ---~"'C +q -q 

Figure 1.425 

(A) The electric field at O is 6C along OD 
(B) The potential at O is zero 

· (C) The potential at all points on the line PR is same 
(D) The potential at all points on the line ST is same 

1-11 Point charges are located on the comer of a square as 

shown below. Find the component of electric field at any point 

on the z-axis which is the axis of symmetry of the square : 

+lµC r------
' ' ' ' ' ' ' ' ' ' 

_____ _,-lµC 

' ' ' ' ' ~--i-----+X 

' ' •-------------· +lµC -lµC 

Figure 1.426 

(B) Ex =O 
(D) none of these 

1-12 Charges Q1 and Q2 lie inside and outside respectively of 
a closed surface S. Let Ebe the field at any point on Sand$ be 

the flux of E over S : 

(A) IfQ1 changes, bothEand$willchange 

(B) If Q2 changes, E will change but$ will not change 

(C) IfQ1=,0andQ2 ;e0thenE;eObut$=0 

(D) If Q
1 
;e O and Q2 = 0 then£= Obut $;o 0 

1-13 In an uniform electric field, when we move from origin to 

x = Im, the potential changes by IOV. Which of the following 
can be a possible magnitude of the electric field ? 
(A) IOV/m (B) 15V/m 

(C) 5V/m (D) 20V/m 

1-14 An electric dipole is placed at the centre ofa sphere. 

Mark the correct options : 
(A) The flux of the electric field through the sphere is zero 
(B) The electric field is zero at every point of the sphere 
(C) The electric field is not zero at any where on the sphere 
(D) The electric field is zero on a circle on the.sphere 

1-15 Two point charges each of magnitude Q are placed at 

coordinates (0, y) and (0, -y). A point charge q of the same 
polarity can move along X-axis. Then:. 

(A) The forceonq is maximumatx=±y/ ,/2 
(B) The charge q is in equilibrium at the origin 

(C) The charge q pe~forrns an oscillatory motion about the 

origin 
(D) For any position of q other then origin the force is directed 

away from origin 
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1-16 Mark the correct options about electric field and Gauss's 
law in a region of space : 

· (A) Gauss's law is valid only foruniform charge distributions 
(B) ·Gauss's law is valid only for charges placed iu vacuum 
(C) The elec.tric field calculated by Gauss's law is the field due 
to all the charges 
(D) The flux of the electric field through a closed surface due 
to all the charges is equal to the flux due to the charges enclosed 
by the surface 

1-17 The following figure-I .427 shows a block of mass m 

suspended from a fixed point by means ofa vertical spring. The 
block is oscillating simple harmonically and carries a charge q. 
There also exists a uniform electric field in the space. Consider 
four different cases. The electric field is zero, in case-I, E= mglq 
downward in case-2, E=mg! q upward in case-3 and E = 2mg!q 
downward in case-4. The speed at mean position of block is 
same in all cases. Select which of the following statements is/ 
are correct : 

k 

m q . t . i 
Figure 1.427 

(A) Time periods ofoscillation are equal in case-I and case-3 
(B) Amplitudes of displacement are same in case-2 and case-3 
(C) The maximum elongation (increment in length from natural 
length) is maximum in case-4 
(D) Time periods of oscillation are equal in case-2 and case-4 · 

1-18 Two concentric spherical shells have charges + q and 
- q as shown in figure-1.428. Which of the statement given 
below is/are correct: 

C 

Figure 1.428 

(A) At A electric field is zero, but electric potential is non-zero 
(B) At B electric field and electric poteniial both are non-zero 
(C) At C electric field is zero but electric potential is non-zero 
(D) At C electric field and electric potential both are zero 

E!ectrostat1~;j 

1-19 An insulating rod of uniform linear charge density A and 
uniform linear mass density µ lies on a smooth table whose 
surface is .!)I-plane. A uniform electric field E is switched on in 
the space: 

Figure 1.429_ 

(A) If electric field is along x-axis, the speed of the rod when it 

has travelled a distanced is ~
2
~d 

(B) If electric field Eis at an angle 0 (< 90°) with x-axis along 
the table surfa~e then the speed of the rod when it has travelled 

· ~2AEdcos0 
. a distance d is µ 

(C) A non zero torque acts on the rod due to the field about 
centre of mass in case electric field is into the plane of paper. 

(D) A non zero torque acts on the rod due to the field about 
centre of mass in case electric field is along the surface of table. 

1-20 A rod is hinged at its centre O and free to rotate about a 
horizontal axis ofrotation as shown in figure-1.43O. Two point 
charges +q and +q are fixed at the two ends ·of the rod. A 

uniform electric field£ exist in the region toward right as shown. 
Space is gravity free. Choose the correct options : 

----+E 

Figure 1.430 

(A) Net force from the hinge on the rod is zero 
(B) Net force from the hinge on the rod is left wards 
(C) Equilibrium of rod is neutral 
(D) Equilibrium of rod is stable 

1-21 Figure-1.431 shows three spherical shells is separate 
situations, with each shell having the same uniformly distributed 
positive charge. Points I, 4 and 7 are at the same radial distances 
from the centre of the their respective shells so are points 2, 5 

and 8 and so are points 3, 6 and 9. With the electric i:otential 
taken equal to zero at an infinite distance, which of the following 
statements is/are correct: 
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•I 

G C)
.4 

6 C) 8 
9 

Figure 1.431 

(A) Point 3 has highest potential 

(B) Point l, 4 and 7 are at same potential 

(Cj Point 8 has lowest potential 

(D) Point 5 and 8 are at same potential 

1-22 Which of the following quantities do not depend on the 
choice of zero potential or zero potential energy? 

(A) Potential at a point 

(B) Potential difference between two points 

(C) Potential energy of two-charge system 

(D) Change in potential energy of a two-charge system · 

1-23 A charge q is revolving aroW1d another charge q as shown 
in a conical pendulum. The motion is in a horizontal plane. 
Which of the following statements is/are correct about this 

situation: 

I . 

' a, 

' I 
' ' ' ' ----------l,---------, ________ •_q ________ ~ 

Figure 1.432 

(A) Tension in the string is greater than the weight of the ball 

(B) The tension in the string is greater than the electrostatic
repulsive force 

(C) If the charge is removed, the speed of the ball has to be 
increased to maintain the angle 
(D) If the charge is removed, the speed of ball has to be 

decreased to maintain the angle 

1-24 An electric dipole is placed in an electric filed generated 

by a point charge : 

(A) The net force on the dipole never be zero. 

(B) The net force on the dipole may be zero. 

(C) The torque on the dipole due to the field must be zero. 
(D) The torque on the dipole due to the field may be zero. 

1-25 Two large thin conducting plates with small gap in 
between are placed in an uniform electric field E which exist in 
the direction as shown in figure-1.433. Area of each plate is A 
and charges +Q and-Qare given to those plates as shown in 
the figure. If points R, Sand Tare three points in space, then 
which of the following is/are correct: 

. _ _:._- ~:_-_· . : _··· -- -· ·- 179] 

R T • • 

Figure 1.433 

(A) field at point R is E 

(B) field at point Sis E 

(C) field at point Tis (E + _iL) 
e0 A 

(D) fieid at point Sis (E + _iL) 
Ae0 

1 ·26 The electric potential decreases Wliforrnly from 1 00V to 
50V as one moves on the y-axis from y = -Im toy= + l m. The 
electric field at the origin : · 

(A) Must be equal to 25V/m 

(B) May be equalto 25V/m 

(C) May be less than 25V /m 

(D) May be greater than 25V /m 

1-27 A large insulating thick sheet of thickness 2d is charged 
with a Wliforrn volume charge density p. A particle of mass m, 
carrying a charge q having a sign opposite to that of the sheet, 

is released from the surface of the sheet. The sheet does not 
offer any mechanical resistance to the motion of the particle. 

Find the oscillation frequency v of the particle inside the sheet 

.1 gfp (A) v=- --
21t ms0 

I gfp (C) v= - --
41t ms0 

1 )2qp 
(B) v= 21t ms

0 

. I gfp 
(D) v= - --

21t ms0 

1-28 If the flux of electric field in a region of space through a 
given closed surface is zero then which of the following 
statements is/are correct about this situation :, 
(A) The electric field must be zero everywhere on the surface. 
(B) The electric field may be zero everywhere on the surface. 

(C) The charge inside the surface mustbe zero. 

(D) The charge in the vicinity of the surface must be zero. 
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1-29 Three non-conducting infinite planar sheets are parallel 

to the y-z plane. Each sheet has an unifomi surface charge 

density. The first sheet, with a negative surface charge density 
-{)", passes through the x-axis at x = Im. The second sheet has 

an unknown surface charge density and passes through the x

axis at x = 2m. The third sheet has a negative surface charge 
density-3cr and passes through the x-axis atx = 4m. The net 
electric field due to the sheets is zero at x = 1.5m. Which of the 
following is/are correct : 

(A) The surface charge density on the second sheehs +2cr 

(B) Theel.,;,tricfield atx=-2mis .5!... [ 
9) 

(C) The electric field atx = 3m is .5!... [ 
9) 

(D) Theelectricfieldatx=6mis -cr [ 
9) 

1-30 An ellipsoidal cavity is carved within a perfect conductor 

as shown in figure-1.434. A positive charge q is placed at the 

centre of the cavity. The points A andB are on the cavity surface 
as shown in the figurel.434. Then which of the following is/are 
correct: 

.. 

Figure 1.434 

(A) Electric field near A in the cavity= Electric field near Bin 
the cavity 

(B) Charge density at A= Charge density at B 
(C) Potential at A= Potential atB 
(D) Total electric field flux through the surf.ice of the cavity is 
q/e0 

1-31 A positive charge q is fixed at the origin. An electric dipole 

withe dipole moment jj is placed ;.iong th ex-axis faraway from 

the origin with jj pointing along thepositivex-axis and it is set 

free to move. The kinetic energy .when it reaches a distance x 

from the origin is Kand the magnitude of the force experienced 
by charge q at this moment is F. Then : 

(A) K varies as 1/x (B)' K varies as llx2 

(C) F varies as l/x2 (D) F varies as l/x3 

1-32 A positively charged thin metal ring of radius R is fixed in 

the xy-plane with its centre at the 0. A negatively charged 

particle Pis released from rest at the point (0, 0, z0), wherez0 > 0. 
Then the motion of Pis : 
(A) Periodic for all values of z0 satisfying O < z0 < co 

(B) Simple harmonic for all values of satisfying O < z
0 

< R 
(C) Approximately simply harmonic provided z

0 
<< R 

(D) Such that P crosses O and continues to move along the 
negative z-axis towards z = -oo 

1-33 Electric potential V due to a spherically symmetric charge 

distribution varies with distancer as shown in the figure-1.435. 

i 
V 

o•'-----'-------'-
ro r-.. 

Figure 1.435 

Given that potential at different positions is 

V= _Q_ forrS:r
0 41te0r0 

and V= _g_ forr>r
0 4ne0r 

Which of the following statement is/are. correct? 

(A) Electric field due to the charge system is discontinuous at 
r=r0 
(B) The net charge enclosed-in a sphere ofradius r= 2r

0 
is Q 

(C) No charge exists at any point in a spherical region ofradius 
r<r0 • 

(D) Electrostatic energy inside the sphere of radius r = r; is 
zero 

1-34 A non conducting ring of radius R is charged as shown in 
figure-1.436 : 

Figure 1.436 
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(A) :rbe electric field is zero at the centre of the ring 
(B) The electric potential is zero at centre of the ring 

(C) The electric poteotial atthe centre is, V= Zq 
_ 41t Eo R 

(D) Theelectricfieldatthecentreis,E= 2 _q 2 
" Eo R 

1-35 Under the inflnence of the electric field ofa fixed charge 
+Q, a charge--<] is moving around it in an elliptical orbit Which 
of the following statements is/are correct in this situation : 
(A) The angular momentum of the charge --<J is constant 

(B) The linear momentum of the charge -q is constant 

(C) _Tlie angular velocity of the charge-q is constant 

(D) The linear speed of the charge -q is constant 

1-36 figure-1.437 shows a cross-section ofa spherical metal 
shell of inner radius R and out radius ZR. A point charge q is 
·located at a distanceR/2 from the centre of the shell. If the shell 

is electrically neutral, then which of the following statements 
is/are correct : 

R 

q 
• 
~ 

2R 

Figure 1.437 

(A) The electric field at some point inside shell is zero 

(B) The electric field at all the point inside shell is non-zero 

(C) The electric field at the outer surface of the shell is 

E= I q 
4ne0 (3R/2)2 

(D) The electrical field at the outer surface is E = -
1
-~ 

. 4ne0 (ZR) 

1-37 Two uon-conducting solid spheres ofradii R and ZR, 
having uniform volume charge deosities p1 and p2respectively 
are touching each other. The net electric field at a distance ZR 
from the ceotre of the smaller sphere, along the line joining the 

ceotres of the spheres, is zero then the ratio £L can be : 
P2 

-~-__ -_---_-___ --- ----,~s.,..,1 1 

(A) -4 

32 
(C) +-

25 

(B) 

(D) 4 

32 

25 

1-38 Two non-conducting spheres ofradii R 
1 
and R

2 
carrying 

uniform volume charge densities +p and -p respectively, are 
placed such that they partially overlap as shown in the 
figure-1.438. At all points in the overlapping region which of 
the statemeots is/are correct about the electric field and electric 
poteotial :-

Figure 1.438 

(A) The electric field is zero 

(B) The electric poteotialis constant 

(C) The electric field is constant in magnitude 

(D) The electric field has same direction 

1-39 X and Y are large, parallel conducting plates close to 

each other. Each face has an area A. Plate Xis given a charge Q. 
Y is without any charge. Points A, Band Care as shown in the 

figure-1.439. Which of the following statement about electric 
field is correct : 

X y 

B • 

Figure 1.439 

(A) The field at Bis .JL 
2e0 A 

(B) The field at B is _g__ 
e0A 

f 

(C) The field at A, Band Care of the same magnitude 

(D) The fields at A and Care of the same magnitude, but in 
opposite directions 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



---·"-'"--"• ··--
f...,1;,.82=--· ~:.._ _____ ., ,, .,. _ -·-. 

1-40 A particle of charge +q and mass m moving under the 

influence ofa uniform electric field Ei and a uniform JTiagnetic 

field BJ follows a trajectory from P to Q as shown in 

figure-1.440. ThevelocitiesatPandQare vi and -2v]. Which 

of the following statement(s) is/are correct? 

y 

T 
' ' ' ' l 
a 

' ' ' ' 

V 

~ E 
....E..+ -> 

~ 

0B 

l Q 

f+--------·2a -------- 2v 

Figure 1.440 

X 

Elecu-ostatl~] 

3(mv2

) (A) E=- -
4 qa 

· 3(m;J (B) RateofworkdonebytheelectricfieldatPis 4 ---;;-

(C) Rate of work done by the electric field at Pis zero 
(D) Rate of work done by both the fields at Q is zero 

* * * * * 
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Unsolved Numerical Problems/or Preparation of NSEP, INPhO·& IPhO 
For detailed preparation of INPhO and IPhO students can refer advance study material on www.physicsgalaxy.com 

1-1 A small sphere is charged uniformly and placed at point 

A (u, v) so that at point B (8, 7) electric field strength is 

E = (54 i + 72}) N/C and potential is+ 900V. Calculate: 

(a) Magnitude of charge, 
(b) Co-ordinates of point A, and 
( c) If di-electric strength ofair is 3 x I 06 Vim, minimum possible 

radius of the sphere. 

Ans. [(a) lµC; (b) (2, -1); (c) ~3xl0-3 m or 5.48cm] 

1-2 The electric intensity Eat a point on the axis ofa ring of 

radius a at a distance x from its centre is given by 

_I__ qx 

4ms0 (a2 + x2
)

312 

where q is charge on ri_ng. 
An electron is constrained to move along the axis of this ring. 
Show that the electron can perform oscillations whose frequency 

is given by 

( 
eq · ]

113 

ro= 4m~
0
ma3 

Where e is the charge on electron : 

1-3 Two long wires each oflength I are placed on a smooth 
horizontal table. Wires have equal but opposite charges. 

Magnitude oflinear charge density on each wire is A. Calculate 
the work required to increase the separation between the wires 

from ato2a: 

l.'I Ans. [ --ln(2) J 
21t Eo 

1-4 Four charges +50 x I 0-9C, -12 x I 0-19C, + 36 x I 0-9C and 

+90 x 10-•c are placed respectively at the corners of a 

rectangula: ABCD,AB being equal to 5cm and BC being 12cm. 

Find: 
(a) the force on the charge at A, and 
(b) the field strength at the point of intersection of the two 

diagonals 
Ans. [(a) 4.11 x 10-3 N (b)i.975x 105 V/m] 

1-5 A solid conducting sphere of radius R is placed in a uniform 
electric field E as showo in figure-1.441. Due to electric field 
non uniform surface charges are induced on the surface of the 

sphere. Consider a point A on the surface of sphere at a polar 
angle 0 from the direction of electric field as shown in figure. 

Find the surface density of induced charges at point A in terms 

of electric field and polar angle 0 : 

+ 
+A 

+ 
+ 
+ 
+ 
+ 

e ,- + 

E 

- ----- ,,'.' ,,-: + ·-----

+ + 
Figure 1.441 

Ans. [3E0 Ecos0J 

+ 
+ 
+ 
+ 

+ 
+ 

1-6 Suppose in an insulating medium, having di-electric 
constant k= I, volume density of positive charge varies with 

y-coordinate according to law p = ay. A particle of mass m 

having positive charge q is placed in the medium at point A (0,yoJ 

and projected with velocity v = v0 i as shown in figure-1.442. 

Neglecting gravity and frictional resistance of the medium and 
as_suming electric field strength to be zero at y = 0, calculate 
slope of trajectory of the particle as a function of y : 

Vo 

y 

A 

o·'------;x 

Figure 1.442 

Ans. [ ~(/-yJ)J 
3me0v0 

' • p. 
1-7 .Two point dipoles pk and -k arelocatedat(O,O,O)and 

2 
(Im, 0, 2m) respectively. Find the resultant electric field due to 
the two dipoles atthepoint(lm, 0, 0): 

-7 • 
Ans. [ 8 kpk J 

1-8 Two long wires have uniform charge density 1c per unit · 
length each. The wires are non-coplaner and mutually. 
perpendic4lar. Shortest distance between them is d. Calculate 

interaction force between them : 

l.' 
Ans.[-] 2., 
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1-9 Find the magnitude of uniform electric field E of which the 
direction is shown in figure-1.443 if an electron entering with 
velocity lOOm/s making 30° comes out making 60°, after a time 
numerically equal to m/e ofelectron where mis mass ofelectron 
and e is electronic charge : 

line J.. to electric field 60° 

30° 
IOOm/s 

iE 

line J.. to electric field 

Figure 1.443 

Ans~ (100] 

1-10 Two short electric dipoles having dipole moment p
1 
and 

p2 are placed co-axially and uni-directionally, at a distance r 
apart. Calculate nature and magnitude of force between them : 

. I 6pp 
Ans. {Attraction,- ~-----¼--1-] 

41t£0 r 

1-11 Three identically charged, small spheres each of mass m 
are suspended from a common point by insulated light strings 
each of length I. The spheres are always on vertices of an 
equilateral triangle oflength of the sides x (<< l). Calculate the 
rate dq/ dt with which charge on each sphere increases iflength 
of the sides of the equilateral triangle increases slowly according 

dx a 
tolaw-=-: 

dt ..rx 
Ans. [ 

3m:omga2 

I 

1-12 Two plane parallel conducting plates 1.5 x 10-2m apart 
are held horizontally one above the other in air. The upper plate 
is maintained at a positive potential of l .5kV while the other 
plate is earthed. Calculate the number of electrons which must 
be attached to a small oil drop of mass 4.8 x 10-15 kg between 
the plates to keep it in equilibrium, assuming that the density of 
air is negligible in comparison with that of oil. Ifthe potential of 
the upper plate is suddenly changed to - l.5kV, what is the 
initial acceleration of the charged drop? Also obtain the terminal 
velocity of the drop ifits radius is 5.9 x °I o-6 m and the coefficient 
of viscosity ofair in 1.8 x 10-5 N-s/m2. Takeg= 9.8m/s2 : 

~s. [ 3, 20 m/s2, 5.7 x 10-5 mis] 

· 1-13 A small cork ball A of mass m is suspended by a thread of 
length I. Another ball B is fixed at a distance I from point of 
suspension and distance 1/2 from thread when is vertical, as 
·shown in figure-1.444. Balls A andB have charges(+ q) each. 
Ball A is held by an external force such that the thread remains 
vertical. 

', 
a.',,,, 

', I 

---~ 
.+ A 

Figure 1.444 

Electrpst8Ii~~} 

When ball A is released from rest, thread deflects through a 
. maximum angle of~ = 30°, calculate m in terms of other 
parameters : 

q2 (l-~2-./3) 
Ans [----~~-cc" J 

. 2seogi2 (2-,13)312 

1-14 A particle of mass m having negative charge q moves 
along an ellipse around a fixed positive charge Q so that its 
maximum and minimum distances from fixed charge are equal to 
r1 and r2 respectively. Calculate angular momentum L of this 
particle: 

1-15 1\vo concentric spheres bfradii Rad 2R are charged. The 
inner sphere has a charge of 1 µC and the outer sphere has a 
charge of 2µC of the same sign. The potential is 9000V at a 
distance 3R from the common centre. What is the value of R? 

Ans. [Im] 

1-16 A charged dust particle ofradius 5 x 10-1 mis located in 
a horizontal electric field having an intensity of 
6.28 x 105 Vim. The surrounding medium is air with coefficient 
of viscosity TJ = 1.6 x 10-5 N-s/m2• Ifthis particle.moves with a 
uniform horizontal speed 0.02 mis, find the number of electrons 
onit: 

Ans. [30] 

1-17 2 small balls having the same mass & charge & located 
on the same vertical at heights h1 & h2 are thrown in the same 
direciion along the horizontal at the same velocity v. The 1st ball 
touches the ground at a distance I from the initial vertical. At 
what height will the 2nd ball be at this instant? The air drag & 
the charges induced should be neglected : 

Ans. [H,- ", + ", - g u-r l 
1-18 What is the percentage change in distance if the force of 
attraction between two point charges increases to 4 times 
keeping magnitude of charges constant ? 

Ans. [Decreased to 50% of initial value] 
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~-----""----· -1-Electrostatics 

1-19 Two concentric rings ofradii rand 2r are placed with 
centre at origin. Two charges +q each are fixed at the 
diametrically opposite points of the rings a~ shown in 
fignre-1.445. Smaller ring is now rotated by an angle 90° abont 
Z-axis then it is again rotated by 90° about Y-axis. Find the work 
done by electrostatic forces in each step. Iffinally larger ring is 
rotated by 90° about X-axis, find the total work required to 
perform all three steps : 

y 

+q 

z 

Figure 1.445 

(
8 . 4 ) Kq' . 

Ans. [W first step = 3- -Js 7 ' Wsecond step = 0, W total = O] 

1-20 Find the electric field strength vector at the centre of a 
ball ofradius R with volume charge density p=ar, where a is a 
constant vector, and r is a radius vector drawn from the ball's 
centre: 

Ans. [E = - I/6a R2/e0] 

1-21 A positively charged sphere of mass m = 5kg is attached 
by a spring of force constant K = 104 Nim. The sphere is tied 
with a thread so that spring is in its natural length. Another 
identical, negatively charged sphere is fixed with floor, vertically 
below the positively charged sphere as shown in fignre. If initial 
separation between sphere is r0 = 50cm and magnitnde ofcharge 
on each sphere is q = 1 00µC, calculate maximum elongation of 
spring when the thread is burnt. Takeg= 10 m/s2 : 

+T 
r, 

w,W,,~,, 
Figure 1.446 

Ans. [10cm] 

1-22 The figure-! .447 shows thrednfinite non-conducting 
plates of charge perpendicular to the plane of the paper with 
charge per unit area +cr, + 2cr and--<f. Find the ratio of the net 
electric field atthat point A to that at point B. The points A and 
Bare located midway between the plates : 

+ 
+ 
+ 

A + B 
• • + 

+ 
+ 
+ 
+ 

+er +2cr -<J 

5cm 5cm 

Figure l.447 

Ans. [zero] 

1-23 A ball of radius R is uniformly charged with the volume 
density p. Find the _flux of the electric field strength vector 
across the ball's section formed by the plane located at a distance 
r0 <R from the centre of the ball: 

Ans. [ltJ = 1/3npp0 (R2 - r5)l•0] 

1-24 Small identical balls with equal charges are fixed at vertices 
ofregular 2009-gon (A polygon with 2009 edges) with side a. At 
a certain instant, one of the balls is released & a sufficiently 
long time interval later, the ball adjacent to the first released ball 
is freed. The kinetic energies of the released balls are found to 
differ by K at a sufficiently long distance from the polygon. 
Determine the charge q of each part : 

Ans. [ ~4rc e0 Ka ] 

1-25 An infinitely long cylindrical surface of circular cross. 
Section is uniformly charged lengthwise with the surface density 
cr = cr0 cos cp, where cp is the polar angle of the cylindrical 
coordinates system whose_z-axis coincides with the axis of the 
given surface. Find the magnitnde and direction of the electric 
field strength vector on the z-axis : 
Ans. [E = ½ crrJF-0, with the direction of the vector E corresponding to 

the angle q, = rc.] 

1-26 A non-conducting hollow sphere having inner and outer 
radii a and b respectively is made ofa material having di-electric 
constant Kand has uniformly distributed charge over its entire 
solid volume. Volume density ofcharge is p. Calculate potential 
at a distance r from its centre when : 
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(a) r>b, 
(b) r<a, 
(c) a<r<b. 

p(b3 -a') 
Ans. [(a) V1 = 

3 ,,, 

Figure 1.448 

V = p(b3-a3) +-p-[(b'-•'J- a
3
(b-a)]. 

(b) 1 • 3e0b 3e0K 2 ab ' 

(c) V= +-- --- -a --p(b'-a') p [(b'-•'J 3(b-'r)]J 
3eob 3e0K 2 rb 

1-27 Two thin parallel threadscanya uniform charge with linear 
densities"- and -A. The separation between the threads is equal 
to/. Find the electric potential and electric field at a distance r 

from the central line of the threads in the plane perpendicular to 
the.threads at_an angle 0 as shown in figure-1.449. Consider 
that the given distance r >>I: 

).. 0 

I 

-, 

Ans. [ Alcos0, A/cos~ ] 
21te0 r 21tEo r 

p 

r 

Figure 1.449 

1-28 A positive charge Q is uniformly distributed throughout 
the volume of a dielectric sphere of radius R. A point mass 
having charge +q and mass mis fired towards the centre of the 
sphere with velocityv from a point at distancex from the centre 
of the sphere. Find the minimum velocity v so that it can 
penetrate R/2 distance of the sphere. Neglect any resistance 
other than electric interaction. Charge on the small mass remains 
constant throughout the motion : 

Ans. r[2!~Q(r~R+¾)J" l 

Electrostatics I 
1-29 Distance between centres of two spheres A andB, each 
of radius R is r as shown in figure-1.450. SphereB has a spherical 
cavity of radius R/2 such that distance of centre of cavity is 
(r-R/2) from the centre of sphere A andR/2 from the centre of 
sphere B. Di-electric constant of material of each sphere is K = I 
and material of each sphere has a uniform charge density· p per 
unit volume. Calculate interaction energy of the two spheres : 

A G:)·B 
_________ !: __________ _ -__ . . 

~/ 

np2R6(7r-4R) J 
Ans. [ 

9e0r(2r-R) 

Figure 1.450 

1-30 A clock face has negative charges-q,-2q,-3q, .... ,-!2q 
fixed atthe position of the corresponding ·numerals on the dial. 
The clock hands do not disturb the net field due to point charges. 
At what time does the hour hand, point in th7 same direction of 
electric field at the centre of the dial : 

Ans. [9.30{ 

1-31 A semi-circular ring of mass m and radius R with linear 
charge ilensity "-, hinged at its centre. is placed in a uniform 
electric field as shown in the figure-1.451. Ifthe ring is slightly 
rotated about O and released find the time period (in sec) of 
oscillation. Take m = 8 kg, A= 2 C/m and E = 2 Nie. Assume that 
coil is rotated in its own plane: 

-4--E 

+ 
+ 

Figure 1.451 

Ans. [6.28] 

1-32 A. charge+ I o-9 C is located at the origin in free space and 

a~other charge Q at (2, 0, 0). If the X-component of the electric 
fieldat(3, I, l)is=o, calculatethevalueofQ. JstheY-<:omponent 
zeroat(3, 1, I)? 

Ans. [ -0.46 X ·10-19CJ 
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1-33 Two coaxial rings, each of radius R, made of thin wire are 

separated by a small distance I(/<< R) and carry the charges q 

and-q. Find the electric field potential and strength at the axis 

of the system as a function of the x coordinate (figure-1.452) 

Show in the same drawing the approximate plote of the functions 

obtained. Investigate these functions at [x[ >> R : 

X 

0 

X 

R 0 

~ 
-Q 

Figure 1.452 

projection of the vector £ on the x-axis. The functions are plotted in 

1-34 On a thin rod oflength I= 1 m, lying along the -axis with 

one end at the origin x = 0. There is uniformly distributed charge 
per unit length. ')..=kx, wherek = constant= lo-9 cm-2• Find the 

work done by field (in joule) if a charge q = 1 C is displaced from 

a point (0, "'0.44 m) to (0, Im): 

Ans, [1.1] 

1-35 Find the interaction force between two water molecules 

separated by a distance I= IO nm if their electric moments are 

oriented along the same straight line. The moment of each 
molecule equals p = 0.62. 10-20 C.m : 

3 2 
Ans. [F= _P_ = 2.I.I0-16 NJ 

2nc0!4 

1-36 A non-conducting sphere ofradius R = 5 cm has its centre 

at origin O of co-ordinate system, shown in figure-1.453. It has 

a spherical cavity of radius r= 1 cm, whose centre is at (0, 3 cm). 

Solid material of sphere has unifof!11 positive charge density 

10-6 
p = --C/m3• Calculate potential atpointP(4 cm, 0): 

" 
Y. 

Figure 1,453 

Ans, [35.16V] 

1-37 Positive and negative charges of I µC each are placed at 

two points with separation 5cm as shown in the figure-1.454. 

Find the potential difference between A andB. Points A and B 
are located at a separation 1cm symmetrically between the two 

charges: 

+lµC A B -lµC 

Figure 1.454 

Ans. 13000V] 

1-38 Three particles, each of mass lg and carrying a charge q, 
are suspended from a common point by insulating massless 

strings, each 100cm long. If the particles are in equilibrium and 

these are located at the corners ofan equilateral triangle of side 

3cm, calculate the charge q on each particle(g= 10 m/s2): 

Ans. [3 .16 x 10-0q 

1-39 A uniformly distributed space charge fills up the space 

between two large parallel plates separated by a distance d. 
The potential difference between the plates is equal to L\.cp. At 

what valne of charge density pis the field strength in the vicinity 
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of one of the plates equal to zero? Wliat will then be the field 

strength near the other plate ? 

Ans. [p ~ 2e,j,.,p/d'; E '° pd/,
0

] 

J 1-40 Consider three identical metal spheres A, B and C. Spheres 

A carries charge+ 6q and sphereB carries charge-3q. Sphere C 

carries no charge. Spheres A and B are touched together and 

then separated. Sphere C is then touched to sphere A and 

separated from it. .Finally the sphere C is touched to sphere B 

and separated from it. Find the final charge on the sphere,C: 

Ans. [2.25q] 

1-41 A copper atom consists of copper nucleus surrounded 

by 29 electrons. The atomic weight of copper is 63 .5 g/mole. Let 

us· now take two pieces of copper each weighing !Og. Let us 

transfer one electron from one piece to another for every 1000 

atoms in that piece. What will be ihe coulomb force between 

the two pieces after the transfer of electrons if they are I cm 

apart. TakeAvogadronumber 6 x 1023 perg-moleandcharge 

on electron -1.6 x I o-1•c: 
Ans. [2.057 x 10 16N] 

1-42 A solid non-conducting hemisphere ofradius R has' a 

uniformly distributed positive charge of density p per unit 

volume. A negatively charged particle having charge q is 

transferred from centre of its base to infinity. Calculate work 

performed.in the processc Di-electric constant of material of 

hemisphere is unity: 

2 
Ans. [ qpR ] 4,, 

1-43 Show that, for a given dipole, V & E cannot have the 

same magnitude at distances less than 2m from the dipole. 

Suppose that the distance is ../s m, determine the directions 

along which V & E are equal in magnitude : 

Ans_. [45°, 135°, 225°, 315"] 

1-44 In a conducting hollow sphere of inner and outer radii 

5cm and 10cm respectively, a point charge I µC is placed at 

point A, thaUs 3cm from the centre C of the hollow sphere. An 

external uniform electric field of magnitude 20 N/C is also applied. 

Net electric force on the this. charge is 15N, away from the 

centre of the sphere as shown in figure-l.455. Find magnitude 

---·-· ··• .. E_Lectr!)static)t;j 

of force exerted by the charge placed at point A on the sphere: 

E 

Figure 1.455 

Ans. [15 NJ 

1-45 Two circular rings A and B, each of radius a = 30cm, are 

placed coaxiallywith their axes vertical as shown in figure-I .456. 
Distance between centres of these rings is h = 40cm. Lower ring 
A has a positive charge of! 0µC, while upper ringB has a negative 
charge of20µC. A particle of mass m = I 00gm carrying a positive 
charge of q = I 0µC is released from rest at the centre of the ring 
A: 
(a) Calculate initial acceleration of the particle. 

(b) Calculate velocity of particle when it reaches at the centre 
ofupper ring B. (g= 10 ms-2) 

B~.··.···.·.·.···.·.·.'1, 

~ 
' ' ' ' ' ' ' lh 
' ' ' ' ' ' ' 

A~ 

Figure 1.456 

Ans. [(a) 47.6 m,-2; (b) 8 ms-1] . 

1-46 A hollow charged conductor has a tiny hole cut onto its 

surface. Show that the electric field in the hole is(~) ii , 
·2Eo 

where n is the unit vector in the outward normal direction and 
a is the surface charge density near the hole : 

1-47 Two point charges q 1 = 20µC and q
2 

= 25 µC are placed at 
(-1, I, l)mand(3, l,-2)m, withrespecttoacoordinatesystem .. 
Find the magnitude and unit vector along electrostatic force on 
~? . 

Ans. [0.18N, (4i-Jk)] 
5 
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1-48 A spherical balloon ofradius R charged uniformly on its 
surface with surface density cr. Find work done against electric 
forces in expanding it upto radius 2R : 

2 3 
Ans. [ -m, R J 

Eo 

1-49 Two similar helium-filled spherical balloons tied to a 5 g 
weight with strings and each carrying a charge q floats in 
equilibrium as shown in figure-1.457. Find (a) the magnitude of 
q, assuming that the charge on each balloon acts as ifit were 
concentrated at the centre and (b) the volume of each balloon. 
Neglect weight of the unfilled balloons and take density ofair 
1.29 kg/m3 and the density of helium in the balloons 0.2 kg/m3: 

q q 

Figure 1.457 

Ans. [(a) 0.555µC, (b) 2.294 x 10·3m3] 

1-50 A simple pendulum oflengthl and bob mass m is hanging 
in front of a large nonconducting sheet having surface charge 
density cr. If suddenly a charge +q is given to the bob & it is 
released from the position shown in figure-l.458. Find the 
maximum angle through which the string is deflected from 
vertical: 

+ + cr 

+ 
/ 

c+ 

+-
+ 
+ 
+ .. 
+ 
+ 
+ 
+ 
+ 
+ 

Figure 1.458 

Ans. [2tan_- 1 (_!!!!]l_)] 
- 2e0 mg 

- ·- -·· ·····---'-1-8-9" 
··---~ 

1-51 The electric field in a region is given E =a.xi. Here a is 
a constant of proper dimensions. Find: 
(a) The total flux passing through a cube bounded by the 

surface, x= l,x =21,y= O,y= l, z= 0,z= /. 
(b) The charge contained inside the above cube. 

Ans. [(a) a/3, (b) aso'3J 

1-52 The electric field in a region is given by E = E;x T. Find 

the charge contained inside a cubical volume bounded by the · 
surfacesx=0,x=a,y=0,y=a,z=0 and z=a. 
[TakeE/=5 x 103N/C, /=2cm and a= 1cm]: 

Ans. [2.2 x 10-12C] 

1-53 Suppose the surface charge density over a sphere of 
radius R depends on a polar angle 8 as cr = cr0 cos~, where cr0 is 
a positive constant. Show that such a charge distribution can 
be represented as a resolt of a small relative shift of two uniformly 
charged balls of radius R whose charges are equal in magnitude 
and opposite in sign. Resorting to this representation, find the 
electric field strength vector inside the given sphere : 

Ans. [ .E = 1/3 k crrJt0, where k is the unit vector of the z-axis with 

respect to which the angle 0 is read off. Clearly, the field inside the given 

sphere is uniform.] 

1-54 Two identical balls ofcharges q1 & q
2 

initially have equal 
velocity of the same magnitude and direction. After a uniform 
electric field is applied for some time, the direction of the veloc,ity 
of the first ball changes by 60" and the magnitude is reduced by 
half. The direction of the velocity of the second ball changes 
there by 90°. In what proportion will the velocity of the second 
ball changes ? 

V 
Ans. [ ..fj ] 

1:55 A positive charge +Q is fixed at a point A. Another 
positively charged particle of mass m and charge +q is projected 
from a pointBwith velocityu as shown in the figure-1.459. The 
point Bis at large distance from A and at distance' d' from the 
line AC. The initial velocity is parallel to the line AC. The point 
C is at very large distance from A. Find the minimum distance 
(in meter) of+q from +Q during the motion. Take Q q = 4itE

0 

mu2dandd=( ./2 -!)meter: 

+Q 
•--------------------------
A C 

Figure 1.459 

Ans. [lm] 
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1-56 Figure shown a section through two long thin concentric 
cylinders of radii a & b with a> b. The cylinders have equal and 

opposite charges per unit length A..,Find the electric field at a 
distancerfromtheaxisfor(a) r<a, (b) a<r<b, (iii) r>b. 

Figure 1.460 

2K1.. 
Ans. [O, -, OJ 

r 

1-57 A point charge Q is located on the axis of a disc of radius R 

at a distance a from the plane of the disc. If one fourth of the 

flux from the charge passes through the disc, then find the 
relation between a & R : 

1-58 A very long uniformly charged thread oriented along the 

axis of a circle of.radius R rests on its centre with one of the 
ends. The charge of the thread pet unit length is equal to A.. Find 

the flux of the vector E across the circle area: 

Ans, [1$1 = ½ 'A.R/E0. The sign of <l> depends on how the direction of the 

normal to the circle is chosen.] 

1-59 Three point charges of!C, 2C and 3C are placed at the 
. corners ofan equilateral triangle of side Im. Calculate the work 

required to move these charges to the corners of a smaller 
equilateral triangle of side 1.5m. 

Ans. [99 X [Q 9Jj 

1-oO Two small metallic balls ofradii R
1 
&R

2 
are kept in vacuum 

at a large distance compared to the radii; Find the ratio between 
the charges on the two balls at which electrostatic energy of 
the system is minimum. Total charge of balls is considered 
constant: 

· --- · ----:E=:1-ec-,tr-o-st=-a"°llc-s""'j 

1-61 Two concentric spheres ofradii R and 2R are charged. 
The inner sphere has a charge of! µC and the outer sphere has 
a charge of2µC of the same sign. The potential is 9000Vat a 
distance 3R from the common centre. What is the value of R ? 

Ans. [Im] 

1-62 A charge Q is uniformly distributed over a rod oflength /. 
Consider a hypothetical cube of edge / with the centre of the 
cube at one end of the rod. Find the minimum possible flux of 
the electric field through the entire surface of the cube : 

Ans. [ _Q_] 
2e,, 

1-63 A particle having charge 8.85 µC is placed on the axis ofa 
circular ring of radius 30cm. Distance of the particle from centre 

. of the ring is 40cm. Calculate electrical flux passing through the 
ring: 

Ans. [105Nm2/CJ 

1-o4 Electrically charged drops of mercury fall from altitude h 
into a spherical metal vessel ofradius R in ·the upper part of 
which there is a small opening. The mass of each drop ism & 
charge is Q. What is the number n oflast drop that can still 
enter the sphere : 

h 

1/, 

Figure 1.461 

4ne0 mg(h-R)R 
Ans, [n Q2 1 

1-65 A non-conducting sphere ofradius R has a positive charge 

which is distributed over its volume with density p = p0 ( 1- ; ) 

per unit volume, wherex is distance from the centre. If dielectric 
_constant of material of the sphere is k= I, calculate energy 
stored in surrounding space and total self energy of the sphere: 

2R5 2R 5 
Ans. [ .':E2_, l3•Po J 

72E0 630e0 
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1-66 Two identical charges 5µC each are fixed at a distance 1-70 A very long charged wire (lying in thexyplane) which is 

8cm and between them a charged particle of mass 9 x 1 Q-6kg having a linear charge density 1,. is having one of its end at a 

and charge - lOµC is placed at a distance 5 cm from each of point Pas shown in figure-1.463. What is electric field intensity 

them and is released. Find the speed of the particle when it is at point Q: 

nearest to the two charges : 

Ans. [103m/s] 

1-67 A particle of mass m and charge--q moves along a diameter 

ofa uniformly charged sphere of radius R and carrying a total 

charge +Q. Find the frequency ofoscillations of the particle if 

the amplitude does not exceed R : 

1 
Ans. [ 

2
, qQ l 

41t e0 mR3 

1-68 Two concentric conducting thin shells ofradiusR and 2R 

carry charges +Q and +3Qrespectively. The magnitude of electric 

field at a distance x outside and inside from the surface of outer 

sphere is same. !tis given thatR= 30 cm and Q=20µC. Then 

find the value ofx in cm : 

Figure 1.462 

Aos. [20] 

1-69 The electric field strength depends only on the x and y 

. . a(xi + y}) 
coordinates according to the law E = 2 2 , where a is a 

. X +y 

constant. i and } are unit vectors ofthex andy axes. Find the 

potential difference betweenx= 1 andx= 5: 

Ans. [-a lo(5)] 

y 

X 

Figure 1.463 

1-71 A solid sphere ofradius 'R' is uniformly charged with 

charge density pin its volume. A spherical cavity of radius 1 
is made in the sphere as shown in the figure-1.464. It is given 

that pR
2 

= 48V. Find the electric potential at the centre C of the 
Eo 

sphere: 

Figure 1.464 

Ans. [20V] 

1-72 Find the electric field at the origin due to the line charge 

(ABCD) oflinear charge density 1,.: 
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'Y 

_..,..c .. co_ ,, a, 0) 

A, 
I 

' / 
' ' / 

' / 
I 

z 

D 

(a, 0, 0) 

Figure 1.46S 

- A • • • 
Ans, [E1ow---[i-2j-k]] 

4ru;0a 

X 

···-····-····-----E-,e-ct-JO_S_)at=lllil-.• [J-·, 

1-73 A point charge +q & mass I 00g experiences a force of 
IO0N at a point at a distance20cm from a long infuriteuniformly 
charged wire, If it is released find its speed when it is at a 
distance40cm from wire: 

Ans. [20 .Ji;;2] 

* * * * * 
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Capacitance. 2 
FEW WORDS FOR STUDENTS 

A charged conductor produces electric field in its surrounding aµd the work done in its charging 
process is stored in form of field energy of electric field in space surrounding the conductor. By specific 
methods we can use the electrical energy stored in the electric field of a charge for different purposes. 
The extent upto which a conductor or system of conductors can store electric ene_rgy due to charges on 

· it is accounted ill the term 'Capacitance' which is discussed in this chapter. For different applications 
of the stored energy in electric field we will also discuss the use of such system of conductors in electrical 

circuits. 

CHAPTER CONTENTS 

2.1 Capacita11ce of a Co11ductor or a System- of 
Co11ductors 

2.2 Worki11g of a Parallel Plate Capacitor 

2.3 Groupi11g of Parallel Plate Capacitors 

2.4 Nodal A11alysis of Capacitive Circuits 

2.5 Symmetry Circuits 

COVER APPLICATION 

/ 

Figure-(a) 

2.6 

2.7 

2.8 

2.9 

2.10 

Charge Distributio11 Betwee11 Capacitors i11 
Series a11d Parallel 

Circuits co11tai11i11g more than 011e battery 

Effect of Switchillg i11 Capacitive Circuits 

Dielectrics i11 Capacitors 

Curre11t due to Capacita11ce 11lriatio11 

Figure-(b) 

Figure-(a) shows a variable capacitor used in commercial applications which has a knowb to control the value of capacitance. On rotating 
the knob the overlapping area of the adjoining plates of the capacitor changes which effectively change the capacitance of the system. 
Figure-(b) shows the working of this variable capacitor which consists of several semi-circular plates with alternate plates connected 
together and causing all capacitors thus formed in parallel combination. 
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Every conductor when supplied with some charge produces 

electric fieid in its surrounding and due to charge the potential 

of conductor increases. We've discussed in previous chapter 

that potential of a conductor is always proportional to the charge 

supplied to it. 'Capacitance' ofa conductor in qualitative terms 

is defined as its ability to hold charge at a given potential which 

depends on its size shape and the medium in which it produces 

electric field. A conductor ofhigher capacitance can hold more 

charge at a given potential compared to the one which has 

lesser capacitance. 

One should not confused the term 'Capacitance' with the 

maximum capacity a body can store charge. The maximum 

capacity to which a conductor can be charged depends upon 

the breakdown strength of the medium in which the conductor 

is placed. To analyze the maximum capacity to which a conductor 

can be charged see the figure-2.1. We've discussed in 

article-I.I 0. 7 that an isolated conductor when supplied with 

· some charge, it is distributed on its outer surface in which a 

way that-the surface charge density atanypoint remain inversely 

proportional to the local radii of curvature of the surface, given 

as 

1 croc -
r 

i 
+ 

t 
+ ,,.r 

Figure 2.1 

t 
+ 

r, 

+ 

J 

... (2.1) 

t 
+ / --

+,,.... 

1+--. 

+--,. 
t 

Thus as shown in figure-2.1 on sharp edges of conductor charge 

density is more and outside to these points electric field strength 

is high at flat surfaces, charge density is less and outside these 

points electric field strength is also less. 

_ If the above charged body is placed in a dielectric medium then 

the medium dipoles get polarized in th.e direction of electric field 

produced by the conductor as shown in figure-2.2(a) due to 

force on poles o,fthe medium dipoles. 

~ 
+ 

(a) 

+ 

(b) 
Figure 2.2 

+-

+ 

+ 
+ 

+ 

+ 

+ 

+ 

As charge of body is increased its_Potential an electric field 

strength at outside points increases which exert more stretching 

force on the medium dipoles. If the charge on body increases to 

a limit when the surrounding electric field approaches the 

dielectric strength of the medium then the dielectric breakdown 

in medium take place due to breaking of dipoles and charges in 

vicinity of the conductor will become free to move. As shown in 

figure-2.2(b) after breaking of dipoles, the negative charges will -

move toward the body and positive charges move away from 

body. Overall in macroscopic view we can see that the amount 

of charge on body which is neutralized by negative charges 

approaching to it is equal to the total positive charges flowing 

away from it. Ju this process it cau be assumed that due to 

diel~ctric breakdown in surrounding of the conductor, charge 

starts leaking from conductor into the medium. 

As electric field strength outside the sharp edges of a charged 
conductor is highest in surrounding so we can state that charge 

starts leaking from the sharp edges due as dielectric breakdown . 
occurs first outside the sharp edges as charge of body is 
increased. 
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Thus in case ofa medium with weak dipoles or which has lesser 
dielectric strength the conductor can store less charge compared 
to the medium of which dipoles are strong and it can be charged 
to a higher capacity. Similarly ifwe compare two conductors 
placed in same medium. One is having sharp edges and other is 
having relatively flat surfaces then on increasing their charge 
dielectric breakdown will occur more likely by the conductor 
which has sharp edges as electric field outside these edges will 
be higher so its maximum limit to which the conductor can be 
charged will be less compared to the one which has relatively 
less sharp edges. 

Now we will start understanding the capacitance ofa body ofa 
system of conductors quantitatively. The maximum limit of 
charging a conductor placed in a medium can also be calculated 
by using capacitance of the conductor but students must 
understand that the capacitance and maximum charge the body 
can store are two different terms however related with each 
other mathematicallywbich we will discuss in upcoming articles. 

2.1 Capacitance of a Conductor or a System of 
Conductors 

For a given conductor, its capacitance is defined as "Charge 

require_d per unit rise in electric potential on conductor". As 
when some,charge is supplied to a conductor its potential 
increases or vice versa and the charge supplied is directly 
proportional to the potential ofa conductor. If the potential ofa 
conductor increases by V due to a charge q supplied to it then 

we use 

qoc V 

q=CV ... (2.2) 

In above equation-(2.2), C is a proportionality constant called 
'Self Capacitance' of the conductor and in general itis referred 
as 'Capacitance' of the conductor. By rearranging the terms in 
equation-(2.2), the capacitance of a conductor can be given as 

C= !l. 
V 

... (2.3) 

The unit used for measurement of capacitance can be given by 
equation-(2.3) as 'coulomb per volt; or 'C/V'which is referred 
as 'farad' or 'F. Farad is a practically a very large unit for 
measurement of capacitance as general value of capacitances 
are very small. So commonly we use small unit prefixes with 
farad such as milli(m), micro(µ) or nano(n) for capacitance 
measurement under practical conditions. 

For finite sized conductors the potential Vis considered with 
respect to infinity as a reference and it is calculated as 

p 

V= -fE-di ... (2.4) 

Where E is the electric field in surrounding of conductor and 
P is a point anywhere on the surface of conductor. As whole 
body of conductor is equipotential so point P can be considered 
anywhere on its body. 

In above case we considered the reference as infinity with zero 
potential for the potential of conductor. For charging of an 
isolated conductor we consider that charge is brought from 
infinity to the conductor as shown in figure-2.3(a). In this case 
the electric lines of forces-originating from conductor will extend 
upto infinity. If instead of infinity we consider another 
conducting body as a reference and charge is transferred to a 
conductor from that body as shown in figure-2.3(b) then due to 
the transfer of some charge from this body to the conductor the 
body will get negatively charged and all the electric flux 
originating from the conductor in this case will terminate on the 
reference body. 

(a) 

(b) 
Figure 2.3 

Reference 

Reference Body 

In the second case as shown in figure-2.3(b) ifwe consider the 
potential of body A with respect to body B as reference in 
equation-(2.3) use.Vas potential difference of bodies A and B 

then the capacitance calculated is termed as 'Mutual 
Capacitance' of the system of conductors-A and B and this 
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system of two conductors is called 'Capacitor' and in general 
the mutualcapacitance ofa system of two conductors is referred 
as ··capacitance of a Capacitor' and the term 'Mutual 
Capacitance' is not a very co=on term used in practice. . 

Thus _for a system of two conductors A and B, the capacitance 
is given as ' 

q 
C= V -V: . 

A B 
... (2.5) 

In above equation the term VA- VB can be calculated either by 
separately calculating the po.tentials of the two bodies and talcing 
the difference of these or directly by using equation°(2.6) as 
explained in article-I.I 0. 7, given as· 

B 

VB-VA=- JE·dx 
.A 

2.1.1 Capacitance of an Isolated Conducting Sphere 

... (2.6) 

· Figure-2.4 shows a conducting sphere ofradius R. If a charge q 
is supplied to it from infinity then it produces an electric field in 
its surrounding. The strength of electric field a\ a distance 
x (x > R) in its surrnunding is given as 

E= Kq 
x' 

Figure 2,4 

The potential of the sphere with respect to infinity( considering 
at zero potential) is given as 

V= Kq = q 
R ,41tE,R ... (2.7) 

From equation-(2.3}capacitance of this conducting sphere can 
be given as 

... (2.8) , 

If outer space in surrounding of the sphere is filled with a medium 
of dielectric constant E,then potential of sphere can be given 
as 

Kq 
V=

R ... (2.9) 

- ·· ·· · ·--·-----<----.C-a-pa_e_It_an-ce~I 

Thus the capacitance of the sphere in this situation is given 
again by equation-(2.3) as 

, C= 'l..=41tE ER V o , ... (2.10) 

Now consider the situation sh.own in figure-2.5 in which a 
cond~cting sphere. of radius R1 is surroun_ded by a dielectric
layer of outer radius R, and inner radius R1• We will calculate. 
the capacitance of this conducting sphere. For this we need to 
calculate the potential of sphere ifit is supplied with a charge q. 
The electric field strength at outer points of the sphere inside 
and outside dielectric are given as 

For R1< x< R2 . · 

E = l .'l.. 
l, 4'1i: EoEr X 

•... (2.11) 

For x> R
2 

I q 
E =--·-

2 41te0 X 
... (2.!Z) 

' 

Figure ~-5 

Using equations-(2.9) and (2.10) we can calculate the electric 
potential of sphere with respect to infinity ( considering at zero 
potential) as 

[

Rz R1 ] 
V= - I E2 ·dx+ I E1 ·dx 

oo R2 

. . Rz . 1 · . 
J . q q· => V= - · ·dx- ~~--dx 

41tEoX 41tEoE,x • 
oo Rz 

q ['] q [' '] ·=:, V= '41t Eo R2 + 41t E 0E, R1 -R
2 
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~ V= q [R R 4,c EoE, R
1
R

2 
2 + 1 ( E, ~ l)] ... (2.13) 

Using equation-(2.3) we can calculate th~ capacitance of this· 
system which is given as 

C= 'f_ = 4,c E0E, R1R,_ 
· V R,_+R1(E,-l) 

... (2.14) 

2.1.2 Relation in Capacitance and Maximum Capacity of 
Holding Charge for a Conductor 

Figure-2.6 shows.a conductor ofcapacitance Cwhich is placed 
in a medium having dielectric ~trength E 8 . For the given body 
we can calculate the maximum potential body can attain at which 
the maximum electric field at any point in its surrounding 
approaches to .the dielectric strength of the medium. This 
potential we call breakdown potential of the body which is 
denoted as V

8
• Thus the maximum charge which the body can 

hold is the value at which body potential rises to V0 which is 
given as 

..._____ + 

+ 

+ 

Ehigy + .._cLfu.~ 

{,:-
Jn~i!Y.-----

+q 

... (2.15) 

Erow t 
/' 
+ 

Figure 2.6 

Above expression given in equation-(2.15) gives the relation in 
maximum charge a body can hold and the capacitance of the 
body. In different media as the breakdown potentiai changes 
the maximum charge upto which the body can be charged is 
different. As capacitance of body depends upon its shape and 
size als,o thus in same medium if the shape and size of a body is 
changed the maximum charge upto which it can be charged is 
also changed. 

2.1.3 Charge Sharing between Two Isolated Conductors 

Figure-2. 7(a) shows two isolated conductors A and B charged 
· with charges q

1 
and q2 at large separation. If capacitances of 

the two conductors are C1 and C2 respectively then their 
potentials are given as 

d v: =!h_ an . 2 C 
2 

.B + 

~- ~·· ,' + 
+ + + ·+ 

(a) 

+ q'J/' + 

+ 

+ + 

(b) 
Fig}lr~ 2.7 

When these conductors are connected by a wire as sho,.;, in 
figure-2. 7(b) then charge flow between the two takes place until 
the potential of the .two conductors will become equal. If after 
redistribution of charges on the two conductors, final charges 
on these are qlfand q2t1hen we can equate their final potentials 
_as 

... (2.16) 

As the total charge of system remain conserved we can use 
q1 + q2 = qlf+ q2f' thus from equation-(2.16) we have 

c1 
qlf= C +C (q,+q,) ... (2.17) 

I 2 

c, 
q21= c +C (q1,+q2) 

I 2 

and ... (2.18) 

Above equations-(2.17) and (2.18) gives the final charges after 
redistribution between the two conductors when their potential 
becomes equal. 

2.1.4 Effect of Placing a Conductor near other Conductors on 
its Capacitance 

In article-2.1 we have discussed that a system of two conductors 
is referred as capacitor when charge is transferred from one to 
another instead of bringing the charge from infinity. In this 
system the capacitance of system increases compared to isolated 
conductor. We will discuss the concept of increase in capacitance 
for il system of two conductors step by step. 

Figure-2.8 shows a single isolated conductor A. Ifa charge q is 
supplied to it and due to this if its potential is raised to Vthen 
its capacitance is given as 

C= 'f_ 
V 

... (2.19) 
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c;l1.=.98=--, -~<--------·-·· . 
q -----................. __ _ 

Figur~~ 2.8 

Above situation is exactly same what has already been explained 
in figure-2.3. Now consider the same conductor A as shown in 
figure-2.9(a) in which a nearby another conductor B is also 
piaced. If we bring a charge q from_ infinity and put it on 
conductor A then due to its own charge say -its potential is 
again raised to approximately V(This is slightly different as due 
to presence ofB charge distribution on A may change slightly). 
Due to the charge on A, some charges are induced on conductor 
B as shown in figure-2.9(b). If due to the negative induced 
charges.on B at its front face potential on A is V_ and due to 
positive induced charges on other face of B potential on A is V+ 
then in presence of B, potential of A is given as . 

.. , 

--'L ---- + 

+ 

+ 

+ 

A 

(a) 

+ 

+ 

+ 

f+ 

+ 

(b) 
Figure 2.9 

. 

... (2.20) 

0 
. 

. 

. 
. 

-o--,\+ -- ,, ,+ 
- ",\ 

- • B 'ii+ 
- ' -l 
- 1i<+. 
- " ", ' ,,,-'+ 
-_ ---' - + 

As front face of Bis near to body A, the potential of A due to 
negative induced charges on B is higher in magnitude then the 
potential of A due to positive induced charges on B so we also 
have· 

JV_[>/ V+I ... (2.21) 

From equations-(2.18) and (2.19) we can see that VA< Vthnsif 
an nncharged conducted is placed nearby to a charged 
condu~tor then its potential decreases. 

. . 
In this state ifwe calculate the capacitance of conductor A then 
it can be given as 

q q 
C'= VA= V-JV_ l+IY+ I ... (2.22) 

Capacltance;j 
.. - ··-------~~-~ 

From equation-(2.19) and (2.22) we can see that C' > C. Thus 
capacitance of a conductor increase due to presence of 
uncharged bodies near to a conductor. Now consider the same 
situation as explained in previous case but with· conductor B 
connected to Earth as shown in figure-2. IO(a). When a charge q 
is brought from infinity and placed on conductor A, some 
negative charge is supplied from earth to conductor B to keep 
its potential zero. If in.this state potential of A due to its own 
charge is Vand that due to the negative charges on Bis V_ then 
the potential of A·in this situation can be given as 

--'L_ -----
(a) 

+ 

A + 
+ 

(b) 
Figure 2.10 

... (2.23) 

B 

B 

Using equation-(2.23) we can calculate the capaciiance of the 
conductor A which is given as 

C"= ..9.... = q 
VA V-JV_ I ... (2.24) 

From eqnation-(2.24) it can be seen that C"> C'> C. Tuns it can 
be stated « When an earthed conductor is placed near to a 
conductor then the capacitance of the conductor is greatly 
increased". 

2.1.5 Capacitance of a Capacitor 

As already discnssed in article-2.1 if instead of infinity we 
consider another conductor as a referellce for a given conductor 
then the capacitance is termed· as mutual capacitance or 
"Capacitance of the Capacitor" where the capacitor is the 
system of two ccinduciors between which charge transfer takes 
place. 

' Figure 2.11 
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r: ---,, ,' '"~'"-
! Capacitance 

Consider two conductors A and B as shown in figure-2.11. In 

this situation we transfer a charge q from conductor B to 

conductor A because of which body B will attain a charge -q 
and A will gain a charge +q as shown. In this process if V+ and 

V_ are the final potentials of_ conductors A and B then the 

potential of conductor A with respect to conductor B as a 

reference will be V+ - V_ and the capacitance of this system of 

two conductors can be given by equation-(2.5) as 

... (2.25) 

The expression in equation-(2.25) is very useful in determining 

the capacitance of different types of capacitors. In actual 

practice for different cases and in various electrical circuits also 

system of two conductors as a capacitor is used for storing 

charge and electrostatic energy because in practical applications 

(b) 

Fi~ure 2.12 

j99] 

Capacitance of the spherical capacitor can be given as 

C=-q
V,-V0 

... (2.28) 

it is difficult to use an isolated conductor with infinity as a ~ 

reference. In upcoming articles we will determine capacitance 

c- q 

-(~q-~q)-o 
of some standard and commonly used capacitors. 

2.1.6 Capacitance of a Spherical Capacitor 

A 'Spherical Capacitor' is a system of two concentric shells as 

shown in figure-2.12(a). The radii of shells in this system are a 

and b respectively. To find the capacitance of this system we 

transfer a charge q from outer shell to inner shell as shown in 

figure-2.12(b) due to which inner shell will gain a charge +q and 

outer one will have a charge--q distributed on its inner surface 

only as the flux ofinside+q will terminate on the inner surface 

ofouter shell. The potentials of inner and outer shell after this 

transfer of charge can be given as 

and 

· Kq Kq 
V=---

A a b 

Kq Kq 
V =---=O 

B b b 

(a) 

... (2.26) . 

... (2.27) 

4rc e0 ab 
C=--"-

b-a 
... (2.29) 

Above equation-(2.29) gives the capacitance of a spherical 
. capacitor shown in figure-2.12. If the annular region between 

the two shells is filled with a dielectric medium with dielectric 
constant e, then the capacitance of the system can be calculated 
by including this dielectric constant in the equation-(2.27) which 

is given as 

4rc e0 e ab 
C= r 

b-a 
... (2.30) 

The potentials VA and VB we have substituted in equation-(2.26) 
from equations-(2.26) and (2.27). The potential difference VA1- VB 
can also be calculated by using equation-(2.6) as studied in 
article-I.I 0.7. The electric field strength in the annular region 
between the qvo shells at a point located a distance x from 
center of shells is only due to-the charge ofinner shell and it is 

given as 

Kq 
E=-2 (b>x>a) 

X 

The potential difference between the two shells is given as 

• lG 
V - V =- J_'!_dx 

A B Xz 
b 

V - V =-Kq[-..!.]" 
A B X b 

V - V = Kq[..!._.!.] 
A B a b 

... (2.31) 
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Equation-(2.31) gives the same poteotial differeoce which we 
have obtained by equations-(2.26) and (2.27). Thus in either 
ways or whichever is feasible for the giveo situation, we can 
calculate the poteotial difference betweeo the two conductors 
ofa capacitor and use it to find the capacitance of the system. 

2.1. 7 Capacitance ofa Sphere Capacitor 

A 'Sphere Capacitor' is a system of two solid conducting 
spheres kept at large separation as shown in figure-2.13. The 

. radii of the two spheres shown are a·aud b respectively and to 

determine the capacitance of this system we transfer a charge q 
from sphere B to sphere A. Being at large separation·(/>> a, b) 
the effect of charge on one sphere can be neglected on- the 
other sphere so after transfer of charge final potential of the 
two spheres is given as 

and 

Kq 
V=

A a 

Kq 
V=--

B b 

/>>. a, b 

Figure 2.13 

B (-tJ) 

,. /' 

. The capacitance of this system of sphere capacitor can be 
calculated as · 

C=-. _q __ _ 
v,-v. 

C= q 

~q -(-~q) 
4ire0 ab 

C=-~
a+b 

... (2.32) 

... (2.33) 

Above equation-(2.33) gives the capacitance of a sphere 
capacitor. Ifthis system of two spheres is submerged in a medium 
of dielectric constant e, then the capacitance is given by 
including this dielectric constant in numerator of eqnation-(2.33). 

2.1.8 Capacitance of a Cylindrical Capacitor 

-·· -· -- ____ .... _,,_··-~----:::C-ap_a_c""ita_n_c..,,¢J 

---------~~---
capacitance per unit length of such a capacitor. To determine 
the capacitance of this system we transfer~ charge q from outer 
shell B to inner shell A due to which inner sh~ll will gain a 
charge +q and.outer shell with a charge·-q .which will be 
distributed on the inner surface of outer shell as shown in figure. 
In this case the electric field strength in the annular region 
betweeo 'the~-cylindrical shells is only due to the inner charge 
and it is in radially'outward direction: The strength of electric 
field in this region ata distancexfronithecommon axisisgiveo 
as 

2K). 
E=

x 

. 

+ !, J,· ,, 
' + J ' 

+ 

+ 
+ ,, 
+ 

,, 
·,· 

+ I 
,., I 

. + ;i' : 
;j'. I 
. ' ___ ± : 

~ ·, ' 
' ' 

. ' 
' 

Figure 2.14 

b 

Where :i.. = q/1 is the linear charge deosity on the inner cylinder 
producing electric field in its surrounding. Using this electric 
field we can find the potential difference between-the two 
cylindrical shells as 

A-+ -+ . 

V -V =-fE·dx A B • 
B 

'2K:i.. 
V-V =-f-dx 

A B X 
b 

VA-VB= -2K:i..[lnx): 

V -V "'2K:i..1n(!!.) A B · a · ... (2.34) 

Using the above potential difference in equation-(2.34) we can 
calculate the capacitance of this system as 

C=_q_ 
v,-v. 

Figure-2.14 shows a system of two long coaxial cylindrical shells 
which is called 'Cylindrical Capacitor'. As the shells are ~ 
considered to be very long in this case, we analyze the 

C= q 

2K:i..ln(~) 
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- In above equation-(2.37) on right hand side first term is the 
... (2.35) electric field strength due to wireX and second term is that due 

to wire Y. Due to opposite charges on wires the electric field 
strength at P will be- in same direction hence both values are 
added. Using this electric field we can calculate the potential 
difference between wires X and Ywhich is given as 

Equation-(2.35) gives the capacitance ofa cylindrical capacitor 
oflength / but this result is approximate because in this case at 
the edges of the shells electric lines will have fringing in outer 
region also and in above calculation we considered only radial 
electric field thats why in centraiTegion of the shell it will be 
appropriate to give the capacitance per unit length of such a 
capacitor given as 

... (2.36) 

In above equation-(2.36) we can include the dielectric constant 
e,ofthemedium in numerator if the annular region between the 
shells is filled with a dielectric medium. 

2.1.9 Capacitance ofa Wire Capacitor 

Figure-2.15 shows two long parallel wires X and Y oflength /, 
radius r kept at a separation d (do:> r). This system is called 
'Wire Capacitor'. Again being long wires we will calculate the 
capacitance per unit length of this system to exclude the effect 
of fringing of electric field at the wire terminal points. !fa charge 
q is transferred from wire YtowireX, these will attain opposite 
charges as shown in figure. As d>> rwe can consider the two 
wires as line charges and due to the linear density of charge on 
wires which can be given as"-= qi/, we can calculate the electric 
field at a point Pbetween the wires at a distancex from the wire 
X as shown in the figure which is given as 

r 

2KA 2KA 
E=--+-

x d-x 

d 

+ 

+ 
: . 
' ' ' ' + p 

X d-x 
i<+~-->1<1--~---· . 

0, 

. ' 
' ' ' ' 

+ .-.E, 
+ 

.-.E_ 

+ 

+ 

' ' .. ' 
; : ~ 
' '. 

'' '' . ' 
' ' ' - . ' 
' l' 

i' I 

-:-------- q ---------= !' : 
'[1 

+ 
XI +q -q 'y 

' ' ' ' ' ' 
Figure 2.15 

... (2.37) 

r 

y 

v,- Vx=- JE.dx 
X 

=> V _ V =- ,J-'(2KA + 2KA \,_ 
y X X d-xr , 

=> V - V = -2KA[1nx-1n(d-x)]'-, y X , 

=> 

=> V -V =4KUn -· (d-r) 
X y r 

... (2.38) 

Using the above potential difference in equaiton-(2.38) we can 
calculate the capacitance of this system as 

C= q 
Vx-V, 

=> 

=> 
7tE0 / 7tE0 / 

C= ( _ )"-( ) (As r<<d) 
In~ In~ 

r r 

... (2.39) 

Equation-(2.39) gives the capacitance of a wire capacitor of 
length I but this result is approximate because of fringing of 
electric lines at the terminal points of the wires so like we 
discussed in previous article ofcylindrical capacitor here also it' 
will be more appropriate to give the capacitance per unit length 
of such a capacitor given as 

. .. (2.40) 

In above equation-(2.40) we can include the dielectric constant 
E, of the medium in numerator if the annular region between the 
shells is filled with a dielectric medium. 

2.1.10 .Capacitance ofa Parallel Plate Capacitor 

Figure-2.16 shows a system of two large parallel plates arranged 
at very close separation d. Such a system is called a 'Parallel 
Plate Capacitor'. To determine the capacitance of this system, 
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we transfer a charge q from plate Yto plateX due to which plate 
X will gain a charge +q and plate Y will obtain a charge -q as 
shown in figure. 

+q 
+ 

E + -----"-+ 

+ 

.t-----· q -------

+ 

+ 

+ 
X y 

Figure 2,16 

As plates are considered large, the electric fiekl between the 
plates can be considered uniform. The strength ofelectric field 

" .. _______ c_apaclta_~ 

As shown in equation-(2.44) and in previous cases of other 
capacitors also we can say that if the medium between the two 
conductors in a capacitor is filled with a dielectric medium then 
the overall capacitance of the system increases to k times the 
capacitance in absence of medium where k is the dielectric 
constant of the medium. 

# Illustrative Example 2.1 

There are two conductors of capacitance C and 2C are charged 
equally with charge +Q each and connected with a thin 
conducting wire and a switch as shown in figure-2.17. Find the 
final charges on the conductors after closing the switch. 

Figure 2.17 

between the two plates can be given as Soluti011 

O' q 
-E=-=-

e0 A e 0 
... (2.41) 

Using the above expression of electric field we can calculate 
the potential difference between the plates which is given as 

Vx-' v,=Ed 

Vx-Vy= (A:Jd ... (2.42) 

We can calculate the capacitance of this parallel plate capacitor 
using above potential difference as 

=> 

C 
q 

C 

E0 A 
C=-

d ... (2.43) 

Equation-(2.43) gives the capacitanceofa parallel plate capacitor 
and this expression is also used as a building block of many 
different capacitors which can be generalized as combination 
of several elementary parallel plate capacitors. Such cases we 
will discuss-in upcoming articles and illustrations. 

If the region between the plates of a parallel plate capacitor is 
filled with a medium of dielectric constant e, = k then the 
capacitance can ·be given as 

e0 e, A k e0 A 
C'= -d- = -d- =kC ... (2.44) 

After closing the switch we consider that final charges becomes 
q1 and q2 on the two conductors as shown in figure-2.18. 

qi 

/2'.-'l---~---------1 

Figure 2,18 

q, 

After redistribution of charges potential of both the conductors 
become equal so we have 

We also have 

'11. = !ll_ 
C 2C 

qi +qz=2Q 

Solving equation-(2.45) and (2.46) gives 

# Illustrative Example 2.2. 

... (2.45) 

... (2.46) 

A capacitor is formed of two concentric conducting spherical 
shells of radii a and b. The inner shell ofradius a is covered by 
a thin coating ofan insulating material with dielectric constant 
K and thickness t. Show that the capacity of this system is 
changed approximately by 

4 [b2 (K-l)] 
11Eo K(b-1)2 I 
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Solutio11 

We know that the capacity of a spherical capacitor without 

any dielectric layer is given as 

411s0 (ab) 
c.= (b-a) 

Let the inner shell is coated with a dielectric layer of thickness 
I, then the potential difference between the shells can be 

calculated after transfer of a charge q between the shells is 

given as 

Q [ I fa+tdr fb dr] V V=-- - -+ -
A- B .41tso Ka r2 a+tr2 

V -V = _R_[(a+t)(b-aK)+ab(K -!)] 
A B 41lEo Kab(a + t) 

The capacitance of the system is now given as 

' Q [ 4rcs0Kab(a+I) ] 
C= v.-V,, = (a+t)(b-aK)+ab(K-1) 

The change in capacitance of the capacitor is given as 

/<,.C=C-C0 

1',.C= 411so[ kab(a+t) _!!!!_] 
(a+t)(b-aK)+ab(K-1) (b-a) 

[ 

2 • ] 'C- 4 ab (K -l)t 
u - 7t&o 

. (b-a){Ka(b-a)-t(aK-b)} 

/<,.C=4rcs b2(K-!)t 
 K(b-a)2 	ݹ°

# Illustrative Example 2.3 

Two isolated conducting solid spheres of radii R and 2R are 
charged such that both have same charge density cr. The 

splieres are located for away from each other. The two spheres 

are connected by a thin conducting wire via a switch. Find the 

new charge density on the bigger sphere after closing the 
switch using capacitor of spheres. 

Solution 

Charge on smaller sphere is given as 

Q, = CV=(l.6 x 10--,;) x 300=4.8 x 10-'C 

So charge on each plate is 4.8 x I Q-4 C 

Potential difference across C1 is given as 

" , 
· q 4.8x10-4 

V=-=-·---
1 C1 2xl0--,; 

Potential difference across C2 is given as 

q 4.8x10-4 
V:=-=----

2 C2 8x10-6 

V2=60V 

Energy stored in C1 is given as 

I 2 
U1 = 2C1Vi 

I u, = 2 (2 X Io-<) X (240)2 

U
1 

=5.76 X 10-2J 

Energy stored in C2 is given as 

I 2 
U

2 
= 2C2V2 

U = .!:. X (8 X 10--,;)(60)2 
2 2 

u, =L44 x 10-2 J 

# Illustrative Example 2.4 

A radioactive source is in the form of a conducting sphere of 

diameter 10-3m which emits J3 particles at a constant rate of 

6.25 x 1010 particles per second. If the source is electrically 

insulated, how long will it take for its potential to rise by 1.0 V, 

assuming that 80% of emitted J3 particles escape from the snrfuce. 

Solution 

Capacitance of the conducting sphere is given as 

0.Sx!0-3 I 
C=411s.,R=--~=- x10-12p 

9xJ09 18 

Rate to charging of sphere due to escape of beta particles from 

surface is given as 

dq 80 
- = - x 6 25 x J010 x I 6x 10-19 =8x !0-9C/s 
dt 100 . . 

Thus at any instant of time I the charge on sphere can be given 

as 

q=(8x 10-9)1 
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If after time t I charge on sphere increases to a value such that 
its potential rises to I V then we use 

q=CV 

. 1 
8 X 10-9 XI = - X 10-12 X I 
• I 18 

10-12 10·' 
t = --,---- = - = 6.95 µs 

I 8x J0-9 X 18 144 

# illustrative Example 2.5 

A capacitor is formed of two concentric spherical conducting 
shells ofradii a and b. If the medium between the spherical 

shells has a dielectric constant K1 from radius a to r and K
2 

from radius r to b, find the capacitance of such a spherical 
capacitor shown in fignre-2.19. 

Figure 2.19 

Solution 

If we transfer a charge q from outer to inner shell'then the 
potential difference between the two shells can be calculated 
by using the electric field strengths in the region between the 
shells. At a distancex from the center of the shells the electric 
field at points inside the two.dielectrics are given as 

Fora<x<r 

E = I . .!L 
. 1 41te0 K, x2 

andforr<x<b 

E= I .!L 
2 411e K ·x, 

0 2 

. ···-- _________ Capacitance I 

The capacitance of the given system is given as 

C=_Q_ 
Va -Vi, 

2.2 Working of a Parallel Plate Capacitor 

A parallel plate capacitor is used widely in various applications 

in electrical circuits and industrial applications. Figure-2.20 

· shows the pictures of actual parallel plate capacitors being used 

in industrial and research applications. Fignre-2.20(a) is the 

picture ofan electrolytic capacitor which uses a liquid dielectric 

in a cylindrical encloser and fignre-2.20(b) shows a ceramic 

capacitor which uses ceramic solid medium as dielectric between 

the plates. Electrolytic capacitors are made of higher order of 

capacitances whereas ceramic capacitors are small in size and 

used where capacitance oflower values are required. 

(a) (b) 

Figure 2.20 

The potential difference between inner and outer shells is given 2.2.1 Charging ofa Parallel Plate Capacitor 
by 

In article-2.1.10 we've discussed that on transferring a charge q 

VA- V8 = -f: E ·dx from one plate to another a potential difference is established 

between the two plates which can be calculated by using 
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equation-(2.42). Figure-2.2l(a) shows a parallel plate capacitor 

with plates X and Y of surface area A and kept at separation d 

which is connected across a battery along with a switch S as 

.shown. 

\<--d ~ Area ~ A 

X y 

; I>----~-;----' 

(a) 

+q -q 
+ 
+ E -+ 

re- + 
+ ~ 
+ e-

i -::-:+ -~ t e- x\<--d~Y 

' , 
~ e- --- +I. ,_J 

v' 

(b) 

Figure 2.21 

s 

When the switch S in above circuit is closed as shown in 
figure-2.2l(b), the positive terminal of the battery which is 
connected to plateX of capacitor starts pulling free electrons of 
the plate and pushes it toward the plate Y. As a result plateXwill 
start getting positively charged due to loss of electrons and 
plate Y will receive negative charges due to gain of electrons. 
As on the two plates charges are equal and opposite, these 
charges will only reside on the inner facing surfaces of the 
plates and outer surfaces will remain neutral. This establishes 
an electric field between the plates given by equation-(2.41) as 

E=~=-q-
Eo AE0 

... (2.47) 

Due to this electric field the potential difference between the 
plates increases. Battery will continuously supply charge on 
the plates by transferring electrons from plate X to Yuntil the 

. potential difference between the plates becomes equal to that 

of battery. Thus in final state when charge flow stops, the 
potential difference across capacitor plates will become V. This 
state when charge flow stops or when the potential difference 
across the capacitor becomes equal to that of battery terminals 
is called 'Steady State' of a capacitive circuit. In steady state 
the final charges on capacitor plates ofa capacitor of capacitance 
C is given as 

q=CV ... (2.48) 

In steady state the electric field between plates can be given as 

cr V 
E=-=-

e0 d 
... (2.49) 

In all conditions when a parallel plate capacitor of capacitance 
C is used in an application under an applied potential difference 
Vthen the final charge stored on inner surfaces of the plates of 
capacitor in steady state is given as q = CV and electric field 
strength between the plates is E = V/d. 

Consider the circuit shown in figure-2.22(a) which shows a 
capacitor having initial charge on its plates as %· Always 
remember that the charge on capacitor means its plates carry 
equal and opposite charges on their. inner faces and that is 
called as charge on a parallel plate capacitor. In this state of 
initial charge on capacitor if switch is closed then battery will 
modify the charges on capacitor plates which will depend upon 
the initial charge on it. 

+ 
+ 

+ 
+ 
+ 

+ 
X y 

'------'-l+ "' '--~_,,. __ __, 
vb,mery s 

Figure 2.22 

Due to initial charge on capacitor q0 the initial potential 
difference of the capacitor is V0 = q,JC. ff V0 < Vbatt,,y then ou 
closing the switch as shown in figure-2.23, battery will supply 
charges to capacitor and final charge on capacitor will increase 
until the potential difference across capacitor becomes equal to 
that of battery. Thus final charge on capacitor plates will be 
given as 

... (2.50) 
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Figure-2.~3 

If in above case V0 > V batte then on closing the switch as 
• 'Y 

shown in /jgure-2.24, charge will flow into the battery from the. 
capacitor and final charge on capacitor will decrease until the 
potential difference across capacitor decreases and becomes 
equal to that of the battery. The final charge on capacitor in this 
state will als? be given byequation-(2.50). 

.+q, 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

~----+", ~, =---/. __ ___, 
vbarru;v s 

If ~-> vb<wi,ry 

~ q1<% 

Figure 2.24 

2.2.2 Unequal Charges on Capacitor Plates Connected across 
a Battery 

Figure-2.25 shows an illustration to understand distribution of 
charges in a capacitor. In figure a 5µF capacitor ofwh.ich the 
two plates X and Y are charged with 20µC and 40µC charges 
and it is connected to a 6V battery via a switch S. In this circuit 
we are required to find the charge distribution on the surfaces 
of capacitor plates after closing the switch. 

---· - - --· ·-. ·1 
_ -· Capacitance 

C=SµF 
X y 

20µC 40µC 

'------'+"l 1-1---~/--~ 
6V S 

Figure 2.25 

In figure-2.25, ifwe consider the distribution ofcharges on the 
two plates then as discussed in section-1.17 .2 then we can 
state that the charges in open state of switch on the plates of 
capacitor are given as shown in figure-2.26. 

In this state we can see that capacitor charge which is considered 
as the charge on inner faces of capacitor which is IOµC due to 
which the initial potential difference between the plates is given 
below with plateX at lower potential and Y at higher potential. 

q1 I0µC . 
v;= c= SµF =2V 

C=SµF 
X y 

+ -
+JOµC + :IOµC 

+ + 
+ + 

+ - +IOµS. /lOµC 

+ - + + 
+ - + + 

+ - + + 

c_ ____ +,_, ""' '--~_,,. __ __, 
· 6V S 

Figure-2.26 

... (2.51) 

When the switch is closed in above circuit, the potential 
difference across plates will be equal to battery potential 
difference with plateX at higher potential as positive terminal 
of battery-is connected to plate X 

Thus in steady state final charge on inner faces of capacitor 
plates is shown in figure-2.27 which is given as 

q =CV. =5X6=30µC f battery 
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· C=5µF 
X y 

+ + - + 
+30µC + :30µC _ + 

+ + -30µ~, /30µC 

+ 

+ + 
+ + 

- ·+ 
• - + 

+ + - + 

IMJ= 10 + 30 = 40µC -~----+~~---/.~-~ 
6V S 

Figure 2.27 

In figure-2.27 we can see that due to closing the switch the 
charges on outer surfaces of the plates will not be changed as 
battery supplies equal and opposite charges on the two plates 
by transferring charge from one plate to another. In above case 
the total charge supplied by the battery is 40 µC as after closing 
the switch the polarity of charges in steady state on inner faces 
of plates is opposite to that before closing the switch. 

2.2.3 Energy Stored in a Parallel Plate Capacitor 

When a capacitor is charged,it establishes an electric field due 
to charge on its conductors. We have already discussed in 
article- LI 9 that field energy exist in every region of space where 
electric field is present thus a charged capacitor also contains 
field energy of electric field which can be calculated by using 
the field energy density of electric field as analysed and 
calculated in article-1.19.1 which is given as 

As the plates are considered large the electric field can be 

considered uniform between the plates and as of now we can 

neglect fringing effects at the edges of the plates. Thus the 

total energy stored in the region between the two plates of 

capacitor is giVen as 

1 
U=-E""xAd 2 fl"' . 

U= .!. E (-q-)'' xAd 
2 o AEo 

q'd 
U=--

2AE0 

... (2.54) 

Above equation-(2.54) gives the expression for total energy 

stored in a parallel plate capacitor of capacitance C charged 

with a charge q. This energy is stored in form offield energy of 

electric field in capacitor. If a capacitor is connected across a 

battery or having a potential difference Vacross its plates then 

in steady state its charge is given as q = CV so the energy 

stored in capacitor can be given in terms of the potential 

difference as 

q2 (CV)' 1 
U= - = -- = -CJ/2 

2C 2C 2 
: .. (2.55) 

The expression of stored energy can also be expressed in terms 

of charge on capacitor and potential difference across plates 

... (2.52) which is given as 

For a charged parallel plate capacitor as shown in figure-2.28 
with a charge q on its plates, the electric field between the 
plates is given as 

E=_q_ 
AE, 

+q 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
X 

. 

~ 

E 

-q 

-

-

-

-

-
·- I 

-

-
y 

Figure 2.28 

... (2.53) 

U= .i_ = q(CV) = .!.qV 
2C ~C 2 

... (2.56) 

Expressions given in equations-(2.54) and (2.55) are frequently 

used .in different cases of numerical problems as in different 

situations either charge on capadtor is given or potential 

difference across capacitor is given whereas equation-(2.56) is 

rarely used for calculation of energy stored in a capacitor. 

2.2.4 Heat Dissipation in Charging of a Parallel Plate 

Capacitor 

As we've already discussed in article-2.2.1 and in figure-2.21 

that on connecting a capacitor across a battery when switch is 

closed charges flow from one plate ofcapacitor to another plate 

due to battery an.d as wires are considered conducting with 

very low or negligible resistance, charges flow very fast and 
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quickly capacitor plates attain the steady state charges and 

finally cw,ent in circuit becomes zero. In the charging process 

free electrons in the conducting wires gain kinetic energy while 

transferring and finally all charges come to rest thus the kinetic 

___ · • - capacltancej 

As expressed in equation-(2.60), we can state that in process of 
charging an uncharged·capacitor half of work done by battery 
in charging is stored as potential energy in capacitor and halfis 
dissipated as heat. 

energy attained by these free electrons is finally dissipated in 
The term AU in equation-(2.59) is the energy absorbed by 

form of heat radiations to the surrounding. This dissipation of 
capacitor or change in· energy of capacitor after closing the 

heat in the process of charging a capacitor can be calculated by 

conservation of energy. 

C q=CV 
+ 
+ +q -q 

+ 
+ ,___e-;-i 
+ 

+ 
e +. t 

e-

l>q=CV 

Y~.----:-'-1 f.'I ~-4_/ It 
V S e- :::J 

Figure 2.29 

In figure-2.29 when the switch is open the initial charge on · 
capacitor was zero and no energy was stored in capacitor. When 
switch is closed battery supplies a charge on capacitor plates 
and in steady state charge on capacitor plates becomes q = C_v: 
Thus in steady state the potential difference across capacitor 
plates becomes V and energy stored in it is given by 
equation-(2.55) as 

switch. In this case as initially capacitor was uncharged so here 

AU is the final energy in capacitor in steady state. If in some 

case capacitor is initially charged then for AU we consider the 

change in energy of capacitor after closing the switch. 

2.2.5 Force Between Plates of a Parallel Plate Capacitor 

Figure-2.24 shows a capacitor of plate area A and plate 

separation x, charged to a charge q and disconnected from the 

charging source. The capacitance of this capacitor is given as 

. E A 
C=-'

x 
... (2:61) 

The energy stored in this capacitor can be calcnlated by usi_ng 

equation-(2.54) which is given as 

q' q' 
U=-=-~-

2C z(E:AJ 
q'x 

2E, A 
... (2.62) 

If the capacitor plates are to be pulled apart from the state 

shown in figure-2.30(a) then we need to apply an outwardforce 

on the plates which should be equal to the force with which the 
. I CV' U=-

2 ... (2.57) two plates are attracting each oiher. If the electrostatic force of 

In the process of charging of capacitor the amount of charge attraction between the plates is Fthen work done in increasing 

flowing through battery is q= CV thus the work done by battery the plate separation formx tox + dx is given as 

in transportation of this charge from one plate to anotheds 
given as 

W=AqV=(CV)V=CV2 ... (2.58) 

Equation-(2.58) shows that in the process of charging the 
capacitor work done by battery is CV2 and out of this half is 
stored in capacitor as field energy as expressed in 
equation-(2.57). Thus remaining energy which the battery 
supplied as work in charging is dissipated as heat which is 
given as 

H=,W-AU 

H=cit2- .!.cv2 

2 

I ' H=-CV 
2 

... (2.59) 

... (2.60) 

dW=F·dx ... (2.63) 

Area=A 

+q) -q 

+ -

+ -

+ -

+ -

' + -

+ -. X y 

I• x •l•dx•I 
J--F F+-i. 

(a) 

l 
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+q 

+ 

+ 
F., 

+ 

+ 

X + 

Fex1""F 

(b) 

Figure 2.30 

Here the work dW will be equal to the increase in energy dU due 

to increasein field energy in the shaded region as shown in 

fignre-2.30(b) in which electric field is present which was not 

there before pulling the plates. This energy dU can also be 

calculated by differentiating equation-(2.62) as 

dU = ___i_ 
dx 2e0 A 

... (2.64) 

From equation-(2.63) and (2.64) wecao get the force ofattraction 

between the plates which is given as 

F=___i_ 
2e0 A. 

... (2.65) 

Above expression of force given in equation-(2.65) can also be 

obtained by using electric field strength· of one plate at the 

location of other plate. As q _is the charge on one plate then 

electric field strength £ 1 due to this charge at the location of 

other plate is given as 

E =~=_q_ 
1 2e0 2Ae0 

... (2.66) 

The force on other plate due to the electric field of one plate can 

be given as 

# ll/11strative Example 2. 6 

A parallel plate capacitor is arranged horizontally in a 
mechanical situation with.the lower plate is fixed.aod the other 

connected with a perpeodicular spring as shown in fignre-2.31. 
The area of each plate is A and in equilibrium the distance 
between the plates is d0• When the capacitor is connecte4 with 

a source of voltage V, a new equilibrium appears after some 
displacement in upper plate with the new distance between the 

plates d1• Given that mass of the upper plate ism. 

:,V//,7//;J:/7///17//~ 

Figure 2.31 

(a) Find the spring constant K. 

(b) What is the maximum voltage for a given Kin which an 

equilibrium is possible? 

(c) What is the angular frequency of the oscillating system 
around the equilibrium value d1• Consider that amplitude of 

the oscillation is less than d1• 

Solution 

(a) Let /0 be the initial extension in the spring then for 
equilibrium of the upper plate we have 

K/0 =mg 

After connected to a voltage source, as the plate separation 
changes from d0 to d1• The extension of the spring will be 

(d0-d1). 

In new equilibrium position ofupper plate we have 

F=qE =q(-q-)=L 
1 2Ae0 2e0 A 

... (2.67) => ... (2.69) 

- Equation-(2.67) is same as that of equation-(2.65) which is 

obtained by work energy analysis. 

" In steady state we cao use q = CV which gives the force in 

terms of the applied voltage across the capacitor as 

... (2.68) 

In final state charge on capacitor plates q can be given as 

q = c1v= ( e~'A)v 

Thus from equatiqn-(2.69) we have 

E AV2 

K= o 
2df(do-d,) 

... (2.70) 
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f211f;1~;;;;;~ . . ... 
(b) From equation-(2. 70) the potential difference can be given 
in terms of other parameters as 

Jl2= 2Kx
2
(do-X) 

Ae0 

... (2.71) 

In above expression we replaced d1 with a variable x and this 
expression gives the potential difference in terms of the plate 
separation x as at different values of source voltage V the 
plate separation will be different 

For maximum voltage we use the concept of maxima-minima. 
Tons differentiating equation-(2.71) with respect to x which 
gives 

2v(dV) = -2K [2xd
0
-3x2] 

dx Ae0 • 

For Vto be maximum, (dV/dx)=O, this gives 

Thus the maximum voltage can be given ·by substituting the 
above value ofx in equation-(2.71) as 

... (2.72) 

(c) Let the upper plate be displaced through a small distance 

- . -- . -- . . ~- - -~-------~::, 
. . . : • . . Cap_aclfani:14 

As in above equation-(2.73) acceleration of the plate is directly 
proportional to the displacement we can infer that the plate is 
executing SHM so comparing above equation-(2. 73) with the 
acceleration of SHM a= - o:1x we get the angular frequency of 
SHM ofupper plate as 

# lllustrative Example 2. 7 

The lower plate of a parallel plate capacitor is fixed on an 
insulating plane as shown in figure-2.32. The upper plate is 
suspended from one end of a balance. Initially the capacitor is 
uncharged and balance is in equilibrium state. A voltage V is 
applied between the plates, what additional weight should be 
placed to maintain the balance? Consider the separation between 
the plates to be d and the area of each plate is A. · 

: : : : + : +} 
?7//;;;;J;~;:;>i~;;;/h 

Figure 2.32 

x downwards from equilibrium position. Then net force on the Solution 
plate is given by. 

1 e0AV x 2 [ ]-2 F=K(d -d)-Kx+ --- 1--
o 2· d 2 d I I 

I e0A V
2 

( 2x) F=-I(J(d -d)-Kx+ --- l+-
o 2 d2 d 

I I 

F=-K(d0-d)-Kx+K(d0 -d1i(l+ !; ) 
F= -Kx[3d1 :2d0 ] 

Acceleration ofupper plate is given as 

a= F =-K(3d1 -2d0 )x 
m m d1 -

The force between the plates of capacitor is given as 

For the balance equilibrium we have 

mg=F 

1 V2 

mg= z91 Ad' 

1 91 AV2 

m= 
2 md2 

# lllustrative Example 2.8 

A capacitor of! OµF capacitance is having 50µC charge. Find 
amount of heat produced when this capacitor is connected 

· · · (2.73) across a I OV battery as shown in figure-2.33 and switch is closed. 
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Solution 

C: IOµF 

+50µC 
+ 

+ 

+ 

----+ + 

+ 

+ 

+ 

-50µC 

L_ ___ __,:_+ ~----,,,.--~ 
IOV S 

Figure 2.33 

As we can see in figure-2.33 due to initial charge on capacitor 
its potential difference across plates is equai to V = 50/10 = 5V 
thus when switch is closed a potential difference of lOV is 
applied across battery as shown in figure-2.34 which is more 
than initial potential difference across capacitor hence battery 
will supply an additional 50µC charge to capacitor because 

steady state potential difference across capacitor is I OV so 
final charge on it will be IO x IO = 100 µC. Thus work done in 
further charging the capacitor to steady state by battery is 
given as 

W=Aq V=50x 10=500µ] 

+IOOµC 

+ 
+ 
+ 

+ 
+· 

+ 

+ 

-JOOµC 

,iq: 50µC 
+---._ ____ +.,_, "' '-__ ,,,. __ _ 

IOV S 

Figure 2.34 

... (2.74) 

When the switch was open then the initial energy stored in 
capacitor is given as 

q2 2500 
u,= Zc = 20 = 125µJ ... (2.75) 

~- ---- ----'"'SJ"i':4 
-----·~i:211:':l 

After closing the swiich final energy stored in capacitor is given 

as 

I I ½= 2CV'-= 2 x !Ox JO-Ox(10)2 =500µJ ... (2.76) 

· Thus from equations-(2.75) and (2.76) we can calculate the 
increase in potential energy of capacitor as 

AU=500-125=375µJ ... (2.77) 

Now in above process we can find the total amount of heat 

produced by using equation-(2.59) which is given as 

H=W-AU 

H=500-375= 125µJ 

# Illustrative Example 2.9 

In previous illustration if battery is connected with reverse 

polarity as shown in figure-2.35 then find the amount of heat 

produced in circuit after switch is closed. 

Solutio11 

+50µC 

+ 
+ 
+ 
+ 
+ 
+ 
+ 

-50µC 

~

+ _____ ,,,. __ -" 

s 

Figure 2,35 

After closing the switch steady state charge on capacitor will 
be I OOµC but the polarityofcharges gets reversed so the battery 

has to supply a charge of 150µC as shown in figure-2.36. The 

change in energy of capacitor remain _same as that of previous 

case which is 375µJ as initial and final charge on capacitor are 
sa"!'e. The work done by battery in the process can be given as 

W=Aq V= 150x 10= 1500µ] ... (2,78) 
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In this case again heat produced in circuit can be calculated by 

using equation-(2.59) as 

H=W-t.U 

H=)S00-375= 1125µJ 

-l00µC 

C= IOµF 

+l00µC 

+ 
+ 
+: 

+U----, 
+ 

+ 

+ 

. liq= lS0µC 

~------; µ+:__ ____ ._ _ _J 

l0V S 

Figure 2.36 

# Illustrative Example 2.10 

The two plates of a capacitor of capacitance 20µF are given 
different charges of lOOµC and 300µC respectively as shown in 
figure-2.37. Find the amount of heat produced in circuit when 

switch S is closed. 

C=20µF 

+l00µC +J00µC 

+ 
+ 

+ 
+ 
+ .-
+ 
+ 

~----+-; ,-c, ~_..,.,, __ _, 

20V S 

Figure 2.37 

Solution 

Initially the charges on capacitor plates are distributed on the 
surfucesoftheseplatesas explained in article-1.17.2 and 1.17.3 
and after redi~tribution of charges final charges on the plate 
surfaces are shown in figure-2.38 before closing the switch. 

Thus initial charge on capacitor can be considered as I OOµC 
and initial potential difference is V = q/C = I 00/20 = 5V. 

+ - + + 
+ 

+200µC 
+ 

-100µ 
+ + 

+l00µC +200µC 
- + + 

+ 
+ - + + 
+ -
+ -

+ + 

+ + 

~-----'-'+ "' ~_..,.,, __ ~ 
20V S 

Figure 2.38 

When switch is closed then steady state charge on capacitor 
will increase to q =CV= 20 x 20 = 400µC on_ inner faces of the 
capacitor plates as shown in figure-2.39. As already discussed 

that the charges on the outer surfaces of the plates remain 
unaltered due to application ofbattery. In the process of closing 
the switch an amount ofcharge t.q = 400-(-100) = 500µC will 

flow through the battery as shown thus the work done by battery 

in the process can be given as 

I • 

W=t.qV=500 X20= IOOOOµJ 

C=20µF 

+ + - + 
• +400µC 

+ + -'+ 
+200µC + + -400µg_ ;f ++200µC 

+ 
+ 

+ :+ 
+ + 

-~I+---~ 

+ + - + 

liq= SOOµC 

~----+cn.::c......._.-1 __ ...J 
20V s 

Figure 2,39 

... (2.79) 

_ Before closing the switch initial energy stored in capacitor is 

given as 

q/ (100)2 

U,= 2C = 2x20 = 2SOµJ ... (2.80) 

After closing the switch final energy stored in capacitor is given 
as 

... (2.81) 
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From equations-(2.80) and (2.81) we can find the energy absorbed 

bythe capacitor or increase in potential energyofcapacitor on 

closing the switch which is given as 

t.U =4000-250=3750µ] 

Now in this case the total amount of heat produced can be 

calculated by using equation-(2.59) which is given as 

H=W-6.U 

H=I0000-3750=6250µ] 

# Illustrative Example 2.11 

A cap~citor of5µF capacitance is charged with an initial charge 

60µCasshown in figure-2.40andconnectedacross a IOVbattery. 

Find the amount of heat produced when switch is closed. 

Solution 

+60µC 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

C=5µF 

-60µC 

~----+'-1>=1 :__~,,,.--~ 
IOV S 

Figure 2,40 

In the shown figure-2.40 the initial potential difference across 

the capacitor before closing the switch is V= q/C= 60/5 = 12V 
which is more than the battery to be applied so after closing the 

switch charge will flow from capacitor to the batiery and final 

charge of capacitor in steady state reduces to 

q1= CV= 5 x 10 = S0µCas showninfigure-2.41. In this process 

C=5µF 

+50µC -50µC 
+ 
+ 
+ 
+ 
+ 

+ 
+ 

1¥;= IOµC 

~----+'-! >='--....-:c'---' s IOV 

Figure 2,41 

Before closing the switch initial energy stored in the capacitor 

· is given as 

l (60)2 

U;'c' 2C = 2x5 = 360µJ ... (2.83) 

After closing the switch final energy stored in the capacitor is 

given as 

qJ (50)2 

U= - = -- =250µ] 
f 2C 2x5 -

... (2.84) 

From equations-(2.83) and (2.84) it is clear that the energy stored 

in capacitor is decreased that means potential energy of 

capacitor is released out. We can find the energy released by 

the capacitor or decrease in its potential energy as 

t.U=~-U; 

t.U=.250-960=-710µ] 

Negative sign ·in above equation shows that potential energy 

of capacitor is decreased in this process. Out of the above 

energy released by capacitor, l 00mJ of energy is used in doing 

work on battery as seen byequation-(2.82) and remaining will 

be dissipated as heat so from equation-(2.59) we can write 

I 0µC charge flows into the batter for which work will be done ~ 

on the battery and battery absorbs energy which is given as 

H=W-6.U 

H=(-100)-(-710)=610µ] 

W=t.q V=(-10) x 10=-I00µJ ... (2.82) 

Here negative sign indicates that the work is done by the battery 

and energy is absorbed by the battery_as charge flows into the 

battery in direction opposite to the polarity ofits terminals. 

Web' Reference at www.physicsgalaxy.com 
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, Topic- Capacitance. 
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Practice Exercise 2.1 

(i) The capacitance of a parallel plate capacitor is 400pF 

and its plates are separated by2mm ofair (a) What will be the 

· energy when it is charged to 1500V. (b) What will be the potential 

difference with the same charge if plate separation is doubled? 

( c) How much energy is needed to double the distance between 
its plates ? 

[(a) 4-5 x I0-4J; (b) 3000V; (c) 4-5 x 1Q-4JJ 

(ii) A charge oflµC is given to one plate ofa parallel plate 

capacitor of capacitance o_ I µF and a charge of2µC is given to 

the other plate. Find the potential difference developed between 

the plates. 

[5V] 

(iii) A parallel plate capacitor of plate area 0.2m2 and spacing 
10-2m is charged to 103V and is then disconnected from the 

battery. How much work in required if the plates are pulled 

apart to double the plate spacing? Calculate the final voltage 

on the capacitor. 

[8_9 X 1Q-S ), 2QQV] 

("iv). Two uniformly charged spherical drops at potential V 

coalesce to form a larger drop. If capacitance of each smaller 

drop is C then find capacitance and potential oflarger drop. 

[2 '"<;, 2213V] 

(v) A spherical capacitor has the inner sphere ofradius 2cm 

and the outer one of 4cm. If the inner sphere is earthed and the 

outer one is charged with a charge of 2µC and isolated, 
calculate. 

(a) The potential to whi,ch the outer sphere is raised 

(b) The charge retained on the outer surface of the outer 
sphere. 

[(a) 2.25 x 105V; (b) +lµC] 

(vi") The capacitance of a variable capacitor can be changed 
from 50pF to 950pF by turning the dial from 0° to 180°. With the 

dial set at 180°, the capacitor is connected to a 400V battery. 
After charging, the capacitor is disconnected from the battery 
and the dial is turned at 0°. 

(a) What is the potential difference across the capacitor 
when the dials reads 0° ? -

(b) How much work is required to turn the dial, if friction is 
neglected ? 

. [(a) 7600V; (b) 1.368 x 10-3J] 

______ _ : _ Capacitance I 
(vii) The stratosphere acts as a conducting layer for the earth. 
If the stratosphere extends beyond ?0km from the surface of 
earth, then calculate the capacitance of the spherical capacitor 
formed between stratosphere and earth's surface. Take radius 
of earth as 6400km; 

[0-092F] 

(viii) A40 µF capacitor in a defibrillator is charged to 3000 V. 
The energy stored in the capacitor is sent through the patient 
during a pulse of duration 2ms. Find the average cnrrent and 
The power delivered to the patient will be. 

[60A, 90kW] 

(ix) The two identical parallel plates are given charges as 

shown in figure. Iftqe plate area of either face of each plate is 
A and separation between plate is d, then find the amount of 
heat liberate after closing the switch. 

I q2d 
[--] 

2 Eo A 

(x) A capacitor has two circular plates whose radius are 8cm 
each and distance between them is Imm. When mica having 
dielectric constant 6 is filled between the plates, calculate the 
new capacitance of this capacitor and the energy stored when 
itis put across a potential of 150V. 

[1-068 x 10-'F; 1-2 x 10-5J] 

(n") If charge on 3µF capacitor is 3µC. Find the charge on 
capacitor of capacitance C in µC. 

C 

r?-i 
V) 6µFT T3µF 

'-------____JI . 
Figure 2.42 

[9µC] 

(xii) An insulated conductor initially f;ree from charge is 
charged by repeated contacts with a plate which after each 
contact is charged to Q by some mechanism. If q is charge on 
the conductor after the first operation, prove that the maximum 
charge which can be given to the conductor in this way is 
Qq/(Q-q). 
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2.3 Grouping of Parallel Plate Capacitors 

When parallel plate capacitors are used in different electronic 
circuits then depending upon the requirement of capacitance 
available capacitors are used in series and parallel combinations 
to achieve effective capacitance of desired value. 

For a given circuit of several capacitors connected in series or 
parallel or mixed combinations, we can replace the whole circuit 
by a single capacitor of effective capacitance equal to that of 
the whole circuit which is called 'Equivalent Capacitance'.· 
The process of calculation ofequivalent capacitance ofa given 
group of capacitors is called 'Grouping of Capac;itance'. . 

In general there.are two standard ways to connect capacitors in 
groups - Series Combination and Parallel Combination. These 
ways to connect capacitors are similar to what you have studied 
in your previous grades as combination of resistances. There 
are some specific ways to connect capacitors (and resistors 
also) when given capacitors are neither in series nor in parallel 
which are called mixed combinations. In upcoming articles, we 
will discuss these combinations in details and analyze how to 
calculate the equivalent capacitance of such combinations. 

2.3.1 Equivalent Capacitance of a Group of Capacitor 

Figure-2.43(a) shows a circuit in which several capacitors are 
connected·in groups. These capacitors may be connected· in 
series, parallel ,or mixed combinations and this group of 

capacitors across terminals A and Bis co1l!'ected across a battery 
via a switch S. When switch is closed, say a charge 11q0 flows 
through the battery for charging the capacitors of the group. In 
this situation if the whole group of capacitors across terminals 
A and B is replaced by a single capacitor as shown in 
figure-2.43(b) such that in this situation also when the switch is 
closed, battery supplies the same charge /iq0 to charge this 
single capacitor then the capacitance of this single capacitor is 
called 'Equivalent Capacitance' of the initial_ group across 
terminals A an dB of circuit. This is termed as equivalent because 
for battery this single capacitor is behaving identical to that of 
the group as on closing the switch till steady state arrives, 
battery does same amount of work in charging it. The capacitance 
of the.single capacitor which replaces the group is denoted as 

c"". 

A 

c, 
~-----11----

l>;J, -~-----+-,-
v 
(a) 

.,.,...,__~ 
s 

A C"' ~.:.:...----1 

l>;J, -
L_ ___ +'-" f'l ~--

v 

(b) 
Figure 2.43 

B 

Thus the charge which flows through the battery in full charging 
the all the capacitors of the group can be given as 

liqo= c,qv 
liq, 

c,q=v 

... (2.85) 

... (2.86) 

Thus the equivalent capacitance of any group of capacitors 
can be calculated by connecting a battery across the 
combination and taking the ratio ofcharge flown through battery 
to the battery potential difference as given in equation-(2.86). 

2.3.2 Parallel Combination of Capacitors 

When two or more capacitors are connected in such a way that 
all plates on one side of capacitors are connected together and 
all remaining plates of capacitors are 'also· connected together 

then all such capacitors are said to be in parallel combination. 

A c, 
~'----+-----, 

c, 

.__ _____ +c.,-

v 

Figure 2.44 

B 

..,. __ _ 
s 

Figure-2.44 shows three parallel plate capacitors having 
capacitances C1, C2 and C3 connected in parallel combination 
across terminals A and B across which a battery is connected 
via a switch Sas shown. To calculate the equivalent capacitance 

of this combination across terminals A and B we close the switch 

S after which the potential difference across terminals A and B 
will be come V due to connection with battery. As all three 
capacitors are connected to terminals A and· B, the potential 
difference across all these capacitors will become V and in steady 
state the charge on these capacitor plates will be 
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A 

!:J.qo=q1+q2+ql 

+, _,, 
V s 

(a) 

A c~ 
+ -

~ 
'-----'+"-j ,,cc-___ _,, 

V S 

(b) 

Figure 2.45 

B 

B 

Figure-2.45(a) shows the circuit in steady state and to attain 
this state we can see that battery has supplied a total charge 
q1 + q2 + q3 to the left plates of the three capacitors hence on 
closing the switch the total charge flown through the battery is 
gi~en as · · 

1'1qo=q,+q2+q, 
· 1'1%= c,v+ c2v+ c,v 

1'1q0 = (C1 + C2 + C3) V .... (2.87) 

Figure-2.45(b) shows the equivalent capacitance of2.36(a) in 
which also when we close the switch battery will supply same 
amount of charge thus equivalent capacitance of this circuit 
can be given as 

1'1q, 
c,.=7 

_C,q= C1 + C2 + C3 ... (2.88) 

Equation-(2.88) gives the equivalent capacitance of three 
capacitors connected in parallel which is the sum ofcapacitance 
ofindividual capacitors. This can be generalized to anynumber 
of capacitors that equivalent capacitance of all the capacitors 
connected -in parallel combination is given by sum of 
capacitance ofall individual capacitors. 

2.3.3 Series Combination of Capacitors 

--- -·-·--1 
, ~apacltance ! 

capacitor and second plate of this is connect to one plate of 
third capacitor and so on then all such capacitors are said to be 
in Series combination. 

_,,Jc, B 

'--------=c,+ "' '-------· 

.A 

V S 

Figure 2.46 

Figure-2.46 shows three parallel plate capacitors having 
capacitances C1, C2 and C3 connected in series combination 
across terminals A and B across which a battery is connected 
via.a switch Sas shown. To calculate the equivalent capacitance 
of this combination across terminals A and B we close the switch 
S after which the potential difference across terminals A and B 
will be come V due to connection with battery. We consider that 
battery supplies a charge q to this combination then whole 
charge q will be deposited on the left plate of the capacitor C

1 
due to which on other plate ofC1 a charge-q is induced and as 
this plate is connected to one plate of C

2
, it will gain an opposite 

charge +q as the section ofcircuit shown in figure-2.47(a) by 
dotted line enclosing point Mis isolated from the circuit and its 
total charge must be zero. Such a section in a capacitive circuit 
is called a 'Node'. Due to another node of circuit at point N 
between capacitors C2 and C3, same charges +q and -q will 
appear on these plates of this second node. Thus on all the 
capacitors connected in series combination always in steady 
state charges are equal. 

A c,, ..... ;,-.... {~.,-,-N- ...... ,cJ B 

+q 1~-~-~~~~-~-~J=(-q 
l!J.qo= q 

~----+~1- / 
V S 

(a) 

A c~ 
+q -q 

/;JJ,= q 

+, / 
V s 

(b) 

Figure 2.47 

B 

When two or more capacitors are connected in such a way that Thus from the initial uncharged state of all capacitors when 
one plates of a capacitor is connected to one plate of second switch is closed, battery transfers a charge q from right plate of 
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C3 to the left plate of C1 due to which the right plate· of C3 
attains a charge-q and left plate of C1 gains a charge+q and all 

other plates in circuit will gain alternatively charges +q and-q 

as explained above. 

As all three capacitors are connected to terminals A and B, the 

charge on all these capacitors will be same by which we can 

calculate the potential difference across each capacitor given 

as 

In above circuit shown in figme-2.47(a) we can write the 

following equations of potential differences 

v-v=!L 
A c C 

I 

... (2,89) 

... (2.90) 

=> 
I I I I 

~=-+-+c,q C1 C2 C3 
... (2,95) 

Equation-(2.95) gives the equivalent capacitance o(three 
capacitors connected in series which is the reciprocal of sum of 

reciprocals of capacitance of the three individual capacitors. 

This can be generalized to any number of capacitors as given in 

equation-(2.95). 

Based on the c.ases of series and parallel combination of parallel 
plate capacitors we've discussed above and on analyzing 
equations-(2.88) and (2.95) we can state that by connecting 
capacitors in parallel equivalent capacitance is more than every 
individual capacitance of the connected capacitors and in series 

combination of capacitors the equivalent capacitance is less 
then every individual capacitance of the connected capacitors. 

2.3.4 Combination of Nldentical Capacitors 

When N identical capacitors each of capacitance C are 

connected in parallel as shown in figure-2.48 then by 
· · · <2-91 l equation-(2.88) we can state that the equivalent capacitance of 

the combination can be given as 
. Adding the above three equations, we get 

=> 

. q q q 
V-V:=-+-+

A BC, C2 C
3 

V= q(_!_+_l +_!_) 
c, c, c, 

... (2,92) 

... (2.93) 

Figure-2.47(a) shows the circuit in steady state and to attain 
this state we can see that battery has supplied a total charge 

q to the left plate the capacitor C1 hence on closing the switch 

the total charge flown through the battery Aq0 is given by using 

equation-(2. 91) as 

=> ... (2.94) 

Figure-2.47(b) shows the equivalent capacitance offigure-2.47(a) 
·in which also when we close the switch battery will supply 
same amount of charge thus equivalent capacitance of this 

circuit can be given as 

Aq, 
c,q=v 

A 

C =NC eq 

C 

1-----< ""c~--<2 

,_ __ ..., f-'c'----IJ 

'----1 f-'c'----1,4 
I 
I 
I 
I 

<------------: 
I 

I I 
I I 
I I 

r-------11--------1 N- 1 

L~N 
Figure 2-.48 

... (2.96) 

B 

In above figure as all capacitors are connected in parallel then 
on applying a potential difference Vacross terminals A and B, 
potential difference across all capacitors will be same and equal 
to V. Steady state charge on each capacitor in this situation will 
be q = CV and for the equivalent capacitance of above group 

total charge on equivalent capacitor is considered as Nq, 
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Similar to above when N identical capacitors are connected in 
series as shown in figure-2.49, then by equation-(2.88) the 
equivalent capacitance can be given as 

C 
C=

,q N 

+ -
V 

Figure 2.49 

... (2.97) 

s 

If in above case we apply a potential difference V across 
terminals A andB then as analyzed and discnssed in article-2.3.3 
all tlie capacitors in series will be charged to same charge q 
which can also be considered as the charge on equivalent 
capacitor and it is given as 

C 
q=-v 

N ... (2.98) 

Thus potential difference across each capacitor in series 
combination can be given as . 

V 
V =

each N 

2.3.5 Potential Distribntion in Series Combination 

... (2.99) 

Figure-2.50 shows two capacitors are connected in series and 
connected across a battery of voltage V. In this state the 
equivalent capacit~nce across termin°als A and B can be 
calculated using equation-(2.95) which is given as 

cp, 
C =-
'• c, +c, 

A 

~---~+, ,=,-'-----/--~ 
V S 

Figure 2.50 

When the switch is closed in· above circuit, battery supplies a 
charge q which is given as 

... (2.100) 

As already discussed that in series ~barge on both capacitors 
will be same and equal to that given byequation-(2.100). Thus 
the potential differences V1 and V2 across the two capacitors 
can be given as 

q c,v 
V=-=--

1 c, c,+c, ... (2.101) 

q c,v 
and V2 = -= -- ... (2.102) c, c, +c, 
From aliove equations-(2.101) and (2.102) we can see that in 
series combination potential is distributed on the capacitors in 
inverse ratio as V/V2 = C/C1• 

2.3.6 Effective Capacitance of a System of Parallel Plates 

Figure-2.5 I shows three parallel plates each of area A and plate 
separation d. These three plates are forming two parallel plate 
capacitors, one between plates A and B and another between 
plates B and.C. Capacitance of each of these capacitors is given 
as 

E 0 A 
C=

d 

d 

BC==··-==;;=::==i, 
d 

Figure 2.51 

If the plates A and Care connected by a thin conducting wire as 
terminal X and another wire is connected to plate B as terminal 
Yas shown in figure-2.52(a) then the equivalent circuit of the 
two capacitors formed by these plates can be drawn as shown 
in figure-2.52(b) and we can consider these two capacitors in 
parallel and the effective capacitance across terminals"X and Y 
can be given as 

X 

2E, A 
C =2C=--

,n: d 

A 

B 

C 

(a) 

y 
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X 

,.------,A 

~ 
C 

~--_.c 

(b) 
Figure 2.52 

We consider another illustration to explain the same concept 

again. Figure-2.53(a) shows a system offour parallel plates with 

some connections across terminals X and Y. If capacitance 

between any two adjoining plates is C, here we will determine 

the effective capacitance of the system across terminals X and 

r 

2 

3 

4 

(a) 

4 

(b) 
Figure 2.53 

X 

y 

Figure-2.53(b) shows the equivalent circuit for the situation 

shown in figure-2.53(a). In ihiscase the capacitor between plates 

I and 2 is connected in series across the capacitor between 

plates 3 and 4 thus the equivalent combination of these two will 

be C/2 and this is connected in parallel with the capacitor 

between plates 2 and 3 thus the overall effective capacitance 

across terminals X and Yis given as 

C 3C 
C = C+-= -

XY 2 2 

2.3. 7 Variable Capacitor 

A capacitor of which capacitance can be varied as per 
requirement is called variable capacitor which is also termed as 
'Variac'. Figure-2.54 shows a system of N parallel plates in 
which every alternate plate is connected to each other on the 
two sides and attached to terminals X and Y as shown. 

2 3 4 

1 

5 

y 

Figure 2.54 

I 

N-1 N 

In this case if capacitance between adjoining plates is C then 
we can say that one plate ofeach of(N-1) capacitors in above 
figure is connected to terminal X and other plate of each of the 
capacitors is connected to terminal Y so all can be considered in 
parallel combination. Thus the equivalent capacitance of this 
system of N parallel plates can be given as 

CXY=(N-l)C 

Now consider a similar system shown in figure-2.55. This is 
m_ade with semicircular parallel plates mounted on an axis. 
Alternate plates are fixed and remaining alternate plates can be 
rotated about the common axis of all plates. Due to rotation the 
overlapping area of plates will change and this changes the 
overall capacitance of the system. Ifoverlapping sector area of 
adjoining plates in this system is A0 then for N plates the effective 
capacitance of this system is given as 

Figure 2.55 

· In above figure by rotating the knob K we can change the 
capacitance of such a capacitor as per requirement. 
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2.3.8 Types of Spherical Capacitors 

In article-2.1.6 we've discussed about the capacitance of a 
spherical capacitor consisting of two concentric spherical shells 
which is giveu as · 

· 41t e0 ab 
C= b-a ... (2.103) 

There are different ways in which such a spherical capacitor 
can be used in connections. Capacitance given in above 

. equation-(2.103) gives the capacitance of the annular region 
between the iwo spherical shells. If we consider the region 
outside the outer shell which is extended to infinity, this has a 
capacitance which we've discussed in article-2.1.1. In this case 
it is given as 

C'= 41te0 b 

Figure-56 shows a spherical capacitor in which both the above 
capacitances are shown. C is the capacitance between inner 
and outer shells considered as plates of the capacitor and C' is 
the capacitance between the outer surface of outer shell and 
infinity. We can consider a spherical shell at infinity which is 
always at zero potential or it can be assumed to be connected to 
earth as shown in figure. 

c· 

Figure 2,56 

Above system of spherical shells can be used in electrical 
circuits in four different ways along with earth connections. 
These cases we will discuss one by one. 

Case-I.: When Inner Shell is Earthed and Charge is Supplied 
to Outer Shell by a Battery 

Figure-57(a) shows the situation in which charge is supplied to 
the outer shell of the spherical capacitor by a battery. In this 
case the equivalent circuit of this system is shown in figure-57(b) 
by which we can se that the capacitances C and C' are couuected 
in parallel so the equivalent capacitance across the battery can 
be given.as 

C =C+C' oq 

41t e0 ab 
C = b +41te0 b 

eq -a ... (2.104) 

(b) 
Figure-2.57 

Case-IT: When Outer Shell is left open and Charge is Supplied 
to Inner Shell by a Battery 

Figure-2.58(a) shows the situation in which charge is supplied 
to the inner shell of the spherical capacitor by a battery. In this 
case the equivalent circuit of this system is shown in 
figure-2.58(b) by which we can se that the capacitances Cand 
C' are connected in series so the equivalent capacitance across 
the battery can be given as 

CC' 
C =--

eq C+C' 

~ c,. = 41t e0 a ... (2.105) 

By equation-(2.105) it can be .seen that in this case the 
capacitance is that of the region between inner shell and infinity 
so above value can directly be written as the capacitance of a 
sphere ofradius a. 

(a) 

_le "7 1 
(b) 

Figure-2,58 
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Case-III : When Onter Shell is Earthed and Charge is 

Supplied to Inner Shell by a Battery 

Figure-2.59(a) shows the situation in which charge is supplied 
to the inner shell of the spherical capacitor by a battery. In this 

case the equivalent circuit of this system is shown in 
figure-2.59(b) by which we can se that the capacitances C' is 

short circuited as outer shell is earthed so only capacitance C is 
considered to be connected across the battery so equivalent 

capacitance in this case can be given as 

C =C eq 

C' 

(a) 

(b) 

Figure-2.59 

... (2.106) 

Case-IV : When Inner Shell is left open and Charge is 

Supplied to Outer Shell by a Battery 

Figure-2.60(a) shows the situation in which charge is supplied 
to the outer shell of the spherical capacitor by a battery. In this 
case tlie equivalent circuit of this system is shown in 
figure-2.60(h) by which we can se that only the capacitance C' 
is considered to be connected across the battery as inner shell 
is not connected anywhere so no charge. will appear on the 
capacitor C thus the equivalent capacitance across battery can 
be given as 

C =C' eq 

c,q = 411 Eo b 

(a) 

(b) 
Figure 2.60 

# Illustrative Example 2.12 

... (2.107) 

Find the capacitance C in the circuit shown in figure-2.61 if the 
equivalent capacitance between points A and Bis lµF. 

14µF 
~Tl C lµF I 

6µFT . 

L_ L____J 
· ~ 12µF 

2µF 2µF 
B 

Figure 2.61 

Solution 

Each ofthe 2µF capacitors are in parallel combination and 6µF 
and 12µF capacitors are in series combination so replacing 
these by their equivalent the circuit can be redtawn in figure-2.62 
as 

~1:1 C lµF I t~ IBµF 
4µFT 

T4µF 
B 
D 

Figure 2.62 

In above circuit in vertical branch 4mF and 8mF capacitors are 
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in series and the two 4mF capacitors are in parallel so replacing 

these by their equivalent again the respective circuit is drawn 

in fignre-2.62(a) and further when we find the equivalent 

capacitance of all the capcitors except Cit is 32/9µF which is 

oonnected in series with C as shown in figure-2.62(b). 

(b) -

B 
0 

A C B 
o--j 1----J 1-------o 

32 µF 
9 

(c) 

Figure 2.63 

As the equivalent capacitance across terminals A and Bis I µF, 

w~ can use 

119 123 
- =-+- or-=-
! C . 32 C 32 

32 
C=-µF 

23 

#lllustrative Example 2.13 

Two capacitors of capacitances C1 = 2µF _ and C2 = 8µF are 

connected in series and the resulting combination is connected 

across a 300V battery. Calculate the charge, potential difference 

and energy stored in the capacitor separately. 

Solution 

Let Cbe the equivalent capacitance, then 

I 1 1 I I 5 
- = -+- = -+-=-
C C1C2288 

8 
C= - = 1.6 "" - 5 ~ 

The corresponding charge on capcitors is given as 

q = cv= (1.6 x 1oc.0) x 300 =4.8 x 1Q-4c 

Potential difference across capacitor C1 is given as 

q 4.8xl0-4 
V=-=--~-

1 C1 2x!O--,; 

V1 =240V 

Potential difference across capacitor C
2 

is given as 

q 4.8xl0-4 
V.=-=--~-

2 C2 8x!O--,; 

V2 =60V 

Energy stored in capacitor C1 is given as 

I u, = 2 (2 X I Q--0) X (240)2 

U1 =5.76 X J0-2J 

Energy stored in capacitor C2 is given as 

I 2 
U

2
= -C2V2 2 

I u2 = 2 X (8 X J0-<)(60)2 

U2= 1.44 x 10-2 J 

# Jllustrative Example 2.14 

Find the equivalent capacitance of given network of capacitors 

between A andB. Each capacitor has capacitance C= I µF. 

Figure 2.64 

Solution 

' 
Ifwe reduce the circuit from the right side of circuit by combining 

capacitors. in series and parallel then sequential reduction in 
circuit is shown in fignre-2.65 
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Figure 2.65 

A C C 

~>~~21c_ 
,-J ;_J 13 
B C C 

A 

-------i 144c 
_______J 377 . 

B 

Thus the equivalent capacitance is 144C/377. 

# Illustrative Example 2.15 

Three conducting plates are placed parallel to one another as 

shown in the figure-2.66. The outer plates are neutral and 

connected by a conducting wire. The inner plate is isolated and 

carries a total charge amounting to IO µC. The charge densities 

on upper. and lower face of middle plate are cr 1 .and cr2• 

Find 5cr/cr2. 

·5cm 

8cm 

Figure 2.66 

Solution 

The electric field between the upper plates E 1 and between 

lower plates E2 are given as 

"1 E =-

' Eo 

and E = a, 
2 e., 

Due to the connection upper and lower plates will be at same 

potential and thus the potential difference of both the plates 

with the middle plate must be same so we can use 

=> 

=> 

# Illustrative Example 2.16 

Figure-2.67 shows four parallel plates kept at equal separation 
forming three parallel plate capacitors. The capacitance between 
two adjoining plates is C. Find out equivalent capacitance 
between A andB. 

Figure 2.67 

Solution 

In this situation we can see that alternative plates are connected 
together with terminals A and B which we have discussed in 

articie-2.3. 7 that all such capacitors are considered in parallel 
combination thus equivalent capacitance across A and B 
terminals is given as 

c,q"' c, + c2 + c3=3C 

# lllustrative Example 2.17 

Two circular plates A and B ofa parallel plate air capacitor have 

adiameterofO.l mandare2 x I0-3 mapart. The plates Can_dD, 

ofasirnilarcapacitor have adiameterof0.12 mandare3 x I0-3m 

apart. Plate A is earthed and plates B and D are. connected 

together as shown in figure-2.68. Plate C is connected to the 

positive pole of a 120V battery whose negative terminal is 

earthed. Calcn)ate 

(a) the combined capacitance of the arrangement and 

(b) the energy stored in it. 

A B D Hl20V 

re;/:, J_ 
w 'if 

Figure 2.68 

Solution 

In the circuit shown in figure-2.68, the two earthed terminals 

can be joined together and circuit can be redrawn as shown. in 

figure-2.69. 
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Lj 
120V 

Figure 2.69 

Thus the two capacitors can· be considered in series across the 

120Vbattery. The capacitances of the two parallel plate capacitors 
are given as 

9i ·A1 8.85x10-12 x3.14x(0.05)2 

c,= -d- = 2x10·3 
I 

I 
288xl08 F 

andC=9iA, 
2 • d 

8.85xl0-12 x3.14x(0.06)2 
_ I F 

3 >< 10·3 300 X 108 
2 

(a) The equivalent capacitance is given as 

. cc 
C= 1 2 =i7pF· c, +c2 

(b) The energy stored in capacitors is given as 

1 . 1 
u= -cv2 = - x (17 x 10-12) x 1202 

2. 2 ,. . 

=> U=L224x I0-7J 
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Practice Exercise 2.2 

(i) Find equivalent capacitance between points P and Q in 
the circuit shown in figure-2. 70. 

p ~ A 
C c· C 

Figure 2.70 

(ii) The two capacitors C1 and C2 are made of square plates 
of edge length L The separation between the plates of capacitors 
are d1 andd2 as shown in figure-2.71.Apotential difference Vis 
applied between the points a and b. An electron is projected 

' ' 

· ,. · __ ·_ ·_:::::_-.:-.: _-_-_-_--_· --"C-"a"-pa'-'e"'lt-"an"'e"e_,l 

between the plates of the upper capacitor midway between the · 
two plates. Find the minimum speed with which the electron 
should be projected so that it' does not collide with any plate. 

a 

,· _____________ , t'' 
c, 

c,====::::!=====iT. 
£, 

b 

Figure_ 2.71 

(iii) Find the amount by which the total energy stored in the 
capacitor will increase in the circuit shown in the figure-2.72 
after switch K is closed. Consider all capacitors are of 
capacitance 3 µF and battery voltage is 1 OV. 

V 

Figur_e 2.72 

[100 µJ] 

(iv) (a) In the circuit shown in figure-2. 73 calculate the 
equivalent capacitance between terminals A andB? (b) If the 
charge on the 5µF capacitor is 120µC, what is the potential 
difference between points A and C? 

A 

.--I--'~...____ 

4µF 

L---.. ~ 
• 2µF 

Figure 2.73 

[(a) SµF, (b) 64V] 

B 
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(v) Three concentric thin spherical shells are ofradii a, b, c 
(a< b<c). The first and third shells are connected by a fine wire 
through a small hole in the second and the second is connected 
to earth through a small hole in the third as shown in figure-2. 74. 
Find the capacitance of this system. 

Figure 2,74 

[ 
ab c

2 l [41te 0 -+-] 
b-a c-b 

(vt") Three initially uncharged capacitors are connected in 
series with a battery of emf30V in the circuit shown in figure-2. 75 

2µF 3µF 6µF 
~---< t-1 ---,II t------<I t---~ 

~-------<~ 

Figure 2,75 

Calculate the following parameters for this circuit 

(a) Charge flow through the battery 

(b) Potential energy in 3 µF capacitor 

(c) Total energy in all capacitors 

(d) Heat produced in the circuit after switch is closed 

[(a) 30µC. (b) 150µJ, (c) 450 µJ; (d) 450 µJ] 

(vii) In figure-2.76 find out equivalent capacitance betweenX 
and Y. Each plate is ofareaA. 

d x·---+-----
d 

d 

-----------r 
Figure 2.76 

(viii) In figure-2. 77 all the capacitors of circuit have a 
capacitance of 6.0µF, and all the batteries have an emf I OV. 
What is the charge on capacitor C? 

I I I I 

I I 
T I 

Figure 2.77 

[60 µC] 

(ix) Figure-2.78 shows five large parallel plates kept at equal 
separation d and each of plate area A with some wire connections. 
Find out equivalent capacitance between terminals X and Y. 

------------~Y 
3e, A] [Sd 

Figure 2.78 

(x) X and Y are two parallel plate capacitors having the same 
area of plates and same separation between the plates. Xhas air 
between the plates and Y contains a dielectric medium e, = 5. 

(a) Calculate the potential difference between the plates of 
XandY. 

X y 

.-------!It----___,I i--------, 

+ -
~----0 0------~ 

12V 

Figure 2.79 

(b) What is the ratio of electrostatic energy stored inXand 
Y? 

[(a) JOY, 2V; (b) 5] 
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2.4 Nodal Analysis of Capacitive Circuits 

In previous articles we've analyzed combinations of capacitors 
and basic circuits containing capacitors. Most ofbasic circuits 

· on capacitor groups can be handled by using the concept of 
series and parallel combination. As discussed earlier also that 
then; are some cases in which capacitors are connected in such 
combinations which are neither series nor parallel called mixed 
combinations. Such cases can be easily handled by a specific 
method of solving capacitive circuits called 'Nodal Analysis'. 
In article-2.3.3 while studying series combination of capacitors 
we discussed what is a 'Node' in capacitive circuit. It is an 
isolated part of circuit at which two or more plates of capacitors 
are connected. Figure-2.80 shows a capacitive circuit in which 
C1 and C2 are connected in parallel and this group is connected 
in series with C3 and connected across a battery of voltage V. In 
this circuit also a node is shown at junction Mby closed dotted 
line. Before proceeding to the steps of nodal analysis it is 
essential to understand how to identify nodes of circuit. 

A. 

L...,_ ___ _..:!:.J+ "' =----_,,. __ _J 

V S 

Figure 2.80 

Another capacitive circuit is shown in figure-2. 81 in which two 
nodes are shown at junctions Mand N. Always remember that 
nodes are parts of circuit at a junction of wires which are 
connected to two or more plates of capacitors of circuit. 

A B 

L...,_ ___ _..:!:.J+ ,-

v 

,,.. __ _ 
s 

Figure 2.81 

For any given circuit of capacitors if you are able to identify 
nodes of circuit then next step in solving the circuit is potential 
distribution and writing nodal, equations which we will study 
step by step in next articles. 

2.4.1 Solving Capacitive Circuits 

Whenever we switch on a capaci!ive circuit then charges flow 

through the connected battery (or batteries) in the circuit and 

connected capacitors attain charges until steady state is arrived 

when charge flow stops and capacitors of circuit are said to be 

fully charged in the given circuit. 

Analyzing the circuit for calculation of steady state charges on 

various capacitors of circuit, potential difference across any 
points of circuit, work done by batteries in charging the 

capacitors and energy stored in capacitors, is called 'Solving a 

Circuit'. In previous article section-2.3 and Illustrations-12 to 

17 we solved some circuits by using the method of series and 

parallel combinations. Nodal analysis is a better and fast 

technique to solve capacitive circuits when circuits 
combinations are complex. Simple circuits you can always solve 

by using series and parallel method. 

2.4.2 Step by Step' Solving a Circuit Using Nodal Analysis 

For a given group ofcapacitors we can calculate its equivalent 

capacitance, charge, potential difference and energy stored in 

any capacitor using nodal analysis in stepwise manner. 

We will discuss the understanding and application of nodal 

analysis using an illustration shown in figure-2.82. The circuit 

shown here is similar to figure-2.80 with numerical values. In 

this circuit we will calculate the equivalent capacitance of the 

circuit across terminals AB and steady state charge on each 

capacitor after closing the, switch. There are three steps to be 

followed for solving this circuit using nodal analysis. 

A 

'------'-+ ., =----_,,. __ _J 

20V S 

Figure 2.82 

Step-I of Nodal Analysis: Identifying the Nodes of Circuit 

As already explained in previous article about identifying the 

nodes of circuit, in this case we can mark the junction Mas a 

node in this circuit as shown in figure-2.83. 
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4µF/ ... - ..... ~-.. 
' ', ' ', ' ' 

A 
' ' 
\ \ SµF B 
I : 
t / ' , ~-..,\,f---~ / 

3µF\ .. ______ ,,.,, 

~---~+--l]f-_____ ,,. __ ~ 

20V S 

Figure 2.83 

Step-IlofNoda!Analysis: Distribution of Potential in Circuit 

To proceed further we need to distribute potential at every 

point in the circuit. We start with the battery terminals and first 

consider the potential at negative terminal of the battery as 

zero. Battery used here is of20V thus positive terminal ofbattery 

will be at potential 20V. All metallic connecting wires can be 

considered equipotential so on the wires connected to negative 

and positive terminals ofbattery potential will remain 0 V and 

20V respectively. 

At the node junction Mas it is neither connected to left or right 

side of battery directly, we can consider its potential to be x 

such that 0V < x < 20V because on capacitors charges polarity 

is as shown in figure-2.84 and negative plate of capacitor is 

always at lower potential then its positive plate. 

A 

4µF 

~-+~q,;, ,_-q~,~~ 
3µF 

M 
5µF 

,___,B,-..,'CW' 
© +% -q3 \!!V 

~-+---+-'-< 1- I 
20V@) 

Figure 2.84 

As shown in figure-2.84 all points on the circuit some potential 
is considered. We started with zero potential reference from 
negative terminal of battery and distributed potentials at all 
other points of circuit. For nodes as potential is unlmown, we 
give variable potentials x, y, z .... if more than one nodes are 
there in a circuit. 

Step-ID of Nodal Analysis: Writing Nodal Equations 

As we discussed that nodes are isolated parts of circuit so net 
charge on all the plates of capacitors connected to a node of 

- - - " - """ "''''•"' -,··-~'j 
______ 2~Z1 

circuit must be zero. On a node charges can only be induced so 
ifcapacitors are initially uncharged, net charge on a node must 
remain zero. So for every node of circuit we can write equation 

for conservation of charge as for circuit shown in figure-2.84 
we can write 

... (2.108) 

As in steady state charge on a capacitor is given as q = CV 
where Vis the potential difference across the capacitor plates 
we can use the charge on the three capacitors as 

and 

q 1 =4x (20-x)µC 

q 2 =3x(20-x)µC 

q3 =5xxµC 

... (2.109) 

... (2110) 

... (2.111) 

Substituting the values of charges in equation-(2.109), we. get 

5x-4(20-x)-3(20-x) =0 

12x=l40 

140 35 
X = 12=3 V 

... (2.112) 

... (2.113) 

Equation-(2.112) above is called 'Nodal Equation' used to 
determine the unknown potentials considered in step-II ofnodal 
analysis. Ifin some circuit there are two nodes then there will be · 
two variable .potentials considered x and yin step-II and then 

we write two nodal equations for the two variables. Next 
illustration will explain such a circuit with more variables. Nodal 
equations are linear equations in terms of unknown potentials 
and solving nodal equations we can determine the values of 

unlmown potentials considered like here we calculated the value 
ofx given in equation-(2.113). 

Once the unlmown potential is obtained, we can calculate 
charges on all the capacitors of the circuit by using 
equations-(2.109), (2.110) and (2.111) which are given as 

q 1=4x (20-
3
})= l~O µC 

q2 =3 X (20-
3
})=25 µC 

and 
35 175 

q,=5X 3 =3µC 

To find the equivalent capacitance of this circuit across terminals 
A and B we can use equation-(2.84). On closing the switch 
battery transfers a charge litj0 from right plate of5µF and places 
on the left pates of 3 µF and 4µF capacitors thus we can write 
the charge flown through battery in this case is given as 

... (2.114) 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



-~-·--·· --- . - . 

l,.,_2"-28'--· --·--· - ------- -·· .... 

Thus equivalent capacitance in this case can be given as 

(
175) 

_ bq, __ 3 __ 35 
c,. - v. - 20 - 12 µF ,,.,,.,, ... (2,115) 

Above result of equivalent capacitance can be verified directly 
by using the series and parallel combination method. In the 

given circnit we can see the 4 µF and 3 µF capacitors are 
connected in parallel combination thus their eqnivalent can be 

given bysnm of these two i.e. 7µF which is connected in series 

with 5µF. For. two capacitors C1 and C2 is given as 
C1C,j(C1 + C2) thus the overall equivalent capacitance of this 

circuit is given as 

7x5 35 
c,.= 7+5 = 12 µF ... (2.116) 

We can see that above result is same which is obtained in 

equation-(2.115) hnt both are entirely different methods. In this 
case the method of series and parallel combination seems more 

easier and fust, thats true but in many cases of mixed combination 
and complex circuits method of series and parallel combination 
may not work which we will analyze and discuss in upcoming 
illustrations. 

One important point to be noted in above analysis is that the 
. equivalent capacitance of circuit does not depend on the, 

potential difference applied across it like if we repeat the 
analysis by changing the battery voltage to 50V or I 00V instead 

of 20V then also the result will remain same. So in different 

cases ifwe need to solve a capacitive circuit for its equivalent 
capacitance then we can connect a I00V battery across its 
terminals and solve by using nodal analysis. We use I00V to 
simplify the calculations otherwise any battery can be used for 

this purpose. 

2.4.3 Alternative Way ofWriting Nodal Equations 

In previous article we've discussed stepwise analysis of solving 
a capacitive circuit using nodal analysis. In nodal analysis in 
last step we write nodal equations to find the unknown potentials 
at nodes of circuit which are the equation of conservation of 
charge at all the plates connected to a node junction like the 

equation-(2.109) we've written for the circuit shown in 
figure-2.84. Then we substituted the.value of charges in nodal 
equation in terms of the unknown potential x and obtained 
equation-(2.112). 

Equation-(2.112) can be written directly just after step-II as we 
distribute potentials in circuit. In figure-2A3 to add the charges 
on the three plates of capacitor we can directly write the plate 
charge as product ofcapacitance and difference of potential of 
that plate from the other plate such as 

Capaciianc,jl 

4(x-20)+3(x-20)+5x =O ... (2.117) 

In above equation-(2. U 7) charge on plate of 4µF capacitor 
connected to Mis 4(x - 20) µC and we don't need to bother 

about the sign of this charge as subtracting other plate potential 
from the potential of this plate will take care of the sign of 
charge on this plate. Similarly the charge on the plate of3µF 

capacitor connected to Mis 3(x-20) µC and that on the plate of 

5µF capacitor connected to Mis 5(x - 0) µC. Thus we can 
directly sum up these charges and equaie to zero as given in 

equation-(2.117) which is same as equation-(2.112). This method 

of writing nodal equation saves time as we don't need to bother 
about the sign of charges on plates connected to a specific 
node junction. 

# lllustrative Example 2.18 

Find the potential difference between points Mand N of the 
circuit shown in figure-2.85. The battery voltage is equal to 

I; and the capacitance ratio C,JC1 is equal to T\-

Figure 2.85 

Solutio11 

First we will calculate the equivalent capacitance of this circuit 
across the battery terminals. Right most capacitors C1 aud C2 
are connected in series so their equivalent capacitance is given 
as 

C'= C1 +11C1 11C1 
C1 +11C1 I +11 

1'/ow C' is connected in parallel to the capacitor C2 so we have 
their equivalent capacitance given as 

C"=C'+C = 11C1 +11C = (112+211)C1 · ... (2.118) 
2 !+11 1 1+11 

Further C" and capacitor C1 are in series so their equivalent 
capacitance C is given by 

I I I 
-=-+c C1 C" 
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c, M c, 

=> 
(1/+21'])+(1+1']) 

C ( 1']2 + 2TJ)C1 c, N c, 

... (2.119) 

Figure 2,86 

The total charge supplied by the battery in charging the Solution 

capacitors of the circuit is given as 

(1']2 +2TJ)C1E 
q=CE= 

1']2 +31']+1 
... (2.120) 

The voltage Vacross equivalent capacitor C" is given by 

(1 +TJ)E 
V= 

1'] 2 +31']+1 
... (2.121) 

The voltage Vwill be across C2 and equivalent capacitor C'is 
now given as 

This circuit can be solved either by series and parallel analysis 

or by using nodal analysis. Here we will solve it using nodal 
analysis. As we can see in figure at junctions Mand N there are 

two nodes in the circuit at which we can consider potentials to 
be x and y respectively. Figure-87 shows the potential 
distribution at different points of circuit. 

c, M I • @ 

® I 0 I ® • 
c, N c, 

e+ 

Figure 2.87 

Now we can write the nodal equations for nodes Mand N 
· · · (2.122) respectively which are written as 

The above charge in equation-(2.122) will be distributed across For node M, nodal equation is 

C1 and C2 which are connected in series. The potential Ci(x-O)+Cz(x-E)=O 
difference across points M and N which is the potential 

... (2.124) 

difference across right most capacitor C
2

, is given as 

=> ... (2.123) 

Above question can also be solved using nodal analysis 
method. Students are advised to, solve this using method of 
nodal analysis and verify the result obtained in equation-(2.123). 

# Illustrative Example 2.19 

In the circuit shown in figure-2.86 four capacitors are connected 
to a battery. Determine the potential difference V M- VN between· 
points M andN of the circuit. Find the conditions under which 
it is equal to zero. 

Similarly for nodeN, nodal equation is 

C3(y-O)+ C2(y-E) =O ... (2.125) 

Solving equations-(2.124) and (2.125) we get the values of 

potentials at points Mand N as 

x=-C~1'---E-
(C1 +C2) 

C3E 
y= 

(C3 +C4 ) 

c, ] 
(C3 +C4 ) 

... (2.126) 
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1~30 Capacitance I 
To obtain t~e condition under which equation-(2.126) becomes As the potential of node B is known now, we can find the 

zero is given as potential difference across points A and B and that across B 

cl C4 - c2 C3 =0 

.s_ = C3 
C2 C4 

Above equation-(2.126) we obtained by using nodal analysis 

but students can verify the same result by using series and 
parallel method also. In upcoming articles we will discuss that 
above equation can be directly obtained bymethod of potential 
distribution. 

# lllustrative Example 2.20 

In circuit shown in figure-2.88 calculate the potential difference 

between the points A and Band between the points Band C in 
the steady state. 

So/utio11 

3µF 

IµF 

IOOV 

lµF 

I 

A._ __ -J~~~~'------oiC 

Figure 2.88 

To apply nodal analysis in above circuit we distribute the 

potentials at different parts of circuit by considering zero 

reference at the negative terminal of the I 00V battery. This is 

shown in figure-2.89. 

3µF 

. lµF 

I 

9'----'--__J~--'---~® 
lµF 

toOV 
A'-----<~~~~1-----loc 

Figure 2.89 

For the above node junction at point B, nodal equation is 

written as 

I(x-0) + l(x-0) + 3(x-IOO) + 3(x- IO0)=0 
~ Bx=600. 
~ x=75V 

and C, given as 

and 

VAB = 100-x= !00-75=25V 

VBc=x-0=75-0=75V 

Here we can see that the required results are obtained in just 

two steps. For practice students are advised to solve the same 

circuit by using series and parallel method and see how lengthy 

it will be. However byusing the method of potential distribution 

(we will study in upcoming articles) this question can be quickly 

solved. 

2.4.4 Wheatstone Bridge and its Analysis 

Figure-2.90 shows a specific combination of five capacitors in 

which no two capacitors are in series or in parallel connection. 

This specific connection is called a ' Wheatstone Bridge'. If we 

wish to determine the equivalent capacitance of this combination 

of capacitors then it cannot be determined by using method of 

series and parallel combination. This can be solved either by 

using nodal analysis or by other very lengthy methods not 

being discussed here as ofnow. Such methods we will study in 

next chapter of current electricity because in many cases of 

electric currents circuits those methods work faster. 

A 

'l"' 
~ 

B 

c, c, 
Figure 2.90 

Next we will take an illustration to analyze a Wheatstone bridge 

for determining its equivalent capacitance. Consider the 

Wheatstone bridge shown in figure-2.91. To calculate its 

equivalent capacitance we connect a battery of! 00V across its 

term;.nals A and B as shown in figure-2.92 as we know that 

applied battery voltage does not affect the equivalent 
capacitance.· 

A 
"T 

'----I~ f--

2µF 8µF 

Figure 2.91 

B 
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To apply nodal analysis for solving the circuit of this 

Wheatstone bridge we distribute potentials at all parts of the 

circuit as shown in figure-2.92. We've considered negative 

terminal of the battery at zero potential and positive terminal at 

I00V with potentials at node junctions Mand Nat x and y 
respectively shown in figure-2.92. 

A 

4µF M 2µF 

T 
=T4µF 

~ 
2µF N BµF 

'-~--+"-'I- I 
100V @') 

B 

,,.,..,_ _ _, 
s 

tiq0 = ! 2x+ Sy I= 14(100-x) +2(100-y) I 

(
1600) (900) ~ tiq0 =2 x 31 +8 x 31 _µc 

Thus equivalent capacitance of the Wheatstone bridge shown 

in figure-2.90 across terminals A andB is given as 

(
10400) 

31 104 
c,q= ,oo = 31µF ... (2.131) 

Equation-(2.131) gives the equivalent capacitance of the 

Wheatstone bridge which we have calculated using nodal 

analysis method. As already discussed that this cannot be 

calculated by using series and parallel method because in 

Wheatstone bridge capacitors are neither connected in series 

Figure 2-92 nor in parallel combination. There is some specific conditions 

for a Wheatstone bridge under which the circuit can be modified 
Now we can write the nodal eqnations for variable potentials x which will be discussed in next article. 
andy. The nodal equation for the node junction M can be written 

directly as explained in previous article-2.4.3 as 2.4.5 Balancing Condition of Wheatstone Bridge 

4(x-100)+4(x-y)+2(x-0) =0 

5x-2y=200 

... (2.127) 

... (2.128) 
Figure-2.93 shows a Wheatstone bridge connected across a 

battery of voltage V. In this situation if we consider the potentials 

of different parts of circuit as shown in the figure am! write 
Similarly we can write the nodal equation for node junction N as nodal equations for node junctions M and N then these are 

2(y-100)+4(y-x)+ Sy=0 
7y-2x=IOO 

... (2129) 

... (2.130) 

Solving equations-(2.128) and (2.130) for variables x and y, we 

get 

and 

1600 
x=--V 

31 

900 
y=-V 

31 

To determine equivalent capacitance across the terminals A and 

B we use equation-(2.86) which is given as 

given as 

C1(x- V) + C5(x-y)+ Cix-0) =0 

and C2(y-V)+C5(y-x)+C4(y-0)=0 

A 

® 
B 

® 

,,.,..,_ _ __, 
s 

liq, 
ceq = V Figure 2.93 

... (2.132) 

... (2.133) 

Here/iq0 is the charge flown through the battety in charging of In above equations-(2.132) and (2.133) ifwe use x = y then it 

the group of capacitors and Vis the battery voltage. The charge gives 

flown through the battery is the sum of charges of capacitors 

connected to right terminal of battery ofto the left terminal of 

the battery. Thus in abo:'e case this charge /iq0 can be given as 

... (2.134) 
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From equation-(2.134) we cap. also say that if this ratio holds for 
a Wheatstone bridge then for any value of V the potential of 
the two junction nodes in the circuit will be equal. Thus if x = y 
then capacitor C5 will remain uncharged and unafrected in circuit 
so even if we remove this middle capacitor branch from circuit 
then also it will not affect the circuit. fu that case figure-2.93 will 
reduce to the state shown in figure-2.94. 

c, c, 

A B 

c, c, 

Figure 2.94 

Now the ·equivalent capacitance of this circuit can be easily 
calculated by using series and parallel method. The Wheatstone 
bridge in which equation-(2.134) holds is called a 'Balanced 
Wheatstone Bridge' and the ratio in equation-(2.1134) is called 
'Balancing Condition' ofa Wheatstone bridge. 

The equivalent capacitance of the balanced Wheatstone bridge 
after removing the middle branch as shown in figure-2.48 can 
be given as · 

c,c, c,c, 
C =---+~~

'• C, +C, C2 +C4 
... (2.135) 

2.4.6 Alternative CircuitArrangements ofWbeatstone Bridge 

In previous articles we've discussed on solving a circuit of five 
capacitors connected in a specific fashion called Wheatstone 
bridge as shown in figure-2.90. The connections of capacitors 
in combination ofWheatstone bridge can be drawn in different 
ways and sometimes students get confused whether the given 
circuit is Wheatstone bridge is a Wheatstone bridge or not. 
Figure-2.95 shows different ways in which a Wheatstone bridge 
can be drawn as a part of capacitive circuit. 

"l 
A B 

~ C N c, ' 
(a) 

A 

M 

c,1!c, 

·~~r· 
II c, 

N 

(b) 

C 
11' 

IM N II 
I c, 

II c, 
(c) 

(d) 

(e) 

c,~c, 

II c, 

N M 

c, 

(I) 

Figure 2.95 

2.4.7 LadderNetworks 

•B 

•B 

Figure-2.96 shows a capacitive circuit in which a section of two 
capacitors as shown by dotted closed curve is repeatedly 
connected infinitely. Such circuits are called 'Ladder Networks' 
or 'Ladder Circuits'. 
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;capacitance 

y 

Figure 2.96 

To solve such circuits for equivalent capacitance, we first 
consider that the equivalent capacitance of the circuit across 

terminals A andB in above figure is given as CE then for infinite 

sections connected one after another if one section is removed 
then also the remaining capacitance of the circuit across 
terminals X and Y can also be considered as C Eas circuit across 
terminalsXand Y as shown in figure-2.97(a) is identicaHo that 

shown in figure-2.96. 

(a) 

C 
A-II 

I c,-
B• 

IC 
(b) 

Figure 2.97 

X 

1 Tc, 
y 

Tuns the circuit after tenninalsXYin figure-2.96 can be replaced 

bya single equivalent capacitance CE as shown in figure-2.97(b) 
and it can be solved using series and parallel method which 
gives the value of CE by considering CE in parallel with C and 
then this group in series with another C connected in top branch 

which is given as 

2.4.8 Effect of a Multiplying factor on Equivalent Capacitance 

For two capacitors C1 and C2 in series combination the 

equivalent capacitance is given as 

c,c, 
c,, = c, +c, ... (2.137) 

In equation-(2.137) we can see that numerator is second order 

and denominator is first order. Ifwe calculate the equivalent 

capacitance of three capacitors in series C1, C2 and C3 then itis 

given as 

c,,= cp,+c,c,+c,c, 
... (2.138) 

In equation-(2.138) we can see that numerator is third order in 

unit ofcapacitance and denominator is second order in unit of 

capacitance. For any given circuit of capacitors if expression 
for equivalent capacitance is analyzed then always in numerator 

if capacitance unit order is n then in denominator it will be n -I 
so that in this expression final unit will be of capacitance. Based 

on this understanding we can state "If capacitance of all the 
capacitors of a circuit are made N times then equivalent 
capacitance of the circuit will also become N times." 

# //l11strative Example 2.21 

Find the equivalent capacitance of the infinite ladder shown in 

figure-2.98 between the points A & B. 

Figure 2.98 

C = C(C+CE) Sol11tio11 
E C+(C+CE) 

Ci2C+ CE)= C(C+ CE) 

c;+cc,-c' =o 

CE = (Js2-1)c ... (2.136) 

The expression given in equation-(2.136) is the equivalent (Let C,q =x} 

capacitance of the ladder circuit shown in figure-2.96. 
Upcoming illustrations will explain the similar concepts in more 

details. 

rr~ 
X TlµF TX 
l____._, - ---'-

B 

Figure 2.99 

2x 
x= -- +1 

2+x 

2x+2+x 
x= 

2+x 
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x(2+x)se'.lx+2" ~ •,. . 

=> 2x+x2=3x+2 

=> x2-x-2=0 

_ , -b±~b2 -4ac 1±.J1-+:s 1±3 
Usex= --'-,---- = --- = -=2 and -1 

2a 2 2 

' x=2 C =2µF 
' eq 

i,-Grade 11 &1,~bAgel?-l?Years 
• CTRO~~Il~'.'.; .. 

pacit:ance· · "·1 •• ·"':· • 

'umber-2l"ffi'29'I ·,:i,,' '" 
' ' .... ""~,(' 

·' 
Practice Exercise 2.3, 

(i) · In the circuit shown in figute-2.100 fuid thepol¢ntial at 
point B. . ·,. 

[30V] 

2~/,r 
3j:._7\_f 

60V 

Figure 2.100 

'·,. 

(ii) In the ladder network shown in figure-IOI find.the 

equivalent capacitance across terminals A and B. 

[ 1+2,/2 µFJ 
2 

. ... . . 

Figure 2.101 

(iii) Infinite number of identical capacitors ea~h of 

capacitance I µF are connected as shown in figure,2.102. Find 

the equivalent capacitance of system between the terminals A 
and B shown in figure. 

~-~,.w ," "·:0 
,;;;.;,.;; 

C 

C C 

C C C C 
HHH 

-C C C C· C C C C 
HHHHHHH 
H H 1---------, H 

16 caJ)acitors 

H H 1--"------~ H .,,' ,. 

32 capacitors 
A . J B, 

' . , ·Figure 2.102 '•-'• 
[2,µF] 

(iv) A circuit has a section MN shown in figure-2.103. The 
EMF of the source is E = 10 V, the capacitances of capacitors 
are equal to C1 = I µF and C2 = 2µF, and the potential 
difference V M- VN= 5.0V. Find voltage across each capacitor. 

M II 11+ N 
C1 E C2 

Figure 2.103 

[lOV, SV] 

(v) Four capacitors of equal. capacitance are joined in series 
with a battery of I OV. The mid point B of these_ capacitor~ is 
earthed. Calculate the potentials of A and C. 

C'l:J ov . 

A TH C .,. . 

Figure 2.104 

,,. 

{'ri) In the circuit shown in figure-2.105 calpulate the equivalent 
capacitance across terminals A and B and the ratio of charges 
on 4µF and 8µF capacitors in steady state. 

A 

' . 

2µF 8µF 

~ 
~ 

4µF 

80V 

Figure 2.105 

2µF 

B 
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(vii) In the circuit shown in figure-2.106, find 

(a) The equivalent capacitance of all the capacitors across 

the battery and 

(b) The charge flown through the battery when switch is 

closed. 

(c) Charge on capacitor C1 in steady state. 

(d) Charge on capacitor C2 in steady state. 

(e) Charge on capacitor C3 in steady state. 

C2 -2µF 

3µF 

Figure 2.106 

I 
l_4µF 

IC,-4µF 

[(a) 3µF, (b) 60µC, (c) 30µC, (d) 20µC, (e) 20µC] 

(viii) In the circuit shown in figure-107( a ),(b) and ( c) calculate 

the equivalent capacitance across terminals A andB. 

3µF 9µF 

A 

~--111---,----11 .___ 

15µF . 

'----i~i--' 
6µF 27µF 

(a) 

6µF 

19µF 
I 

A 2µF 
---+---<I>---+-

I9µF 

JµF 

I 

I 
4µF 6µF 

(b) 

B 

B 

lµF 2µF 3µF 

(c) 
Figure 2,107 

[(a) 7.16µF, (b) 6µF, (c) 3µF] 

2.5 Symmetry Circuits 

A group of capacitors which have some symmetry in 

connections as well a_s in values of capacitances used then 

such a circuit is called symmetry circuit. Due to symmetry in 

capacitances and connections by some means we can reduce 
the analysis of circuit while using nodal analysis or by using 

series and parallel method. We will discuss the analysis of 

symmetry circuits by using some illustrations. Figure-2.108 

shows some circuits which are considered under the category 

of symmetry circuits. In upcoming articles we'll discuss how to 

solve such circuits. 

,{I}· 
2C C 

(a) 

c~c~c 

,~@T· 
C 

(b) 
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(d) 

(e) 

(f) 

Figure 2.108 

2.S.1 Solving Symmetry Circuit by Noda!Analysis 

It is better to understand solving symmetry circuits by using 
some illustrations. Figure-2.109 shows an unbalanced 
wheatstone bridge for which we will determine the equivalent 
capacitance. To apply nodal analysis on this circuit we connect 
a 100V battery across the terminals A and Bas shown. 

A 

'"T 
-----,~~ 

5µF 2µF 

Figure 2.109 

B 

_______ ----· Capacltanc<i] 

Similar to the analysis of wheatstone bridge done in article-2.4.4, 
in this case also we distribute the potentials to all parts of 
circuit. We start by considering negative terminal of battery as 
a reference at zero volt and positive terminal at I OOV but instead 
of junction node potentials x and y here we consider potential x 

and (_100-x) as shown in figure-2.110 because of symmetry of 
capacitances in the circuit. 

A B 

8 
~---~+.., ... 1-----,.,.--~ 

IOOV S 

® 

Figure 2,110 

Ifwe carefully look at the above circuit then we can see that left 
terminal of battery is connected to two plates of2µF and 5µF 
capacitors and right terminal ofbattery is also connected to the 
two plates of2µF and 5µF capacitors on other side. Thus by 
symmetry we can state that the charges pulled by battery on 
one side and pushed on the other side will be same on same 
value of capacitances hence the potential difference across left 
5µF capacitor and right 5µF capacitor must be same and this is 
true for other 2µF capacitors also. 

If potential at lower node junction is considered x then this 
would be the potential difference across lower 2µF capacitor 
and same would be across the upper 2µF capacitor. As on left 
plate ofupper 2µF capacitor we are considering potential to be 
lOOV, on right plate ofit the potential must be (100 -x) to keep 
potential difference across its plates to be equal to x. With this 
qualitative logic we have reduced one variable from this circuit 
so now we need to write only one nodal equation for calculation 
of unknown potential x which is written as 

3(2x-l00)+ 5(x- l00)+2x=O 

~ 13x=800 

800 
x= 13v 

C = qi +q2 = 2(x)+5(100-x) 
,q 100 JOO 

500 2400 41 
c,. = 100 ·- D = ii µF 

... (2.139) 

... (2140) 
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@~~l~~~ 
Unlike to the analysis of Wheatstone bridge we discussed in 

article-2.4.4 in above case the circuit is solved by using a siugle 

variable potential instead of two at two junction nodes this is 
the advantage of analyzing symmetry in circuits. We will now 

consider another illustration to understand similar application 
on a symmetry circuit. 

_-- ... _---·-- 23f1 

In figure-2.112, we can see that due to symmetry there is only _ 

one variable potential in this circuit and to determine the value 

of x, nodal equation is the sum of charges on three plates 
connected to node junction P which is written as 

... (2.141) 

Figure-2.111 shows a symmetry circuit containing 12 capacitors ~ 

each of capacitance C. Using nodal analysis we will calculate 

C [x-(100-x)] + C(x-50) + C(x-0) = 0 

4x=l50 

150 75 
x= 4=zV the equivalent capacitance of this circuit across terminals A and ~ 

B. 

Figure 2.111 

To analyze the above circuit we connect a IOOV battery across 
the circuit as shown in figure-2. I 12 and distribute potentials at 
various parts of circuit considering zero potential reference at 

negative terminal of the battery. As shown in figure by symmetry 

if at node junction P potential is considered x then by mirror 
symmetry about the center line of circuit, at node junction Q 

also potential will be x. 

As right terminal ofbattery is connected to three plates of the 
right side capacitors and left terminal is connected to three 
plates of the left side capacitors, charges on respective 

capacitors at left and right parts must be same so potential at 
node junctions Rand Scan be considered as (100-x) as shown. 
The node junction at the center O is symmetrically located at 

the center of circuit which must have same potential difference 
with terminal A and B ofcircuit hence potential at node junction 

0 is considered as 50V. 

@'.J\-B~0 
cc:! ~c / ~c 

--Ar-+-----<7 CA' br--+--B~ 
8 ® c~ 7' c~ /c 

@~ 

L------+., >-'-'--------~.Y.--_J 
lOOV S 

Figure 2.112 

Now we can determine the equivalent capacitance of the given 
circuit by calculating the ratio of charge flown through the 
battery to the battery voltage as 

l!.q, C(2x) + C{50) 
C =--=~~-~~ 

eq ~allery 100 

(75+50) 5 
c,.= 100 C=4C ... (2.142) 

Equation-(2.142) gives the capacitance of the symmetry circuit 
shown in figure-2.111 which is calculated by using nodal 

analysis. This can also be solved by using series and parallel 
method by joining or isolating equipotential points to modify 
the circuit. In next article we will discuss this method which is 
also very useful but still nodal analysis is a preferred method to 
solve most of symmetry circuit because of more organized form 

of solving capacitive circuits. 

2.5.2 Solving Symmetry Circuits Using Circuit Modification 

This method is sometimes useful but always it may not be 

applicable in symmetry circuits. This method is based upon the 

fact that on joining two junction nodes of a circuit at same 

potential no charge flow takes place between these two junctions 

and ifat one junction node of the circuit we split the contacts in 

two junctions and if both are at same potential then also no 

affect will be there on the circuit and charge on all capacitors of 

the circuit will remain same. 

To understand this method we consider the same illustration 

we have discussed in previous article in which 12 capacitors 

are coimected in hexagonal form as shown in figure-2.113. 

C 

'~~~+-· 
c'\LYc. 

C 

Figure 2.113 
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. In figure-2. l 14(a) ifnode junctions P and Qare connected bya 
conducting wire then no charge should flow through this wire 
as already P and Qare at same potential. Similarly node junctions 
R and Scan also be connected without any affect on the circuit. 

This is shown in figure-2.l 14(a) and to join node junctions P 

and R to node junctions Sand Q, we can rotate the upper part of 
circuit and flip this part of circuit about the center line over the 
lower circuit so that P comes over Q and R comes over S. 

Because of this some of the capacitors will come in parallel and 
resulting circuit will become like as shown in figure-2. l l 4(b). 

. (a) 

A~ JI l~B 
8 \_/ C jo\2g / @ 

® 

2C~~2C 

R,S 2c P,Q 

@8 

(b) 

Figure 2,114 

Now if the middle node junction O which is at 50V potential 
split in two junctions 0 1 and 0 2 as shown in figure-2.1 lS(a) 
then also it does not affect the circuit because due to symmetry 
in upper two capacitors at 0 1 potential will reroaiu 50V and 
being 0 2 as middle point of the lower circuit here also potential 
will remain 50V. This circuit can further be reduced by series 

and parallel combination as shown in figure-2. i'l5(b), ( c) and ( d). 

C @)0
1 

C 

A~I 17@B 8 ~+a, ® 
~ 25---< ® y;;_c 7-

2c ~~ 2C 

@8 2C @ 

(a) 

.... - ----··· .:..1 
___ _ Capacitan~ 

en 
A--\_-----llrl---7-~-•B 

2C~J2C 

3C 
(b) 

't~~, 
3C/4 
(c) 

SC/4 
A-----11-----B 

(d) 

Figure 2.107 

In above steps shown in figure-2.115 we can see that the whole 
circuit can be reduced byusing series and parallel combination 
method to a single capacitor of capacitance SC/4 which is same 
as given in equation-(2.120). 

This method is good but it r.equires drawing of all the steps of 
reduction in circuit as shown in figures-2.114 and 2.l!S. Ifby 
practice students can do all the steps mentally and accurately 
then this method can also be used frequently in solving 
symmetry circuits. The circuit shown in figure-2.l 13(a) can also 
be reduced by one more method in which we can initially split 
the top and bottommost capacitor of capacitance C as a series 
combination of two capacitors each of capacitance 2C as shown 
infigure-2. l 16(a). 
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(c) 

A----_J 1--------l 1------B 
SC SC 
T T 

(d) 

A B 
SC 
4 
( e) 

Fi~ure 2.116 

In figure-2.116 we consider a node junction 0' at the mid point 
of the two new node junctions formed by spliting these two 
capacitors and being mid point of the top and bottom branch of 
circuit we can consider potential at 0' to be 50V. As middle 
junctions O and 0' are at same potentials these can be connected 
by conducting wires and circuit can now be further modified by 
using series and parallel method as shown in figures-2. l l 6(b ), 
(c), (d) and (e). Thus the circuit in this way reduces to a single 
capacitor of capacitance 5C/4. 

We can now discuss more illustrations on symmetry circuits to 
understand the applications of solving such circuits. 

# 1//ustrative Example 2.22 

Figure-2.117 shows a circuit ofl2 capacitors each of capacitance 
C connected along the edges of a cubical wireframe as shown. 
Find the equivalent capacitance between terminals A & G. 

Figure 2.117 

_____ . ________ 2_39 ..... I 
Solution 

To apply nodal analysis we connect a 1 00V battery across 
terminals A and G and distribute potentials at different nodes of 
circuit by using symmetry as shown in figure-2.118. 

+ -
IOOV 

Figure 2.118 

Writing nodal equation for x gives 

Cx+ C(2x-100)+ C(2x-100)=0 

5x=200 

x=40V 

® 
G 

Equivalent capacitance across terminals A and G is given as 

C = qbattery 

. eq vbattery 

3Cx 120C 6C 
C -------

"" 100 100 5 

# 1//ustrative Example 2.23 

Figure-2.119 shows a circuit of! 2 capacitors each of capacitance 
C connected along the edges of a cubical wireframe as shown. 
Find the equivalent capacitance between terminals A & C. 

Figure 2.119 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



!240 

Solution 

To apply nodal analysis we connect. a lO0V battery across 

terminals A and Cand distribute potentials at different nodes of 

circuit byusing symmetry as shown in figore-2.120., 

~-------c':j+ ,_-_______ _ 
IOOV 

Figure 2.120 

Writing nodal equation for x gives 

=> 

=> 

Cx+ C(x-50) + C(x-50) =0 

3x=IOO 

100 
x=-v 

3. 
' Equivalent capacitance across terminals A and C is given as 

C = qbattery 
eq V, 

battery 

Cx + C(lO0) 400C 4C 
c,. = 100 = -3-00- = -3-

# Rlustrative Example 2.24 

Figure2.121 shows a circuitof12 capacitors each of capacitance 
c connected aio~g ·the edges of a cubical wireframe as shown. 
Find th~ equivalent capacitance betweeo terminals A & B. 

~~ 
f 1=--------, F ' T . 

D 7c 
V 

A I B 
Figure 2.121 

Capacitance I 
Solution 

To apply nodal analysis we connect a I 00V battery across 

terminals A and B and distribute potentials at different nodes of 

circuit by' using symmetry as shown in figure-122. 

'., 

I., 

+ -
lOOV 

Figure·2:122 

Writing nodal equation for x gives 

Cx+ C(2x-100)+ C(x-y)=0 
' 

=> 4x-y=IOO 

·writing nodal equation for y gives 

=> 

C(y-x)+ C(y-:,x)+ (7(2y-100);,,·o 

4y-2x=IOO 

B 

Solving equations-(2.143) and (2.144) gives 

250 
. x=-V . 7 

... (2143) 

... (2144) 

Equivalent capacitance across terminals A and Bis given as 

C = qbattery 
eq V, 

battery 

2Cx + C(lO0) 1200C l 2C 
100 = 700 = 7 

·,' 
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# lllustrative Example 2.25 

Figure2.123 shows a circuitof21 capacitors each of capacitance 

C connected in a symmetric wireframe as shown. Find the 

equivalent capacitance between terminals A &B. 

Figure 2.123 

Solution 

=> 

2C(y-x) + 2C(y-50) + C(2y- l00) + Qy=0 

7y-2x=200 ... (2146) 

Solving equations-(2.145) and (2.146) gives 

1250 1300 
x=--V andy=--V 

33 33 

Equivalent capacitance across terminals _A and Bis given as 

=> 

C = qbattery 
eq v; . 

battery 

3800C 38C 2Cx+Cy 
C - =--=-

,q - 100 3300 33 

Practice Exercise 2.4 

Find equivalent capacitance in each of the symmetfy circuits 

To apply nodal analysis we connect a lO0V battery across shown in figures below. 

terminals A and B and distribute potentials at different nodes of 

circuit by using symmetry as shown in figure-2.124. cffic 

'~~~· (i) g @;) 'v\' ® ewe 

~ 7Ef-2 Figure 2.125 

=Y II~: II J0 3C 
t 2 1 

@ 

Figure 2.124 
2cffic 

,~+:r-· Writing nodal equation for x gives 
(ii) 

Cx+ C(x-50)+ C(x-y)+ C(Zx-100)=0 
Cw2C 

=> 5x-y=l50 ... (2.145) Figllre 2.126 

!SC] [-
Writing nodal equation for y gives 8 
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C 

(iii) 

. C 

Figure 2,127 

[l.3CJ 

,~, 

(iv) A ~~*~~ B 

,<j;>, 
Figure 2.128 

llC 
[-8-1 

c~c 

(v) '~~7· 
Figure 2,129 

7C 
[51 

t<:::_ , ~'\ Tc 
.___._ ___ c~ 

Figure 2,130 

(vii) 

[CJ 

(viii) 

19C 
[16] 

(ix) 

3C 
[21 

(x) 

A• 

A 

Figure 2.131 

. "t,Y" , 
Figure 2.132 

2C 

f?v7 
~~(: 

B 

@ C 

2C 

Figure 2.133 

Figure 2.134 
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2.6 Charge Distributio11 Between Capacitors i11 Series 
a11d Parallel 

When capacitors which are initially charged are ,connected 
together then charge flow may take place between the capacitors 
if the circuit is closed. Always remember that in case of open 
circuit charge never flows no matter whatever potential 
difference exist across capacitors. 

2.6.1 Charged Capacitors Connected in Series . 

-Figure-2.135(a) shows two capacitors of capacitances 5µF and 
8µF initially charged to IOV and 15V respectively due to which 

their plate charges will be charged to 50µC and 120µC 
respectively. For a charged capacitor always the plate having 
positive charge will be at higher potential. 

+;;oµc 
1 

-soµc +120µC -120µC 

SµF, IOV SµF, 15V 

(a) 

A +SOµC 
1
-SOµC +120µCl-120µC B 

SµF 8µF 

(b) 

-SOµC +SOµC +120µC -120µC 
A --------'-I · 1--------""-- B 

SµF 8µF 

(c) 

Figure 2.135 

Now if these two capacitors are connected in series combination 
· as shown in figure-2.135(b) or 2.135(c) then no charge flow take 

place as circuit terminals A andB are open but if the potential 
difference is calculated across terminals A and B then in 
figore-2.135(b) we can write potential equation for this circuit 
branch fromA to Bas 

VA-IOV-15V=Vs 

VA-VB=25V "' (2.147) 

Similarly in figure-2.135(c) the polarity of first capacitor is 
reversed so the potential equation from A to B can be written as 

VA+IOV-15V= VB 

VA-VB=5V "' (2.148) 

Thus on connecting already charged capacitors in series keeping 
the terminals of combination open, no charge flow takes place 
and the final charges and energy stored in capacitor remain 
same and the potential difference across the combination can 
be calculated by writing potential equation as explained above 
or simply by adding or subtracting the potential difference of 
capacitors connected in series depending upon the polarity of 
connections of individual capacitors, 

2.6.2 Charged Capacitors Connected in Parallel 

Figure-2.136 shows two capacitors of6µF and 4µF charged 
with potential differences 5V and 1 0V respectively due to which 
the initial charges on these capacitor plates are 30µC and 40µC 

respectively as shown with higher potential plate containing 
positive charge as already discussed. 

+JOµC lrJOµC 

6µF, 5V 

Figure 2.136 

+40µC I l-40µC 

4µF, IOV 

There are two ways in which these two capacitors are connected 

in parallel. We can connect same polarity plates of the two 
capacitors together or opposite pola_rity plates together. Both 
the cases are being discussed here. First see the figure-2.137(a) 
in which the two capacitors are connected with same polarity 
plates together with a switch. When switch is closed then the 
two capacitors will be connected in parallel. 

+JOµC 

7
-JOµC 

6µF 

s 
+40µC I -40µC I 

4µF 

(a) 

6µF 

4µF 

(b) 

Figure 2.137 

As circuit is closed charge flow takes place between the two 
capacitors until their potential difference becomes equal. Ifwe 
consider final charges on the plates of the two capacitors 
becomes q I and q2 in steady state after redistribution of charges 

- as shown in figure-2.137(b) then in final state the potential 
difference across the two capacitors must be same and would 
be given as 

~~ ~ = ~ = q, ~q, = ~~ =7V ... (2.149) 

Thus final charges on the two capacitors after connecting in 
parallel with same polarity plates together are given as 

and 

qi =6X7=42µC 

q2 ,;,4x7=28µC 
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We can see that suni of final charges on capacitor plates remain 

70µC as in this case charge remain conserved and restricted to 

flow between these two capacitors only. Above result of final 

potential difference and final charges on capacitors can be 

dfrectly obtained by considering the equivalent capacitance of 

the combination as C = 6 + 4 = lOµF and total charge on this "" . 
equivalent capacitor as qr= 70µC which directly gives the final 

potential difference as 

V=!!r._=70=7V 
f C 10 ., .:.(2150) 

As the charges are flowing and quickly redistributing on the 

plates there may be some heat .produced due to joule heating 

effect which is equal to loss in potential energy of the capacitors 

which can be calculated by difference of initial and final potential 

energy stored in capacitors. 

Initial energy stored in the two capacitors is given as 

ff;= ½(6x io-6)(5)2+ ½(4x io-6)(10)2 

fl; =(75 +200) µJ=275µ.T 

Final energy stored in the two capacitors is given as 

... (2.151). 

u;,= ½<6+4)x !o-6x(7)2 =245µ.T ... (2.152) 

From equations-(2.151) and (2.152) we can find outthe loss in 

energy stored in capacitors which will be dissipated as heat 

after closing the switch which is given as 

H=!iU=U;-½ 

H=275-245=30µ.T, 

Now we can consider the second way of connecting these 

capacitors in parallel as shown in figure-2.138(a) in which the 

capacitors are connected in parallel with opposite polarityplates 
connected together via a switch. 

-30µC 

7
+30µC 

6µF 

s 

~-~+_4~0µ~C- I -40µC j 
4µF 

(a) 

+qi -qi t----, 
6µF 

4µF 

(b) 

Figllre 2.138 

When switch is clqsed the two capacitors will be connected in 
parallel and charges will redistributed until the final potential 

difference of the two capacitors will be same _which can be 
calculated by using equation-(2.150). In this case after 

connecting the two capacitors in parallel the equivalent 
capacitance will be 6 + 4 = I OµF and total charge· on the 
combination will be40 -·30 = I OµC with the left plate positive 
as it was having initially higher charge and will be at high 

potential after connection. Thus final potential of ihe 
co!Ilbination is given as. 

qr 10 
V=-=-=IV 

f C 10 ., ... (2.153) 

Thus final charges on the two capacitors after connection can 
be given as 

and 

q,=6X 1=6µC 

q,=4X 1=4µC 

As charge redistribution is taking place in this case there must 
be some heat produced after closing the switch which can be 

determined by calculating the loss in energy before and after 
closing the switch. 

In case shown in figure-2.138, final energy stored in capacitors 
after closing the switch is given as 

u;= ½cc, +c,w} 

. I , 
Uj= 2 (6+4)x IO""x(J)2 =5µ.T ... (2.154) 

Thus from equations-(2.151) and (2.153) we can find out the 

loss in energy stored in capacitors which will be dissipated as 
heat after closing the switch which is given as 

H=/iU=U;-Uj 

H=275-5=270µ.T 

Thus whenever capacitors are connected in parallel always 
redistribution of charge take place if capacitors are charged at 

unequal potential differences initially and in the process some 
heat is always produced whereas we have already discussed in 
article-2.6.1 that in series combination as circuit remain open, 
no charge distribution take place and hence no loss of energy 
occurs. 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



@apacitance: 
2. 7 Circuits containing more than one battery 

In articles-2.4 and 2.5 and various illustrations we've analyzed 

different capacitive circuits and applied nodal analysis for 

solving the circuits in steady state. In all the circuits discussed 
till now a battery was connected across a group of capacitors 
connected in series, parallel or mixed combinations. 

In this section we will discuss advanced circuits in which there 
may be two or more batteries are connected with some capacitors 

in circuits which may or may not be in any combination. Such 
circuits are also analyzed and solved by nodal analysis in simple 

. ways. We will discuss and understand the method of solving 

such circuits with an illustration. 

Fignre-2.139 shows a circuit in which two batteries and three 
capacitors are connected with two switches which are initially 
open. When the switches are closed, charges will flow in the 
circuit and the capacitor plates will receive charges and very 

soon the circuit will attain steady state and current in circuit will 
drop to zero. To analyze the steady state charges of capacitors 

we use nodal analysis. 

Figure 2.139 

To start with nodal analysis we need a reference point in circuit 
at zero potential. You can recall that in case of single battery 
connected across the group of capacitors we consider zero 
potential at negative terminal of the. battery and distribute 
potentials at different parts of circuit. In cases of multiple 

batteries we can take any one battery's negative terminal as a 
reference ( or any other point can also be taken). Fignre-2.140 

shows the potential distribution in the circuit by considering 

negative terminal of 40V battery at zero potential. Here at the 
node junction M ·we consider potential x so at the negative 

terminal of20V battery potential will be (20 - x ). 

(1jiv2µF@ 20V~ rT.>----=; 
40V1 .... · I µ s, 

- lt---
S1 .,) 8µF 

Figure 2.140 

To determine unknown potential at junction M we write nodal 

equation for the node junction M for which we need to add 

charges on all the plates connected to this junction M. In above 

fignre we can see that three plates are connected to junction M 
out of which plates of 2µF and 4µF capacitors are directly 

connected to Mand one plate of8 µF is connected to M via 20V 

battery. Thus nodal equation for node junction M can be written 

as 

2 (x-40) +4(x-0) + S[(x-20)-0] = 0 

7x=120 

120 
x=-V 

7 

Thus steady state charges on the three capacitors can be given 

as 

= 2 ( 40 _ !20)= 320 C 
q2µF 7 7 µ j 

and q =s(20 _120) = t6oµc 
8µF 7 7 

As charges on all capacitors are known, we can find the energy 

stored in all these capacitors. 

In any circuit containing more than one battery we should be 

careful that only one point we need to consider in circuit as a 

zero potential reference and then distribute the potentials to all 

parts of circuit and write nodal equations for all the unknown 

potentials. 

Once potential at all parts of circuit are obtained, any required 

parameter in the circuit can be directly calculated. 

2.7.1 Branch Manipulation in Capacitive Circuits 

In any capacitive circuit when several components of circuit 

including battery and capacitors are connected one after other 

in series then for solving the circuit we can change the Positions 
or order of these ·components without affecting the circuit 

parameters. Figure-2.14l(a) shows a branch of circuit in which 

two capacitors and a battery are connected in series. In this 
branch of circuit we can rearrange these components as shown 

. in figure-2.14l(b) and further we can club the two capacitors 

with their series equivalent as shown in figure-2.14l(c). From 

fignre-2.14l(b) and2.14l(c) we can see that this process reduces 

one node junction in circuit so for solving the question it helps 

in reducing number of variable potentials in nodal analysis. 
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25V 
A --------j 1-I ----lj 1-----I I---- ----B , 

4µF 3µF 

(a) 

25V 

A - -------j 1-----l t-l --ii I - --- -B 
4fF 3µF 

(b) 

25V 
A--------j>------,f------

12 
7µF 

(c) 

Figure 2.141 

2. 7.2 Circuit Analysis Using Method of Flow of Charges 

In article-2.4.1 we've studied nodal analysis for solving 

capacitive circuits which used to be the fundamental way to 

solve capacitive circuit. In nodal analysis we distribute 

potentials at all parts of circuit and write nodal equations to 
find unknown potentials. 

There is one more111ethod of solving capacitive circuit which is 
almost opposite to nodal analysis. The method is called 'Charge 
Flow_Method' to solve capacitive circuits. In next chapter of 

electric current we will study Kirchoff's laws which is also 

considered same as this method for solving electrical circuits 
with resistances. 

In charge flow method we distribute charges at various 
capacitors of circuit and then we write potential equation for 
different loops of circuit. 

We will demonstrate this method by using an illustration as 

shown in figure-2.142 in which there are two capacitors of 

capacitances 4µF and 8µF initially charged at 20V and 5V 

respectively and connected in a single loop with two batteries 

of!0V and 20V along with a switch S. In this situation, we are 
required to find the steady state charges of the two capacitors 
when switch Sis closed. 

4µF,20V 

~~ tovl \;v 
~l--40µC f 

8µF,5V 

(a) 

Capacitancci J 

q/ 4µF ~q 
IF~\ 
rnvl \ov 
"" ~11-(40+~ f / 
q~ 8µF ? 

(b) 
Figure 2.142 

In above circuit on closing the switch Sredistribution ofcharges 

will take place and here we consider that a charge q flows through 

the circuit in anticlockwise direction until new steady state is 

achieved and the final charges on capacitor plates will be as 
shown in figure-2.142(b). 

In the state ofcircuit shown in 2. l 42(b) we can write equatfon of 

potential for the circuit loop. While writing this equation we 

can start from any one point in the loop move either clockwise 
or anticlockwise and come back to the same point as described 
next. 

To write the potential equation of this circuit loop, if randomly 

we consider potential at top left corner of circuit as VA and then 
we start anticlockwise then potential at bottom left corner of 

the circuit will be (VA - 10) then on moving further to bottom 

right corner the potential can be given by considering the 

potential difference across 8mF capacitor nsing relation given 
as 

... (2.155) 

Then on moving further anticlockwise to the top right corner of 

the circuit the potential will be (Ve+ 20) and then again further 
upto the top left comet: where we started we can use the potential 

difference across the 4mF capacitor given as 

... (2.156) 

Now using above equation-(2.155) and (2.156) we can write the 

potential equation of the circuit loop going round it in 

anticlockwise direction from point A again back to point A as 

V lo 40+q 20 80-q _ - ---+ +---v 
A 8 4 A 

... (2.157) 

Solving above equation-(2.157) for q, we get the value of q as 

200 
q=-µC 

3 
... (2.158) 
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Using the above charge we can calculate the final charges on 
the plates of capacitors in circuits which are shown in 
figure-2.143. Above equation-(2. 157) is the potential equation 
for_the loop and also called as equation of'Kirchoff's Voltage 
Law'. 

4µF l +;o µcll _:o µc 1 
10V~320 C -320 C ~V 

-µ -µ I',;' 
3 ,...

1 
~3~_ ~~-

sµF 

Figure 2.127 

We can also solve the above illustration by using nodal analysis 
as shown in figure-2.144 in which w'e distribute the potentials in 
this circuit and write the nodal equation for the unknown 
potential x as 

4(x+ 20-10)+8(x-0) =-120 ... (2.159) 

1ovT \~v 
~~ 

(@ 8µF @ 

Figure 2,144 

As we can see that the right plates of both the capacitors are 
connected to the node junction x of which the sum of charges 
initiallyis-120µC as capacitors are initially charged thais why 
unlike to the previous cases ofnodal analysis when capacitors 
were uncharged on right hand side of nodal equation we 
considered zero whereas in the above nodal equation-(2.159) 

we used the total charge on plates connected to this node 
junction. Solving the above equation-(2.159) for unknown 
potential x, we get 

40 
x=--V 

3 
... (2.160) 

Thus final charges on the two capacitors can in final steady 
state after closing the switch Scan be given as 

40 320 
q8µF=8x=Sx 3 = 3 µc 

Above charges calculated are same as shown in figure-2.143 
which were obtained by using the charge flow method. '' 

While using nodal analysis in a capacitive circuit when one or 

more capacitors of circuits are initially charged then nodal 

equation must be very carefully written as explained in 

equation-(2.159) where on right hand side of equation we will 

use the total initial charge on all the plates of capacitors 

connected to the node junction for which equation is being 
written. Now we will take up more illustrations to understand 

the application ofnodal analysis in multi battery circuits. 

# Rlustrative Example 2.26 

Determine the potential at point I of the circuit shown in 

figure-2.145, assuming the potential atthe point Oto be equal 

to zero. Using the symmetry of the formula obtained, writ_e the 
expressions for the potentials at points 2 and 3. 

Solution 

c, .._ _ _. _ __, 

E, 

2 c, 
"-----'---'---

E, 

3 c, 
E, 

Figure 2.145 

0 

Charge distribution is shown in figure-2.146. Consider the loop 

NMLKN.Applying-t.V=0, we have 

-E + !h._(q1 +qz)+E =0 
3 C C I 

3 I 

I 
I Ci , I 

E, --(q + q,) (q,+ q,) 

I 2 I c, p ' 
E, +q, -<J, 

N I 3 I c, 
E, +q, -<J, 

Figure 2.146 

Similarly for loop OLKPO, we get 

(
q1 +qz.) +E -E + 21._ =0 

C1 I 2 C2 ' 

Solving these equati.ons, we get 

... (2.161) 

L 

0 

M 

... (2.162) 
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Now 

V = _E.c:1 ('-C-=-2 _+_C"-'3 )_-_E-=-2_C2=----_E_3,_C__,_3 

I c, +C2 +c, 

Similarly, 

E3 (C1 +C2)-E1C1 --::E2C2 v=~~-~~~-~ 
3 C1 +C2 +C3 

and 

Students can try solving the above question us~g nodal 

analysis and verify the results obtained and compare which 

method is easier and quick for solving this question. 

# Illustrative Example 2.27 

A 8µF capacitor C1 is charged to V0 = 120V. The charging 

battery is then removed and the capacitor is connected in parallel 

to an uncharged 4µF capacitor c,. (a) What is the potential 

difference V across the combination? (b) What is the stored 

energy before and after the switch Sis closed? 

Figure 2.147 

Solution 

(a) Initial charges on the capacitor C
1 
is 

As discussed in article-2.6.2 the final potential diffurence across 
the combination can be given as 

qr 960-
V = --= -=80V 
1 c, +c, 8+4 

(b) Initial energy stored is only in capacitor C
1 
which is given 

as 

I 2 1 · u, = 1c,v. = 2(8 x 10--6)(120)2 

U1 =5.76 X J0·2 J 

· · ······ ··· -- · - -c-=-a_p_a-cl-ta_n_ce..,j 

Final energy stored in combination is given as 

1 I ½= 2(8 X 1()--6)(80)2+ 2(4 X JQ--6)(80)2 

½= 3.84 X 1()·2 J 

Final energy is less than the initial energy thus the loss of 

energy is dissipated in connecting wires dnring redistribution 
of charge when switch is closed. 

# Illustrative Example 2.28 

In the circuit shown in figure-2.148 find the charges on the 
three capacitors in steady state. 

2µF 4µF 
,---,---I 1-f -------,ff-----, 

16µF 

~---,11----I~----11 r---~ 
IOV 20V 

Figure 2.148 

Solution 

To apply nodal analysis we distribute the potentials at different 
parts ofcircuit-as shown in figure-2.149. 

· 2µF @ 4µF 

,----Hl-------'Ii'-----l 1-------, 

=-----11-1 ---6µ-F~I!c------111-------' 
~ IOV @ 20V @ 

Figure 2.149 

To determine the unknown potential x, we write the nodal 
equation for x as 

2(x-10)+ 6(x-0) +4(x-20)= 0 

6x=50 

25 
x=-V 

3 
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As x is known we can calculate the charges on the three 

capacitors which are given as 

Alternative Method by Flow of Charges : 

Here we can solve the same problem by the method of flow of 
charges. We consider charges in three capacitors after steady 
state as shown figure-2.150. Charge supplied by I OV battery is 
q1 and that from 20Vbatteryis q2• Then for the node at point C 
we have · 

2µF 
B~---+--<I_ 

q, 1 
... (2.163) 

4µF 
.Je-+--~D 

q, 

6µF T_q, -

A~----trl----~F---~l>---~E 
IOV 20V 

Figure 2,150 

_ or 

Writing the potential equation in the loop BCFAB, we get 

V - qj - q, +IO= V 
B 2 6 B 

~ q,+3q,=60 .:. (2.164) 

Writing the potential equation in the loop CDEFC, we get 

V + qz - 20+ q, = V 
C 4 6 C 

3q2 + 2q3 =240 ... (2.165) 

Solving the equation-(2.163), (2.164) and (2.165), we get 

· IO 
q =-µC 

I 3 

140 
q =-µC 

2 3 

q3 =50µC 

We can see that above charges obtained are same which we 
calculated by using nodal analysis by using a single variable x 
whereas in this method of flow of charges we .solved three 
equations simultaneously for three variables thus in this 
question nodal analysis is much faster in solving. With practice 
students will be able to judge upon which method is to be used 
in which question. Specifically in single loop circuits when 
there are many circuit components are connected then method 
of flow of charges is preferred. 

# Illustrative Example 2.29 

A capacitor has capacitance I OµF audit is charged to a potential 
150V. A second capacitor has _a capacitance of20µF and it is 
charged to a potential of300V. After charging, the two capacitors 
are connected in parallel with their same polarity plates together 
by using wires ofnegligible capacitance. Find how much energy 

is dissipated? 

Solution 

Charge on I OµF capacitor is 

Charge on 20µF capacitor is 

q 
2 

= 20 x J0--6 x 300 = 6 x I 0--3 C 

When the two capacitors are connected in parallel, the total 
charge on combination is given as 

The equivalent capacitance of parallel combination is 30 µF. 
If V be the final potential difference across the combination 
then it is given as 

?.5x!O-J =250V 
30x!0--6 

Total energy stored in capacitors before connection is 

1 I 
U.= -(1.5 x 10--3) 150 +-- (6 x 10-3) 300= 1.0125 J 

' 2 2 
Energy after connecting capacitors in p~rallel is given as 

I 
Uf= zqTV 

i 
U1= 2 x(7.5x I0-3)250 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



1250 • 

Energy dissipated after connecting capacitors in parallel is 
given as 

=> !!.U= 1.0125-0.9375=0.075J 

# lllustrative Examplel.30 

Figure-2.151 shows four capacitors with capacities C, 2C, 3C 
and 4C are charged to the voltage, V, 2V, 3V and 4V 
correspondingly. The circuit is closed by closing all the 
switches. Find the potential difference across all capacitors in 
steady state. 

Solution 

CV r r--1+ _,, . 

--i.2c 

J J" 
4v=c.__,,: • r 

~+ ~ 
JC JV 

Figure 2,151 

As this is a single loop circuit we prefer method of flow of 
charges in solving this. Here we consider a charge +q circulates 
in the loop in clockwise direction until steady state is achieved. 
In steady state, the charges on the capacitors will be as shown 
in figure-2.152. 

- + 
(CV -q) . 

. (9CV-q) 

Figure 2.152 

Now writing potential equation for the loop we have 

24 
=> q =4.8CV= 5 CV 

Thus the potential difference across all th~ capacitors are now 
given as 

Capacitance I 
q · 24 19 

V = V-- = V--V = --V 1 C 5 5 

q 24 · 2 
V =2V- - =2V--V = --V 

2 2C 10 5 

q 24 7 
V =3V-- =3V--V = -V 

3 3C 15 5 

·and 

Students are advised to solve this question by using nodal 
analysis _also and verify the above results. 

# lllustrative Example 2.31 

A battery of 1 0V is connected to a capacitor of capacity 0. lF. 
The battery is now removed and this capacitor is connected to 
a second uncharged capacitor. If the charges are distributed 
equally on these two capacitors,- find the total energy stored in 
the two capacitors. Find the ratio of final energy to initial energy 
stored in capacitors. 

Solution 

As charges are equally distributed on capacitors that means 
·the capacitors are identical so that they will have same charges 
at same potential difference across them and charges are 

, distributed half and halfon the two identical capacitors. 

Initial energy stored in the capacitors is 

1 
=> U;= 2 X 0.1 X 102 =5J 

After connection with identical capacitor, the common potential 
difference across combination is given as 

CV+0 V 
v;= C+C = 2 =5V 

Final energy stored in capacitors is 

=> 

=> 

U,=Cr2=0.12x52 

U,=2.5J 

U. 2.5 1 
_[_=-=
U; 5 2 
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# Illustrative Example 2.32 

Two capacitors A and B with capacitances 3 µF and 2µF are 

charged to potential difference of! OOV and 180V respectively. 

The plates of the capacitors are connected as shown in 
figure-2.153 with one wire from each capacitor free. 

2µF 

--Jf-L. 

Figure 2.153 

The upper plate of A is positive and that of Bis negative. An 

uncharged 2µF capacitor C with lead wires falls on the free 

ends to complete the circuit. Calculate 

(i) The final charge on the three capacitors 

(u) The amount of electrostatic energy stored in the system 

before and after the capacitor C falls and the circuit is 

closed. 

SolutioH 

(i) Let q be the charge flowing in clockwise sence during 

redistribution of charge as shown in figure-2.154. We can write 

the potential equation for this loop as 

_'f_ + 360-q + 300-q =O 
2 2 3 

q=210µC 

qr;::'.: ___ ----<2!Uc 
\ I +q -q 

7Jq 
JµF +(J00µC-q) 

A -(300µC-q) 

-(360µC -q) 2µF 

+(360µC- q) B 

q 

Figure 2.154 

Thus final charges.on the capacitors are 

qA =300-210=90 µC 

q8 =360-2IO= 150µC 

qc=-210=210µC 

. Z51 I 

(u) Initial electrostatic energy stored is given as 

I I 
U;= 2 X (3 X J0--6) (100)2 + 2 X (2 X jQ--6) (180)2 

U=4.74 x 10-2 J=47.4 x 10-3 J=47.4mJ ' . 

Final electrostatic energy stored is given as 

(90x!0--6)2 (150x!0-6 ) 2 (210x!0--6)2 

Uf= 2x(3x!0--6) + 2x(2x!0--6) + 2x(2x!0--6) 

Web Referenceatwww.physicsgalaxy.com 

Age Group. Grade 11 & 12 [ Age 17-19Years 
Section, ELECTROSTATICS 
Topic• Capaci6.nce 
ModuleNumber - 1 to 00 

Practice Exercise 2. 5 

(i) A capacitor ofcapacitance C1 = lµF initially charged 

with voltage V = 300V is connected in parallel with an uncharged 

capacitor C2 = 2µF. Find the increment of the electric energy of 

this system by the moment steady state is achieved. 

[- 0.03ml] 

(ii) The plates of a parallel plate capacitor of capacitance C 

are given charges +4Q and -2Q. The capacitor is then 

connected across another identical uncharged capacitor. Find 

the final potential difference between the plates of the first 

capacitor. 

[3Q/2C] 

(iii) Find the potential difference across point A and Bin the 

circuit shown in figure-2.155. 

Figure 2.155 

[IOV] 
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("iv) Find the potential difference v. - Vb between the points 

a andbshown in figure-2.156. 

Figure 2.156 

(v) In given circuit first switch s., is closed and Sw. is 

: __ ·:~-~ __________ C:::•:,:P:;:•c:cci::::ta:::n:::.ce"".j 

plate of Band negative plate of A to the positive plate of. Find 
the final" charge on each condenser and total loss of electrical 
energy in the condensers. 

200 1000 0.05 
[ -3- µC, -3- µC, -3- J] 

(viii) In the circuit shown in figure-2.159 two capacitors and 

two batteries are connected in a closed loop. Find the charges 

on capacitor Ci and C2 in steady state. 

Figure 2.159 I 2 
open.After long time S,;'t is opened and s.,

2 
is closed. Calculate (S0µC, S0µCJ 

charge on each capacitor. 

Figure 2.157 

(VI1 · The figure-2.158 shows four identical conducting plates 

each of area A. The separation between the consecutive plates 

. is equal to d. When both the switches are closed, find· the 

charge.present on the upper surface of the lowest plate from 

("ix) In the circuit shown in figure-2.160 calcnlate the energy 
stored in 5µF capacitor in steady state. 

5µF r1 
IO0V-- l!OµF 1200V 

1------i' 1-j ~J_____,l 't------1 
5µF 5°µF 

50V 

Figure 2.160 

the top. [700µCJ 

r ==;::::::;::=~ 4V0 ..L 

T ~o 

L==== 
Figure 2.158 

(vii) Two parallel plate capacitors A and B having capacitance 

I µF and 5µF.are charged separately by batteries of same voltage 
IOOV. Now the positive plate of A is connected to the negative 

(x) In the circuit shown in figure-2.161 calculate the charge 

on 3µF capacitor in steady state. 

Figure 2.161 

[40µC] 
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2. 8 Effect of Switching in Capacitive Circuits 

Figure-2.162 shows a simple circuit containing a capacitor to a 
battery via a switch. We've already discussed that on closing 
the switch j,atterytransfers a charge q = CV from right plate of 
capacitor to its left plate and then current in circuit becomes 

zero after a short time when steady state is attained. The charging 

of capacitor takes place quickly because we consider connecting 

~res as perfect conductors due to which quickly free electrons 
can flow and capacitor gets fully charged to steady state. We 

have also discussed that in case of switching on a circuit free 
electrons may gain kinetic energy as charge flows and finally in 
steady state all charges come to rest so this eoergy is dissipated 
as heat which can be calculated by conservation of energy 

including the work done by battery in circuit and the change in 

stored potential energy of capacitor. This was analyzed for single 
capacitor circuits in detail in article-2.2.4. 

C 

I>----/'--~ 
V S 

Figure 2.162 

Thus there are two important factors to be accounted when a 
circuit is closed using a switch. One is the amonnt of charges 

which flow in different parts of circuit and second is the amount 
of heat dissipated due to this. We can also state that in case of 
a specific circuit on closing the switch no charge flows in circuit 
then obviously no heat will be dissipated in that circuit based 

on the logic we've discussed above. 

2.8.1 Charge Flow in a Part of Circuit due to Switching 

In the process of switching as shown in-figure-2.68 if we analyze 
the amount of charge flown through the switch when it is closed 
then it can be given as the change in charges on the plate of 

capacitor connected to either side of the switch. In this case 
initially right plate of capacitor was having zero charge and 
after closing the switch it has charge equal to-Cv'thus we can 

state that through the switch from right to left a charge CV 
flows when it is closed. In circuits containing multiple capacitors 

and batteries also we will use the same method to calculate the 

charge flow through any part of circuit. It is better to understand 
the same using an illustration. 

Figure-2.163 shows a circuit containing two batteries and three 
capacitors along with a switch s as shown. In the circuit there 

are three paths shown by arrows marked I, 2 and 3 along the 
three branches of the circuit. In this situation we are required to 

determine the charges which flows along the paths I, 2 and 3 
when the switch is closed. 

lOV 
~=-----' 

6µF 

2 ~----/-I 
S 9µF 

3 

20V 3µF 

Figure 2.163 

In such cases to find the charges flowing through specified 

paths in circuit branches we redraw the circuit and solve it 
twice. First before closing the switch by removing the switchip.g 

branch and second after closing the switch by connecting the 

switching branch. In above case first we _draw the circuit by 

· removing the middle branch and solve it as shown in figure-2.164. 

lOV 
I 

6µF 

+20µC J -20µC 

1 
-20µC J +20µC 

20V JµF 

Figure 2.164 

In figure-2.164 we can see that 6µF and 3µF capacitors are in 
series of which equivalent capacitance will be (6 x 3)/(6 + 3)= 2µF 

and connected across a potential difference of30 - 20 = I OV 
thus charge on both capacitors will be 2 x 10 = 20µC which is 

shown in figure-2.164 with high potential plate having positive 

charge. After closing the switch the middle branch will be 
included and the final circuit is shown in figure-165. 

lOV 6µF 
I I 

@) 

@) 
9µF 

0 

® 3µF 

20V 

Figure-2.165 

To solve this circuit we use nodal analysis for which potentials 
are distributed in circuit as shown in figure-2.164. Ifwe write 

nodal equation for unknown potential x on the rightmost node 
junction then it is written as 
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3(x-0) +9(x-20)+6(x+ 10)=0 

&=40 

20 
x= 3 V 

Using the value ofx we can calculate the final charges on the 
three capacitors after closing the switch which are given as 

q9µF=9(zo-
2

3
°J= 120µC 

and q6µF=6(
2

3
° +10J =IOOµC 

Charge on the plate of capacitor of higher potential will be 

positive and that at lower potential will be negative so the 

_ · __ .~, _ - - · ~---Ca_pacita@ 

Similar to above there c_an be many cases in which· we can 

calculate the amount ofcharge flow due to switching in a circuit. 
Next we will understand the same concept by some illustrations. 

# Illustrative Example 2.33 

What charges will flow after closing the switch Sin the circuit 
shown in figure-2.167 through sections I and 2 in directio!}S 
indicated by the arrows? 

Figure 2.167 

cliarges on plates of each capacitor is shown in figure-2. I 66. Solution 

IOV 6µF 

-IOOµC +IOOµC 

2 +!20µC -120µC 

9µF 

3 -20µC +20µC 

20V 3µF 

Figure 2.166 

Simultaneously looking at figures-2.164 and 2.74 we can easily 

determine the charges flown through the paths 1, 2 and 3 by 
finding the difference of charges on the plates connected on 
either side of these paths. 

For path-I we can see that it is connected to left plate of6µF 
capacitor on which initial charges was-20µC and after closing 

the switch it becomes -lOOµC that means -80µC charge is 
deposited on this plate through path-I. Similarly we can see the 
left plate of 9 µF capacitor which was uncharged before closing 

the switch and after switched is closed charge on this plate 
becomes+ 120mC thus it is clear that this charge is deposited 
on this place through path 2. For path-3 we analyze that the 

initial charge on left plate of3mF capacitor was+ 20µC and after 
closing the switch it becomes-20µC thus the amount ofcharge 
flowing through path-3 is -40µC thus we !Jave the charges 
flowing through the three paths as asked in figure-2.163 which 
is given as 

1'1q1 =-80µC 

1'1q2 =+120µC 

1'1q,=-40µC 

In figure-2.167, the two capacitors are connected in series when 

switch is open and their equivalent capacitance is given as 

c,c, 
C'=---

C, +C2 

Charge q on both the capacitors will be due to the battery on 
right side which is given as 

q 

When the switch is closed, the charge distribution is shown in 

figure-2.168. 

Figure 2,168 

As capacitor C2 is directly connected to left battery, its charge 
can be given as 

q,=C,_E ": (2.166) 

Ifwe carefully look at the capacitor c, from its left and right 

side potentials will be same due to the two batteries so its 

potential difference will be zero hence charge on it will also 
become zero after closing the switch. 
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Thus charge flowing through section 1 is the sum of charges 

on top plate of C2 and left plate of C
1 

after closing the switch 

because initially this sum was zero, which is now given as 

Charge flowing through section 2 is the difference in charges 

of the right plate of capacitor C1 which is given as 

f.q2=-q,- q 

·c,c2E 

(C1 +C2 ) 

# Illustrative Example 2.34 

@1 1 
!µFl l2µF 

2µFI..--=-0 ----lI, 124V 

T T µF 

®~I---~-
Figure 2.171 

Writing nodal equation for x, we have 

l(x-24) + 2(x-O) + l(x-0) + 2(x-24) =; 0 
6x=72 
x=l2V 

Four uncharged capacitors are charged by24V battery as shown Thus final charges on the capacitor are as shown in figure-2.172 

in the figure-2.169. How much charge flows through switch S 
when it is closed? 

I 1 _[ l 
lµF1---~2µF 124V 

2µFT TlµF 

c.l ___ __j_ 

Figure 2.169 

Solution 

Initially when switch is open, across the terminals A and Bas 
shown in figure-2.170 the potential difference is 24V thus the 
left and right branches are in series with capacitance 
(1 x 2)/(1 + 2) = 2/3µF. Thus the charges on capacitors are 
given as 

+q, 
lµF i=q, 

_b.q\ 
2µF -q, 

+qi 2 F -q,I µ 
+q, 

lµF -q, 

Figure 2.170 

24V 

When switch is closed tliecircuit will beas shown in figure-2.171. 
To calculate the charges on capacitors in this case we apply 
nodal analysis and consider potentials as shown in figure. 

+12µC +24µC 2µF lµF--c.12µC -24µC 

+24µC 
24V 

2µF +12µC lµF 
-24µC -12µC 

Figure 2.172 

Initially on either side of the switch the sum of charges on the 
plates of two capacitor was zero and final sum of charges on the 
plates of the two capacitors on the left side is 12µC which is 
flown toward left when the switch was closed thus charge 
flowing through switch Sis 12 µC towards left. 

2.8.2 Heat Produced due to Switching in a circuit 

In article-2.2.4 we have discussed the amount ofheat dissipated 
in process of charging a capacitor which was calculated by 
conservation of energy. In general when we close a switch in a 
capacitive circuit then due to redistribution of charges energy 
stored in capacitor changes and batteries in cir_cuit also supply 
or absorb energy due to flow of charge through these batteries 
and we can calculate the total loss in energy as dissipation of 
heat in circuit. 

Figure 2.173 
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In article-2.2.4 we analyzed and calculated this for a single 
capacitor. Now consider a circuit shown in figure-2.173 in steady 

state_ In this circuit we are required to calculate the amount of 

heat produced on closing the switch S. 

- . 
To calculate the amount of charges flowing through different 
branches of circuit we first solve the circuit before and after 
closing the switch as explained-iii previous article. The circuit 
before and after closing the switch is shown in Figure-2_ I 74(a) 
and(b). 

In Figure-2.l 74(a) we can see that the two 8µF capacitors are 

comiected in series across 20V battery. The equivalent 

capacitance of these two capacitors in series will be 4 µF_ thus 

the charge on both capacitors in series will be 4 x 20 = 80µC 
which is shown on plates ofcapacitors in figure-2.l 74(a). 

~ 
+80µC -80µC 

I 
8µF 

8µF 

. (a) 

(b) 

+80µC 

Figure 2,174 

8µF 

When switch Sis closed then circuit is shown in figure-2.174(b). 
To solve the circuit we use nodal analysis and distribute the 
potentials at different parts of circuit as shown by considering 

zero potential reference at the negative terminal of the l 0V 
battery_ In this circuit we write nodal equation for the unknown 
potential x as 

8(x+ 20-0)+8x+4(x-lO)=0 

Sx=-30 

x=--6V 

As x is known we can calculate final charges on the three 
capacitors as 

q8µF=8(20-6)=112µC 

q8µF=8x6=48µC 

q4µF=4x 16=64µC 

Figure-2.175 shows the charges on the plates of the three 
capacitors with higher potential plate ofa capacitor has positive 

charge. 

20V @) 4µF 

~---l:jl+64µCl@) 

'14V' 

1
8µF 

\CY +48µC TIOV 
+112µC ,-ll2µC .:_ I 

8µF @ 

Figure 2.175 

If we compare figure-2. l 74(a) with 2.175.we can calculate the 
charges which flow through batteries. On left plate oflower 8µF 
capacitor initial charge was +80µC and after closing the switch 

it became+ l 12µC that means 112-80 = 32µC charge flows from 

right to left through 20V battery thus work done by this battery 
after closing the switch is given as 

W2ov = 32 x 20 = 640µ! ·--(2.167) 

If we look at the right plate of 4µF capacitor then initially it was 

uncharged and after closing the switch this plate has +64 µC 
charge which flows in upward direction from IOV battery thus 
work done by battery after closing the switch is given as 

... (2.168) 

If we calculate the total energy stored in capacitors before 
closing the switch then it is given as 

I -
U;= 2 x4x J~x(20)2 ':'800µJ ... (2.169) 

After closing the switch if we calculate the total ·energy stored . 
in all the capacitors then it is given as 

I 
+ 2x4x IO-'x(J6)2 

U1=784+ 144+512=1440µJ ... (2.170) 

Total energy gained by capacitors due to switching can be 
calculated by equations:(2_ 169) and (2_ l 70) which is given as 

t.U = 1440- 800 = 640µ! __ ,(2.171) 

By conservation of energy as discussed in article-2.2.4 the heat 
produced in circuit due to switching can be given by 
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H=W. -1!,.U batteries absorbed by capacitors ... (2.172) 

~ 

~ H = 640 + 640-640 = 640µJ ... (2.173) 

Equation-(2.172) can be used in general for calculation ofheat 
produced during switching any circuit which is written by energy 

conservation and can again be written in language as 

Heat Produced= Work done by all batteries io a circuit
Energy absorbed by all capacitors-of circuit 

Both the terms on right hand side of equation-(2.172) are to be 

calculated separately as explained in above illustration. 

There is an alternativewayofcalculation of total heat produced 
due to switching by using the change in charge on plates of 

each capacitor. If expressionally equation-(2.172) is solved in 
terms of change in charges on all capacitors then it will reduce 
_to a form given below in equation-(2.174) which students can 

verify on their own and use this result directly for calculation of 

heat produced in a capacitive circuit. This is given as 

... (2.174) 

In equation-(2.174) N are the total number of capacitors of the 

_ circuit and l!,.q; is the change in charge on the plates of ;th 

capacitor of capacitance Cr For a given circuit containing N 

capacitors, above equation can be expanded as 

An2 I!,. 2 I!,. 2 
H = _,__,,,_, + ____'h_ + + ----1!!_ 

- 2c; 2c
2 

•• ••• • 2cN 
... (2.175) 

Above relation given io equation-(2.175) can be directly used 

to calculate the amount of heat produced on switching in any 
capacitive circuit. We can also verify the results obtained in 
above illustration using this expression. 

In above i\lustration by comparing figure-2. l 74(a) and 2.175 we 

can find the difference in charges on the plates of the three 

capacitors as 

1!,.q8mF= 112-80=32µC 

1!,.q8mF=80-48=32µC 

Thus by equation-(2.175) heat produced can be calculated as 

&l I!,.' I!,.' H = _._, + ____'h_ + ____'h_ 
2c; 2c2 2c, 

~ 

~ H=64+64+512=640µJ ... (2.176) 

Above equation-(2.176) is same as calculated in equation-(2.158). 

Thus the expression given in equation-(2.175) is a direct method 

to calculate heat produced in a capacitive circuit on switching. 
Students are advised to resolve all illustration on calculation of 

heat dissipation discussed after article-2.2.4 using 

equation-(2.175) and verify the results obtained. 

# Illustrative Example 2.35 

Figure-2.176 shows a circuit with three capacitors connected 

with a battery. What amonnt of heat will be generated in the 

circuit when the switch Sis shifted from position I to 2. 

1 2 

- + 
E 

Figure 2.176 

Sol11tion 

If we carefully analyze the circuit then the equivalent 

capacitance across battery remains same in both positions I 
and 2 of the switch thus due to shifting of switch there will be 

no change in_ total energy stored in capacitors. Thus energy · 

absorbed by the capacitors on shifting the switch will be zero. -

/!,.U=O 

The equivalent capacitance across the battery is given as 

C(C+C0) 

c,q= c
0
+2c 

Charge on bottom plate of left capacitor when switch is in 

position I is given as 

C C'E 
q,=C~x C+C, = C

0
+2C 

When switch is shifted to position 2, as the equivalent 
capacitance remain same because middle capacitor C0 is now 
in parallel to the right capacitor so the charge on left capacitor 

after shifting the switch is given as 

C(C+C0 )E 
q2 = C,/' = C

0 
+2C 
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______ ·- _. ____ c_a,_pa_c_lt"-an_cc..•~1 

' During the process of switching the charge flown through Charg~ supplied by the battery is q = (2C/3 )E and the charges 

battery is given as on capacitors in open state of switch are shown in figure-2. 178. 

liq=q,-q, 

C(C+C0 )E C'E 
liq= C

0
+2C -C,+2C 

cc,E 
liq=c,+2c 

C 

+ -
CE/3 

CE/3 

C 

s 

2CE/3' 

C 

~-----+ -
Work done by the battery during the process of shifting of E 

switch from position I to position 2 is given as Figure 2.178 

W= liq E When the switch is closed, rightmost capacitor will be short 

. CCE' 
W= o 

C0 +2C 

Heat dissipated can be given as · 

H=W-liU 

CCE' CCE' H= o -0 = . o 
C, +2C C0 +2C 

Students are advised to solve this illustration using the 

equation-(2. 175) to understand the application of direct heat 
calculation. 

# f[lustrative Example 2.36 

In the circuit shown, each capacitor has a capacitance C, The 

cell voltage is E, Find the amount of charge flowing through 

. the switch when it is closed and also find the heat dissipated in 
the circuit when the switch is closed. 

s 
C 

C 

C 

~-----+ ,-------~ 
E 

Figure 2.177 

Solutio11 

Initial capacitance of the circuit when switch was open is given 
as 

= (C)(2C) = 3.c 
c, C+2C 3 

circuited and no charge will reside on its plates. Final 

capacitance of the circuit across battery will now be given as 

C =2C f 

In this state final charges on capacitor plates are shown in 
figure-2.179. 

C 

+ -
CE 

CE 

C 

~----~+ -
E 

Figure 2.179 

s 

C 

Left side of the switch is connected to the node junction Mon 
which in its open state sum of the charges on the three plates 
of capacitors was O and in closed state it is-2CE thus from the 
switch 2CE amount of charge flows from left to right when it is 
closed. 

On the left plates of the two capacitprs which are connected to 
battery. total charge initially before closing the switch was 
+2CE/3 and after closing the switch it is +2CE thus the total 
charge flown through the battery is 

liq=ZCE- 2CE = 4CE 
3 3 

Thus in the process of closing the switch work done by the 
battery in redistribution ofcharges is given as 

4CE' 
W=liqE=--

3 
... (2.177) 
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Jcapacitance 

Initial energy stored in all the capacitors when switch was in 
open state is given as 

; = _!_ (2C)E2= _!_CE' 
' 2 3 3 

... (2.178) 

After closing the switch total energy stored in capacitors is 
given as 

... (2.179) 

In the process of closing the switch energy absorbed by the 
capacitors is given as 

11U = Ur (I; 

= C£2-!_CE' = '!:.cE' 
3 3 

By conservation of energy, heat dissipation is given as 

H=W-11U 

=> H= 4CE' - '!:.cE' 
3 3 

2 2 
H=-CE 

' 3 

Practice Exercise 2. 6 

(i) In the cir_cuit shmyn in the figore-2.180, initially switch 

is open. When the switch is closed, find the charge passing 

through the switch and the direction of charge flow. 

[60µC, A to B] 

l 
'~ r-----s· 
T60V 

Figure 2.180 

(ii) Three capacitor each having capacitance C = 2µF are 

connected with a 30V battery as showo in figure-2.181. When 

the switch Sis closed. Find 

(a) the amou,1t of charge flowo through the battery 

(b) the he~t generated in the circuit 

( c) the energy supplied by the battery 

(d) the amount ofcharge flowo through the switch S 

30V 

Figure 2.181 

[(a) 20µC; (b) 0.3mJ; (c) 0.6mJ; (d) 60µC] 

(iii) Two capacitors of capacitance I µF and 2µF are charged 
to potential difference 20V and 15V as showo in figore:2.182. If 
now terminal B and Care connec\ed together and terminal A 
with positive terminal of a 30V battery and D with negative 
terminal of battery as showo in figore-2.182(b) then find the 
final charges on both the capacitor after closing the switch S. 

lµF 2µF 

A•• ---+,--11 ']>--_---B-oo~ •------'+ i 1-l _-----0~ 

20V 15V 

(a) 

C
ABCJD 

I ,/ 

30V 

(b) 
Figure 2.182 

50 80 
[lµC, lµC] 

(iv) Find the charge which flows from point A to B, when 
switch is closed. 

=::~ 
C C C C C 

4 
[--CE] 

7 

E 

Figure 2.183 
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In above figure-2.190(b) ifwe reduce the length of connecting 

wires between the three capacitors to zero then these three 
capacitors in series will look exactly like figure-2.190( a) and the 
plate thickn~ss of these capacitors can-be neglected and does 

not make any differeoce to system as these are equipotential 
and normal to electric field. 

The capacitance of the three capacitor shown in figure-2.191 
can be given as 

C = _k,_e._A . C ·= _k,~E~·~A_ 
I 11 ' 2 !2 

k, e0 A 
and C3 = 

t, 

As these are considered in series equivalent capacitance of the 
capacitor can be given as ,. 

I I I I 
-=-+-+
CC, C2 C3 

I 
C 

I I - I 

(
~) + (k2 E 0 A)+ (Jc, E 0 A) 

.. ~ ~ ~ 

e0 A 
t; 12' /3 ... 
-+-+-

' k, k, ,k, 

C ... (2.183) 

For the situation shown in figure-2 .. 190(a) the capacitance of 

the capacitor is given by equation-(2.183). This equation can 

be modified to N slabs filling the capacitor which is given as 

Capacitance I - -----------'--'--'--'-"-'-'-' 

r 
d 

l 
y 

(b) 

Figure 2.191 

In this case we can consider that three capacitors filled with 

three dielectrics are connected in parallel as the top plate and 

bottom plate of above capacitor are common for the three 

dielectrics so we can split it as shown in figure-2.19l(b). The 

capacitance of the three capacitors shown here can be given as 

k, E 0 Xih k, E 0 x,b k3 E 0 x,b 
C1= d ; C2= . d and C3= d 

The equivalent capacitance of above capacitor can be giveo by 
parallel combination of these three capacitors as 

C=C1+C2+C3 

k, E 0 x1b k, E 0 x,b k, E 0 x3b. => C= ~~~+ ~~~+~~~ 
d d d 

... (2.185) 

... (2184) For the situation shown in figure-2.190(a) the capacitance of 
th': capacitor is given by equation-(2.185). This equation can 

be modified to Nslabs filling the capacitor which is given as 

Case-II: Multiple Slabs in Capacitor Normal to Plates 

Figure-2.191(a) shows a parallel plate capacitor having 

rectangular plates of size (Ix b) of plate area A= lb and plate 
separation d. The capacitor is filled with three dielectric slabs 
of dielectric constants k1, k2 and k3 with equal leogths b and 
widths x 1, x2 and x3 and equal thicknesses d such that whole 
space between the plates is filled with these dielectrics. 

X 

Eo b 
C= d (k/, +k,12+ ...... +kNtN) ... (2.186) 

2.9.3 Partial Filling of a Dielectric in a Capacitor 

Figure-2.192 shows a parallel plate capacitor which is partially 

filled with a dielectric slab ofthicknessl(t < d) area equal to that 
of the p!Jtes. In this case also like previous article we can consider 

it as a series combination of two capacitors, one with dielectric 
other is without dielectric. The capacitance of this capacitor 
can be determined by using equation-(2.183) giveo as 

C= 
Eo A 

t d-t 
-+--
k I 

... (2.187) 
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i.------d ----+I 

X y 

Figure 2.192 

In figure-2.190 if the orderof dielectric slabs is changed between 

the capacitor plates then by equation-(2.183) it is clear that it 
does not make any difference on the value of capacitance of 

this.system. Thus in figure-2.192 also the capacitance will remain 
same if position of dielectric slab is changed or it is displaced 

anywhere between the plates as shown in figure-2.83. 

X 

I<--- d ---->I 

_ l-t-X1+rf-t~X2-J>l 
X1+X2=d-t 

Figure 2.193 

y 

2.9.4 Capacitance Calculation by Variation of Parameters 

The capacitance of a parallel plate capacitor filled with a dielectric 

can be directly calculated as k times the capacitance without 

dielectric where k is the dielectric constant of the dielectric 

filled in it. The cases we've considered till now are those in 
which kis a constant through the dielectric slab volume which 

may not be the -case always. We consider and analyze two 

cases of variation of dielectric constant in a capacitor siinilar to 
the two cases discussed in article-2.9.2. These cases we will 
discuss with illustrations to understand the application of the 
concept in different situations. 

Case-I: Variation of Dielectric Constant along the Plates 

Consider a dielectric filled in a parallel plate capacitor of plate 

T 
d 

1 

T 
d 

1 

- --- - -··-- ~·-~· ' 

y 

(a) 

y 

(b) 
Figure 2.194 

To determine the capacitance of this capacitor we consider an 

elemental capacitor section of width dx as shown in 

figure-2.l 94(b ). In such a small section of width dx we can 

consider that the dielectric. constant does not vary and given 

by equation-(2.189). The capacitance of this elemental cap~citor 

section is given as 

k e0 bdx 
dC= d , ... (2.189) 

All such elemental sections have their upper and lower plate of 

area bdx connected together as overall top and bottom plates 

of the capacitor. Thus all such elemental sections can be 

considered in parallel co~bination thus overall capacitance of 

this capacitor can be given by summing up capacitance of all 

such elemental sections which can be given as 

f f
, ke

0 
bdx 

C= dC= 
0 d 

b I 

C=.=!1..___f(ax+b)dx 
d 0 

area A= lb and plate separationdas shown in figure-2.194(a) of 
which the dielectric constant varies with distance along the => 

., b [ 
2 

]' e 0 ax 
C=- -+bx 

d 2 0 

plates according to the below given relation. 

k=ax+b ... (2.188) 
Eo b/ . 

C= --(al+b) 
2d 

... (2.190) 
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2.9. 7 Effect oflnsertion of Dielectric Slab in a Capacitor 
connected to a Battery 

Figure-2.198(a) shows ~·parallel plate c,apacitor ofcapacitance 

C connected to a voltage source V due to which the capacitor is 

charged to the steady state charge q = CV and initial energy in 

capacitor is given as U= 0.5CV2 which is stored in the electric 

field strength between the plates given as E = q!A Eo or also 

given as E = V!d. 

X 

X 

+ 

+ 
+ 

+ 

·+ 

+ 

+ 
+q 

+1 

+ 
+ ,' 

+ 
+ 

+ 

+q' 

l 
y 

-q 

V s 

(a) 

-
y 

~----+'-< >"'----:'---' s V 

(b) 
Figure z.i98 

When a dielectric slab is inserted in this capacitor as sh~wn in 

figure-2.198(b) which fills the space between plates then after 

insertion the physical quantities associated with capacitor 

changes as listed in table below. As battery remain connected 

during insertion of slab the potential difrerence across capacitor 

does not change in this case. ' 

·- .... --------- Capacitance! 

Table-2.1 

e0 A V 
u=½ cv' C=- V E=- q=CV 

d d 

Before Insertion C V E q u 

-1, -1, -1, -1, -1, 

After Insertion KC V E kq kU 

2.9.8 Effect of Dielectric Insertion in a Charged Capacitor 
not connected to a Battery , 

~igure-2.199(a) shows a parallel plate capacitor ofcapacitance 

C which is charged to a charge q and disconnected from the 

voltage source. When the dielectric slab is inserted in this 

capacitor as shown in figure-2.199(b) which fills the space 

between plates then after insertion of dielectric the physical 

quantities associated with capacitor changes as listed in table 

below. 

As capacitor is charged and not connected in any circuit, its 

charge will remain constant and does not change while insertion 

ofciielectric slab. 

X 

X 

k 

l 

+q -q 

(a) 

k 

c.· 
'· 

+q -q 

(b) 

Figure ~.199 

y 

. 
y 
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Table-2.2· 

e,A V 2 

C=- V = .!!_ E=- q=CV U=.'L. 
d C d 2C 

Before Insertion C V E q u 
i i i ·i i 

After Insertion KC Vlk Elk q Ulk 

2.9.9 Force on a Dielectric during Insertion in a Capacitor 

When a dielectric slab is inserted in an initially charged parallel 
plate capacitor then dueto electric field between the plates of 
capacitor opposite bound ·charges are induced on the dielectric 
and while insertion due to fringing of electric lines at the edges 
of plates, a component of electric field along the surface pulls 
the dielectric inside the region between the plates as shown in 
figurn-2.200. 

X 

Figure 2.200 

To calculate the force mathematically we use work energy 
theorem instead of calculating it by electric field as it will become 
complex to analyze the electric field in the region of fringing. 
We can see that in figure-2.200 when due to the force the 
dielectric.slab is pulled inside the region between the plates the 
dielectric fills the space and the field energy in this region 
changes so the work done in pulling the dielectric inside the 
plates is due to this change in energy. Thus the force on dielectric 
slab can be given as 

F=l~I ... (2.199) 

Using the above equation-(2.199) the magnitude of force pulling 
the dielectric inside capacitor can be calculated. 

Figure-2.201(a) shows a paraUel plate capacitor of plate area 
A = lb and plate separation d connected to a battery of voltage 
V and the capacitor is in steady state. 

-- --··· 267 t 

When a dielectric of size equal to the space between the plates 
is inserted from one side along the length of the plates as shown 
in figure-2.201(b). 

l ' + + + 

r .. .. 

' 

v+ 

+ + 

+ 
F 

' + + 

': 
(a) 

(b) 

Figure 2.201 

~- k j 

As shown in figure-2.201(b) when dielectric is inserted upto a 
distance x along the length of plates the instantaneous 
capacitance at this instant can be given by using 
equation-(2.185) as 

=> 

C=C1 +C2 

E0 (l-x)b k E0 xb 
C= d +-d-

E0 b 
C= -(l-x+kx) 

d 

The energy stored in capacitor at this instant can be given as 

u= .!.cv' 
2 

=> J(E0b( l) 2 U= 2. d 1-x+kx V ... (2.200) 

When the dielectric inserted in capacitor the energy stored in 
capacitor decreases and as battery is connected across the 
capacitor it supplies more energy to the capacitor. If F is the 
force acting on the dielectric then it can be calculated.by using 
equation-(2.199) given as 

F=ldUI= E, bV' (k-1) 
dx 2d 

... (2.201) 

The expression of force in above equation-(2.201) is 
independent of the displacement ofthe dielectric slab between 
the plate. Thus the force on dielectric slab in situation when 
capacitor is connected to a battery remain constant throughout. 
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Ifwe consider a situation when an isolated capacitor is initially 
having some charge Q on its plates and then we insert a dielectric 
slab between its plates as shown in figure-2-202 then the energy 
stored in it as a function of x can be given as 

Q' 
U=-~--

2(C1 +C,) 

Capacita~ 

From the above equations-(2.188), (2.l 89)and (2.190) by using 
conservation of energy we can calculate the heat produced 
which is given as 

H=W., -(AU+W )=0 tiat ext 

Thus in slow insertion of a dielectric slab in a capacitor no heat 
is produced. If insertion is not slow then dielectric slab will gain 
som~ kinetic energy and it will oscillate between the plates and 

=> 

Now the force on dielectric slab can be given as 

· · · (2.202) due to friction when oscillations will damp the kinetic energy of 
dielectric slab will be dissipated as heat. In this analysis we are 
neglecting the work done in polarization of the dielectric which 
is very small. 

l
dUI Q'd(k-1) 

F= -;i; = 2 e
0 

b(/-,:+kx)' ... (2.203) 2.9.10 Dielectric Breakdown in a Capacitor 

X 

y 

Figure 2.202 

When a dielectric is inserted in a capacitor while batteryremains 
connected as shown in figure-2.201 then for slow insertion of 
slab external agent has to do negative work in supporting the 
slab by an outward force so that it will not gain any kinetic 
energy. The work done in insertion of slab can be given as 

Wext=F1 

=> 
e0 bV' 

W =--(k-I)x/ 
ext 2d 

=> w =.!.cv'(k-I) 
ext 2 ... (2.204) 

Ifwe calculate the difference in energy stored in capacitor before 
and after insertion of the dielectric slab then it is given as 

=> 

=> 

liU= ~- U, 

l , lkC , 
AU=-CV -- V 

2 2 

I , 
AU=-CV (k-1) 

2 ... (2.205) 

Now we calculate the work done by battery in the process of 
insertion of dielectric slab in capacitor which is given as 

=> 

Wbat=liqV 

Wb"' = (kCV- CV) V 

Wb,t= Cv-'(k- I) ... (2.206) 

In previous chapter we've studied about dielectric breakdown 
in which all the dipoles of a dielectric medium breaks by the 
stretching force due to an external electric field applied on the 
medium. Breaking of dipole makes the medium behave like a 
conductor. Every conductor has a specific' Dielectric Strength' 
or 'Breakdown Strength' which is the maximum electric upto 
which medium behave as an insulator after which it breaks down 
and starts conducting. 

!fin a capacitor a dielectric is filled in the space between plates 
then it is also polarized due to the electric field due to the charges 
on plates ofcapacitor. If this electric field increases beyond the 
breakdown strength of this dielectric then it breaks do_wn and 
short circuits the two plates of capacitor after which the 
capacitor behaves like a conducting wire and no longer acts as 
a capacitor_ 

#lllustrative Example 2.37 

Find1>ut capacitance between A andB if three dielectric slabs of 
dielectric constant K 1 ofarea A I and thickness d, K

2 
ofarea A

2 
an~ thickness d1 and K3 of area A2 and thickness d2 are inserted 
between.the plates of parallel plate capacitor of plate area A as 
shown in figure--2_203. (Given distance between the two plates 
d=d,+d2) 

B 
Figure 2,203 
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Solution 

A 

B 

Figure 2.204 

# Illustrative Example 2.3 8 

A parallel plate capacitor is maintained at a certain potential 
difference, when a 3 mm thick slab is introduced between the 
plates. In order to maintain the same potential difference, the 
distance between the plates is increased by 2.4 mm. 

Solution 

The capacitance of parallel plate capacitor with air as dielectric 

is given by 

soA 
C=-

d 

when the separation between the plates is increased by 2.4 mm, 
the new distance d' between the plates . is 
(d + 2.4 mm)= (d + 2.4 x 10-3 m). By introducing a slab of 
thickness t between the plates, the capacitance is given by 

,:.... E0A 
C - d'-t(l-1/K) 

To maintain the same potential difference 

e0A = e0 A 
d d'-t(l-1/K) 

d=d'-t(l-1/K)] 

# Illustrative Example 2.39 

Figure-2.205 shows a parallel plate capacitor with its plate area 
A=lb and plate separation d at left end of the plates. Upper 
plate of capacitor is slightly tilted by a very small angle 8 as 

shown. Find the capacitance of this capacitor. 

d 

1 

Figure-2.205 

Solution 

As shown in figure-206 we consider an elemental capacitor of 

plate area bdx at a distance X from left side Of plates. The 
capacitance of this elemental capacitor is given as 

E 0 bdx 
dC= d+x8 

' i 
d 

1-x 

Figure-2.206 

dx 

All such elemental capacitors will be considered in parallel 
combination between the two plates so capacitance of the 
given capacitor can be calculated by summing up capacitance 
of all such elemental capcitors given as 

=> 

=> 

=> 

I f
l E

0 
bdx 

C= dC= --
0 d+xe 

I dx 
C=E bf--

0 ,d+xe 

_e0 bf
1 

1 dx C-- --
d o l+ x8 

d 

b I ( 8)-l C= 1-f l+~ dx 
d O d 
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C= E 0 I/ J(l- x0)dx 
d O d 

[Using(l+x)"= l+nx] 

C= e0 b (1 _ 1'0J· 
d 2d 

C= e, A(1-~) 
d 2d 

# Illustrative Example 2.40 

A parallel plate capacitor consists of two metal plates of area A 
and separation d. A slab of thickness t and electric constantK 
is inserted between the plates with its faces parallel t<:> the 
plates a~d having the s~e surface area as that of the plates. 
Find the capacitance of the system. ' - ' 

If K = 2, for what value of tld will the capacitance of the system 
be 3/2'tiines that of the air capacitor? Calculate the energy in 
the two cases and account for the energy change. 

Solution 

1+-1 •I• d-t,1 

Figure 2.207 

We know that the capacitance of a capacitor with a dielectric of 
dielectric constant K is given by e0 KA/d. Hence the capacitance 
C1 of the capacitor with dielectric constant K is given by 

EoKA h . . h' kn C1 = -- w ere11s1tst 1c ess 
t 

The capacitance C2 of remaining capacitor is 

e0A 
C=--

2 (d -t) 

Effective capacitance C of C1 and C
2 

is given by 

e~A2 KI t(d -t) 
e0KA e0A 
--+--

t (d-t) 

. - ~ _ ::_:· --··------C;;ca:-:p:-:_a::cl"'ta::n::_c-::;e I 
On simplification, we have 

. e0A 
C= d-(t/2) 

Now 
3 

C=-C 2 a 

EoA = ~ EoA 
d-(t/2) 2 d 

Solving we have 

I 2 
- =-
d 3 

If q is the charge on the capacitor which remain unchanged, 
then initial energy E, in the air capacitor is q2/2 c. and final 
energy E1after insertion of dielectric is q2/2 C, thus we have 

~ = ~ 
E1 2 

' When ,i dielectric is introduced, it decreases the potential 
energy of the condenser. The loss is used up to polarise the 
dielectric. 

# Illustrative Example 2.41 

1\vo identical cap~citors are connected as shown in fignre-2:208. 
A dielectric slab is introduced between the plates of one of the 
capacitors so as to fill t1ie gap, the battery remaining connected. 
What will be the capacitance, the charge, potential difference 
and stored energy for each capacitor? 

Figure 2.208 

Solution 

Before the introduction. of dielectric, the charge on each 
capacitor will be the same because they are connected in series. 

Initial charge on each capacitor, q
0 
= C

0 
V

0 
Initial energy stored in each capacitor 

I 2 
Uo= 2CoVo 

When dielectric is introduced, C1 = C
0 

and C
2 

= K C
0 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



/capacltan:.::c::..~--_·-·--· .. -

If C b_e the capacity of two condensers, then 

C0 xC0K = q,K 
C0 +C0K l+K 

charge on each capacitor is given as 

-C(2 ·,-(CoK)2v. - 2qo 
q- VO'- l+K o- [1+(1/K)J 

Potential difference across 1st, capacitor 

[l +(1/ K)] 

Potential difference across 2nd capacitor 

q 2V0 V:=-=--
2 C0K (l+K) 

Potential energy stored in !st capacitor 

1 ( 2K )
2 

U
1 

= -CoVi2 
= -- Uo 

2 I+K 

Potential energy stored in 2nd capacitor 

- I_ 2- 4K U 
U2- 2 KC0V2 - (l+K)2 o 

# lllustrative Example 2.42 

A capacitor consists of two stationary plates shaped as a 

semi-circle ofradius Rand a movable plate made of dielectric 

with permittivity Kand capable ofrotating about an axis 0 

between the stationary plates. The tliickness of movable plate 

is equal to d which is practically the separation between the 

stationary plates. A potential difference Vis applied to the 

capacitor. Find the magnitude of the moment of forces relative 

to the axis O acting on the movable plate in the position shown 

in figure-2.209. 

Figure 2.209 

:211i 

Solution 

Let C0 be the initial capacitance of the condenser. Then 

Keo(1tR2) 
Co= 2d 

In the rotated condition, let C1 be the new capacity of inner 
condenser. Then 

... (2207) 

where outside plate area= R2 q>/2, because the circumference is 

I 
Rq> and area is 2 x R x (R <I>) i.e., R2 q,12 

If C2 be the capacity of outside condenser, then 

EoR2q> 
C2=2d ... (2208) 

In rotated position, the arrangement in equivalent to two 

capacitors [ of capacity C1 and C2] connected in parallel. Hence 

C=C1 +C2 

Ke0 (1tR~) Ke0R2
<1> e0R2

<1> 

C= 2d - 2d +2d 

e R2 
C= ;d [Krc+(l-K)<!>] ... (2209) 

I 2 Ke0 (1tR2
) 2 

InitialenergyU= -C0V = -=--'-V 
' 2 4d 

. e R' 
!J.U= U.-U = - 0

- (K- I)<I> V' 
'· I 2d 

Ih be the moment of force, then 

e R' 
1<!>= ~d (K-l)<l>V' 

e R' 
,= - 0

- (K- l)V' 
4d 

# lllustrative Example 2.43 

... (2210) 

... (2211) 

... (2212) 

The distance between the parallel plates of a charged condenser 
is d= 5cm and the intensity of the field e = 300V/cm. A slab of 
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dielectric constant k= 5 and l cm wide is inserted parallel to the 
plates. Determine the potential difference between the plates 
before and after the slab is inserted. Ifthe slab is replaced by a 
metal plates so that the final potential difference remains 
unchanged, what be the thickness ofthe plate? 

Solution 

Potential difference across the plates of condenser without slab 
V=Ed=300x5=1500V 

and C=''=<JA = '=<JA_ 
d 0.05 

After the slab is inserted, the capacitance 

C'= '=<i A 
t 

(d-t)+
k 

C'= '=<J A = '=<, A 
(0.05-0.01)+ 0.01 0.042 

5 

If V' is the p.d. now, then for isolated condenser 
CV=C'V' 

(
Eo A)x!500 

CV 0.05 
V' = - = .:s...:.=,;_~.-

C' ( Eo A) 
0.042 

V'=1260V 

Letx be the thickness of the metal plate. Now the capacitance 

C"= '=<i A 
(0.05-x) 

If V'' is the p.d. now, across the condenser, then 
C"V"= CV 

CV 
V''=

C" 

(
Eo A)xl500 
0.05 

Eo A 
0.05-x 

!260=(0.05-x) xl500 
0.05 

After simplifying, wegetx".'0.8cm 

# lllustrative Example 2.44 

(a) A parallel plate capacitor of plate area 2m2 and plate 
separation 5 mm is charged to 10,000V in vacuum. Compute the 

- - ~ ---cap~~it~nceJ 
capacitance, charge, charge density, field intensity· and the 
displacement in the space between the plates. 

(b) The charging battery is removed and the space between 
the plates is filled with a material of dielectric coefficient 5. 
Compute the new capacitance, the potential difference and the 
field intensity. 

( c) If now the dielectric sheet is removed and.replaced by two 
sheets, one 2mm thick of dielectric coefficient 5 and the other 
3mm thick of dielectric coefficient 2, compute the electric field 
intensity in each dielectric, the potential difference across the 
capacitor and its capacitance. 

Figure 2.210 

Solution 

(a) The capacifance in vacuum (say C0) is given by 

s0A (8.85 x!0-12 )x (2) 
C=-= 

o d (5x!0-3) 

C
0

=3,54 X J0-9 p 

The charge q0 on each plate is 

The free charge density on each plate is given by 

3.54x!0-5 = 1.77 x 10-s C/m2 
2 

The electric field intensity E
0 

is given by 

v. 10,000 
E = - = -~- =2 x I06V/m 

o d 5x!0-3 

The displacement D0 is given by 
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(b) When the battery is removed, the new capacitance C is 

given by 

Ke0A 
C= -d- =KC0 

=> C=S x (3.54x 10---")= J.77x lo-8farad 

The given potential difference Vis given by. 

qo 3.54x10-5 

V=c = 1.77x10-8 

=> V=2000V 

(c) We know that the insertion of a dielectric between the 

· capacitor plates does not alter the displacement, because the 

free charge (q0 = 3.54 x 10-5 C) remains constant. Hence 

D=cr=l.77x 10-5C/m2 

Let E1 and £ 2 be the electric. intensities in dielectric I and 2, 
then · 

=> 

=> 

=> 

D=Ke0E 1 

l.77xl0-5 

E =-----=4xlO'V/m 
I 5(8.85x10-!2 ) 

D l.77x10-5 
E =--=---~~ 

2 K 2e0 2(8.85 x 10-12 ) 

£ 2 = 10 x 105 V/m 

The potential difference across the dielectrics 1 and 2 are 

=> 

and 

V
1 
=E

1 
d

1 
=(4x 105 V/m) x (2 x 10-3 m) 

V1 =800V 

V
2
=E

2
d

2
=(10x l05 V/m)x(3x 10-3 m) 

=> V2 =3000V 

In the above analysis we've discussed a new characteristic 

property of electric field strength called 'Displacement Vector'. 

This is a physical quantity which does not change with medium 

when electric field penetrates a medium. Numerically it measures 

# lllustrative Example 2.45 

In the arrangement shown in figure-2.2ll ,_a. dielectric slab of 
dielectric constant K is partially inside a parallel plate capacitor. 

Assuming gravity to be absent, calculate the extension in the 

spring if the whole system is in equilibrium. If the slab is slightly 

displaced will it perform SHM? If the liattery is disconnected 
and then the slab is slightly displaced, will it perform SHM? 

Given that I is the length of the plates, b is the breadth of 
plates and dis the separation between the plates. 

Figure 2.211 

Solution 

At equilibrium the force on dielectric slab is balanced by the 
spring force. lfx is the extension inspring, we have 

Fe=kx 

When battery is connected across the capacitor then·the force 

on dielectric is given by the equation-(2.200) which gives 

.!.v2 ,,b (k-1) =kx 
2 d 

V 2, 0b(k-l) 
x= 

2kd 

As the force on dielectric is constant and does not depend 

upon x, it will not execute SHM. 

When battery is disconnected after charging the capacitor the 
force on dielectric slab is given by the equation-(2.202) which 
gives 

Q2d(k-l) 

2 e0 b(l-x+kx)2 kx 

Solving the above equation we can calculate the value ofx. In 
this case force depends upon x but not a linear function so in 

this case also it will not execute SHM. 

# Illustrative Example 2. 46 

the surface density of free charges on the su,rface from which Figure shows two parallel plate capacitors with fixed plates and 

electric field is originated and considered to remain constant as connected to two batteries. The separation between the plates 

a source ofelectric field. Students can solve the above question is the same for the two capacitors. The plates are rectangular in 

without using displacement also. shape with width b and length 11 and 12• The left half of the 
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dielectric slab has a dielectric constant k1 and the right half k
2
• 

Neglecting any friction, find the ratio of the voltage of ihe left 
battery )o that of the right battery for which the dielectric. slab 
mayremain in equilibrium. 

Figure 2.2l2 

Solution 

The force _on a dielectric for constant potential is given by 
equation-(2.201) as · 

Ei, bV2 

F= 
2
d (k-1) 

For equilibrium of the slab, force by the two capacitors on 

- --·-· -- ·····----::----;-:--, 
Capacitance I 

Solution 

The total potential difference across the dielectric layers is 

=> 

=> 

But e1R1 < e,Jl,E2 and for breakdown, £ 1 e1 R1 = E
2 
e,R

2
; hence 

e1 R1 E1 is the maxi.mum value at which breakdown will occur. 
.Hence the breakdown voltage between the plates is 

dielectrics must be equal which gives · since 

=> 

=> 

F1=F2 

9l bVj2 (k1 -1) 9l bV}(k2 -1) 
2d 2d 

Vj ~kz-1 
V

2 
= k

1
-I 

# Illustrative Example 2.47 

There is a double layer cylindrical capacitor whose paral)letets 
are shown in figure-2.213 . The breakdown field strength values 
for these dielectrics are equal to £ 1 and £

2 
respectively: What 

is the breakdown voltage of this capacitor if e1 R 1 E 1 < e, R
2 

E
2
? 

Figure 2.213 ,. 

# Rlustrative Example 2.48 

Between the plates of a parallel-plate capacitor there is a metallic 
plate whose thickness takes up l] = 0.60 of the capacitor gap. 
When that plate is absent the capacitor has a capacity C = 20 nF. 
The capacitor is connected to a constant voltage source · 
V = 1 00V. The metallic plate is slowly extracted from the gap. 
Find the mechanical work performed in the process of plate 
extraction. 

Solutio11 

=> 
=> 

=> 

.=> 

=> 

=> 
=> 

e0A 
C0 = d withoutmetallicslab 

e0A 
C'=--
. (0.4d) 

C' =2.5 C0 with slab 
C'=50nF 

W"'' + W•,i• =O 
Wexi=-Wfield 

W =.!.x30xlo-9xl0" 
"' . 2 

w .. = 15 X 10-5 J 

w"' = 150 µJ 
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[capacitance .•• < ·-··· •• 

# Illustrative Example 2.49 

Consider the situation shown in figure-2.214. The plates of the 
capacitor have plate area A and are clamped in the laboratory. 
The dielectric slab is released from rest with length a inside the 
capacitor. Neglecting any effect of friction or gravity, show that 
the slab will execute periodic motion and find its time period. 

Figure 2.214 

Solution 

Force on dielectric slab when battery is connected is 

be0 (-l+K)V2 
F=--''-'-------'--

2d 

Time taken by slab when it is completely inside the capacitor 

T 
is= 4 (T= Time period) 

I 
S=ut+ -at2 

2 

1-a=½(:)(fr 

!_ = ~2M(l-a) . 
4 F 

T=Sx 
Md(l-a) 

2 be0(K-1)V 

(b =width of plates, M=mass of slab) 

# Rlustrative Example 2.50 

Figure-2.215 shows a parallel plate capacitor of plate area A = lb 

with separation d connected to a battery via a switch S. Capacitor 
plates are kept vertical and touched on the surface ofa liquid of 
density p as shown. If S is closed find the height between 
plates to which the liquid level will rise. 

.. . 275" , __ , ______ j 

+11- /' 
'v s 

i.---d->1 
·e 

I . 

l --
Figure-2.215 

Solution 

When the switch is closed due to the upward force on liquid 
because of polarization it starts raising up between the plates 
and upto a level where the upward force on liquid balances its 
weight. !fit is raised upto a height has shown in figure-2.216 
and battery is connected to the capacitor we use 
equation-(2.20 I) for the force on dielectric liquid. At equilibrium 
we use 

e, bV' (k-1) = hbdpg 
2d 

. e0 V
2(k-I) 

h = _,,__ 2-d-,'2 p-g---'-

~----+.,_.,·'-,=..---s,.___~ 
'v 

·e 

11 ------ t T ------------::-= = = = = h ------------=--=-..:-.c-=-=- I l 

Figure-216 

#Rl11strative Example 2.51 

Figure-2.217 shows a horizontal parallel plate capacitor is 
lowered on a liquid surface in such a way that its lower plate is 
just submerged in the liquid of dielectric constant k. Find the 
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1276 :,. · - ·--··· ----,-C-ap_a_c_jta_n_c~~ i 
heightto which the liquid le','.el wiU be raised between the plates 2. JO Current in a Capacitor 
if the capacitor plates are given a surface charge density +cr and 

-cr on its plates. This is initially discussed when a capacitor is connected across 

Figure-2,217. 

Solution 

When capacitor plates are given charges then due to 
polarization on the liquid dielectric bound charges of surface , 
dens_ity o-1 appear and its surface experiences an upward force 
due to which it is raised up to some height h as shown in 
figure-2.218 upto a level where the upward force on the top 
surface balances theweight of the liquid raised. 

The electric force acts on the top surface.ofliquid and due to 
cohesive force among liquid particles whole liquid will be held 
stationary in equilibrium. 

Figure-2.218 

If the surface area of plates is taken as S, at equilibrium we use 

qE= phSg 

( 
cr cr, J cr;S --- = phSg 
e0 2e0 _ 

cr2 (k2 -l) · 
=> h·=-~-~ 

2E0 k
2pg 

It can also be thought to solve the above situation using 
conservation of energy as no battery is connected but when 
the liquid is raised betwee.n the plates it gains kinetic energy 
and oscillates about the equilibrium level and finally settles at 
equilibrium level after dissipating the kinetic energy gained by 
-theliqu,id particles in internal friction so in su,h cases we c.annot 
use conservation of energy to find the equilibrium level. 

a battery or in a circuit, current flows through the connecting ' 

wires till the potential difference across capacitor plates become 
equal to that of the applied battery across it and then ~apacitor 
is said to be in steady state. 

Once steady state is attained capacitor is said to be fully charged 
and no current flows through capacitor. Before steady state 

potential difference across capacitor would be changing and 
charge on its plates would also be changing and the current 
through the connecting wires is given as 

. dq 
i=-

dt_ 

Figure-2.219 shows a capacitor in which current is flowing.in, 
opposite directions. As current denotes the flow of positive 

charges in figure-2.2!9(a) the current increases the charge on 

plates of capacitor and in figure-2.2!9(b) current decreases the 
charges on plates of capacitor thats why these currents are 
written as 

· .. dq 
I=+
! dt 

and 

. C 

. dq 
I=--
2 dt 

. C 

~~ 
+q -q ~f--

+q -q 

(a) (b) 

Figure-2.219 

If a capacitor connected across a battery is in steady state then 
no current would be flowing through it and if any ·of its 
parameters siarts changing with time then capacitance starts 

varying with time due to which charge on its plates also changes 

with time and it causes_ a continuous flow of current which is 
given by differentiating the instantaneous charge on plates of 
capacitor which is given as 

q=CV 
' ' If C starts varying with time then current in connecting wires is 

given as 

dq dC 
i=-=V-

dt rjt ... (2213) 

If in~tead of capacitance, applied voltage starts varying with 
time then current is given as 

dq · dV 
i=-=C-

dt di ." "' (2214) 
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If both capacitance and applied ".oltage vary with time in a 

situation then current is given as 

dq dV dC 
i=-=C-+V-

dt dt dt 
... (2.215) 

We will discuss some illustrations to understand this better. 
Figure-2.220 shows a capacitor C of capacitance 4µF connected 
to a time varying voltage V(t) =---0.0612 + 0.0441+ 0.7 volt. We 
will calculate the current in connecting wires at I= 4s. 

C 

+q -q 

V(t) 

Figure-2.220 

If no resistances are there in connecting wires, we ~an consider 
that steady state is achieved by the capacitor quickly and its 

instantaneous charge is given as 
q=CV 

~ q=4x (0.06t2+0.04t+0.7)_ 
~ q = 0.24t1+ 0.16t+ 2.8 

Current in circuit at t = 4s is given as 

i= 1 =0.48t+0.16=0.48(4)+0.16=2.08A 

Figure-2.221 shows a capacitor connected to a battery. The 

capacitor plates are connected to an assembly by which the 

separation between the plates can be changed. If at I = 0 
~apacitor plates start receding apart at speed v each then at a 
generai time instant t = I plate separation will be' d + 2vt' and at 

this instant charge on capacitor plates can be given as 

V 

-(e,A)v 
q- d+2vt 

J+-,-d-->i 
+ 
+ 
+ 
+ .. 
+ 
+ 

+q -q 

Area=A 

V 

~----+-'; ,-c·c_--::>---' 
V S 

Figure 2,221 

... (2.216) 

The current in connecting wires can be given as 

. dq 2ve0 AV 
,=-=-

dt (d + 2vt)2 ... (2.217) 

Equation-(2.198) gives the current in the connecting wires as a 

function of time. If at any time plates stop then current also 

becomes zero and final charge on capacitor at that instant is 

given byequation-(2.197). 

# lllustrative Example 2.52 

A parallel plate capacitor is made by fixing two plates inside of 

a container as shown in figure-2.222. The plates are connected 

to a battery of voltage V. Ifatt=0 the tap is opened from which 

a liquid of dielectric constant k starts filling in the container at 

a constant rate of rm3/s, find the current in connecting wires as 
a function of time. Neglect any resistance in connecting wires. 

Solution 

V 

Figure-2.222 

At any time height ofliquid in the container is x then it is given 

as 

xbd=rt 

rt 
x=-

bd 
... (2.218) 
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At time t = t the system behaves like two capacitors in parallel. 
One with dielectric upto heightx and other with air as shown in 

figure-2.222. Instantaneous capacitance ofthi_s capacitor is giveri 

as 

k E 0 xb · E 0 (1-x)b 
C=-d-+. d 

Instaneous charge on capacitor is given as 

q=CV 

Current in connecting wires can be given as 

=> 
. d (kE0 xb E0 (1-x)bJ 
z=Vdt --d-+ -d 

=> i= VE0 b(k-I)dx 
d dt 

Substituting the value of x from equation-(2.218) gives 

i= V Eo b (k-l)x.!... = V Eo r (k-1) 
d bd . d 2 

a r--
• .1 Wt;;b Refe;ence a't www.physicsgalf!XY.com 

AgeGro~p'-Grade l1 & 1~ I Age17-19Years 
Section"&.ECIROSTATICS 
Topfo-Capilcitmce 

Modtile;J:i<µmber - 30 to 40 

Practice Exercise 2. 7 

(i) A parallel plate capacitor of plate area A= 10-2m2 and 

plate separation d= 10-2m is charged to V
0 
= 1 OOV. Then after 

removing the charging battery, a slab ofinsulating material of 

thickness b = 0.5 x I 0-2m and di~lectric constant k= 7 is inserted 

between the plates. Calculate the free charge on the plates of 

the capacitor, electric field intensity in air, electric field intensity 

(iii) A cylindrical layer of dielectric with dielectric constant 

k is inserted into a cylindrical capacitor to fill up all the space 

between the electrodes. The mean radius of the electrodes .is 

equal to R, the gap between them is equal to d with d << R. A 

constant voltage V is applied across the electrodes of the 

capacitor. Find the magnitude of the electric force pulling the 

dielectric into the capacitor. 

1CRV2 
[F, - e 0(k- 1) -d-] 

(iv) Two parallel plate capacitors A and B have the same 

separation d= 8.85 x I 0'4m between the plates, The plate area 

of A andB are 0.04m2 and 0.02m2 respectively. A slab of dielectric 

constant k = 9 has dimensions such that it can exactly fill the 

space between the plates of capacitor B. 

(a) The dielectric slab is placed inside A as shown in 

figure-2.223(a). A is then charged to a potential difference of 

11 OV. Calculate the capacitance of A and the energy stored in it. 

(b) The battery is disconnected and then the dielectric slab 

is removed from A. Find the work done by the external agency 

in removing the slab from A. 

(c) The same dielectric slab is now placed insideB, filling it 

completely. The two capacitors A an dB are then connected as 

shown in figure-2.223(c). Calculate the energy stored in the 

system. 

1· 
T 

A 

(b) 

Figure 2.196 

(c) 

[(•) 2 x 10-9 F 1.21 x 10-5J, (b) 4.84 x 10-5J, (c) 1.1 x 10-5J] 

B 

in the dielectric, potential difference between the plates and .(v) ' 1wo parallel plate air filled capacitors, each of 
capacitance with dielectric present between plates. 

[16 µF] 
capacitance C- are joined in sedes to _a source- of constant 

voltage V. The space between the plates ofone of the capacitors 

is the .completely filled up with a _uniform dielectric having 

dielectric constant K. (ii) A potential difference of I OOV is applied between the 

plates ofa parallel plate capacitor, which are !cm apart. One of 
How many times the electric field strength in that the plates is in contact with a plane parallel plate ofcrystalline (a) 

thallium bromide (k= 173) 9.5mm thick. After the capacitor is capacitor decrease ? 

disconnected from the source of power, the crystalline plate is 

removed. What will be the potential difference between the 
plates after this is done? 

[1802V] 

(b) What amount of charge flows through the battery? 

(
K+l) CV(K-1) 

[(a) -2- • (b)2 K+l ] 
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(vi") The gap between the plates of a parallel-plate capacitor 

is filled with isotropic dielectric whose relative permittivity E 

varies linearly from E 1 to E; ( E2 > ·E 1) in the direction 

perpendicular to the plates. The area of each plate is equal to A, 

the separation between the plates is equal to d. Find the 

capacitance of the capacitor. 

[ (e2 -e1)e0 A] 

din~ 
E1 

(vii) A leaky parallel capacitor is filled completely with a 

material having dielectric constant K = 5 and electrical 

conductivity cr= 7.4 x 10-12 n-1 m-1• If the charge on the plate 

at the instant t ~ 0 is q = 8.85 µC, then calculate the leakage 

current at the instant!= 12s. 

[0.2µA] 

(viii) Two parallel conducting plates of area A charge +q and 

-<J are as sbown is figure-2.224. A dielectric slab of dielectric 

constant k and thickness d and a conducting plate of same 

thickness dis inserted between them. Taking x = 0 at positive 

plate andx = 5d at negative plate, plotE-x and V-x graphs. Here 

· Eis the electric field and Vthe potential. 

+q 
+ 

+ 

+ 

+ 

+ 

+ 

+ 
1~ d 

Figure 2,224 

. 'tiilli ' ' ' ' ' ' ' 4 r,-;~-- .:::-:~-- : ] 
[ !! v,-2£,d- ----r-----:--- ' 

K v,-JE;l 1U 

! ! i 
0dUld4d!d• OJlJJ,14<154• 

-q 

(ix) A parallel plate capacitoris halffilled with a dielectric of 

relative permittivity k and of mass M. Capacitor is attached 

with a cell of voltage£. Plates .are held fixed on smooth insulating 

horizontal surface. A bullet of equal mass Mhits the dielectric· 

elastically and its found that dielectric just leaves out the 

capacitor. Find speed ofbullet. 

->-V, 

= M 

Figure 2.225 

E 

(x) A parallel plate capacitor is charged to a potential 

difference V across its plates. The capacitor is now 

disconnected from the battery and is placed vertically on the 

surface ofa liquid of density p. Ifthe liquid rises up to a maximum 

height h inside the capacitor plates, calculate the potential 

difference V, initially applied across the plates. Given that the 

plates are of area A and length I. They are separated by a 

distanced and the space between them is filled with a dielectric 

substance having dielectric constant k. 

pghd2 (/+h(k-l)) 
Eo/(k-1) ] 

(xi) Calculate the capacitance of a parallel plate capacitor, 

with plate area A and distance between plates d, when filled 

with a dielectric whose dielectric constant varies as 

E(x)= E0 + fl(d-x), 

d 
O<x<-

. 2 

d 

2 <x<d. 

For what value of fl would the capacitance of capacitor becomes 

of the capacitor twice that when it is without any dielectric? 

[ 
d] [ d] 2 eo +P- eo· +P-

[ -In --2 ; p is given the relation pd = 4 e0 In --2 ] 
~ ~ ~ 

(xii) A parallel plate capacitor is to be designed with a voltage 

rating !kV usiog a material of dielectric constant IO and dielectric 

strength 106 V/m-1. What mioimum area of the plates is required 

to have a capacitance of88.5 pF? 

[l 0-3 m2] 
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(xili") A potential difference of 300V is applied between the 
plates ofa plane ·capacitor spaced 1cm apart. A plane parallel 
glass plate with a thickness of0.5cm and a plane parallel paraffin 
plate with a thickness of0.5cm are placed in the space between 
the capacitor plates find (a) intensity of electric field in each 
layer (b) the drop of potential in each layer ( c) the surfuce charge 
density of the free charge on the plates. Given that: kpamffin =2, 
k,,;,,,, = 6. 

[(a) 1.55 x 104V/m, 4.5 x 104V/m; (b) 75V, 225 V (c) 8 x 10-7CJm2] 

(:xiv) A parallel plate capacitor is .filled by a dielectric whose 
relativr permittivity varies with the applied voltage according 
to the la~_&,= a;V, where a;= I per volt. An other sam,e (but 

· - -·-· _____ c_a_p·-.-c-ita_n_c~e ! 

containing no dielectric) capacitor charged to a volt~ge 
V = 156 volt is C011Jlec!ed in parallel to the first ''non-lineai:'' 
uncharged capacitor. Determine th~ final voltage 1Jacross the 
capacitors. 

[12V] 

,·---------------------, J Adyance Jllustfu.ti<?ns Videos at WWW,phy:sicsgalaxy.com 

! Age Group -Advance Illustrations 
j Section-.Electtostarics 

j Topic-Capacitance 
Illustrations 7 3Q In-depth Illustrations Videos 

'" ,, . . ' 

* • * . • * 

. ' 
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Discussion Question 
Q2-1 What will happen if the plates ofa charged capacitor are 
suddenly connected by metallic_ wire? 

Q2-2 Can we give any desired charge to a capacitor? 

Q2-3 The radius of the earth is 6400km, what is its capacitance? 

Q2-4 Can a solid conducting sphere hold more charge than a 
hollow sphere of the same radius? Give reason. 

Q2-5 Why metals cannot be used as a dielectric in a capacitor? 

Q2-6 A capacitor is connected to a battery. If we move its 
plates further apart, work will be done against the electrostatic 
attraction between the plates. What will happen to this work? 
What will be the effect on the energy of the capacitor? 

Q2-7 If the capacitor is kept connected with.the battery and 
then the ·dielectric slab is inserted between the plates, then 
what will be the change in the charge, the capacitance the 
potential difference, the electric field an the stored energy? 

Q2-8 If we know the capacitance of a given conductor then 
can we_calculate the maximum charge which it can store? 

Q2-9 A parallel plate capacitor is charged to a certain potential 
difference and the battery used to charged it is disconnected. 
Now a dielectric slab of dimensions equal to spacing between 
plates is introduced between the plates. What will be the 
changes, if any, in the charge, potential difference, capacitance, 
electric field strength and the energy stored in the capacitor? 

Q2-10 A capacitor of capacitance C is charged upto a potential 
difference V. After removing the charging battery, the capacitor 
is connected (i) in parallel, (ii) in series with an uncharged 
capacitor of the same capacitance. What will be the effect on 
the potential difference of the first capacitor in each case? 

Q2-11 When a dielectric slab is inserted between the plates 
ofa capacitor which is initially charged and disconnected from 
the source then what can be concluded on the amount ofheat 
dissipated during insertion ? What would be the answer if 
source remain connected to the capacitor while insertion of 
the dielectric slab? · 

Q2-12 N identical capacitors are connected in parallel which 
are charged to a potential V. If these are separated and connected 
in series then what potential difference will be obtained? 

Q2-13 For a given poten_tial difference across a parallel plate 
capacitor does a capacitor stores more. or less charge with a 
dielectric than it does without a dielectric present between the 
plates? 

Q2-14 Why should circuits containing capacitor be handled 
cautiously even when there is no current. 

Q2-15 When a parallel plate capacitor is charged by 
connecting it across a battery then battery is disconnected. If 
one plate of capacitor is earthed and isolated then another 
plate is connected t(! earth and then isolated. What will be the 
final charge on the capacitor after this operation. Will it be less 
than, equal to or more than the initial charge? Explain why? 

Q2-16 A solid and a hollow metal spheres are given equal 
charges, which one will have higher electric potential. 

Q2-17 When plastic parts are removed from the metal dies on 
different types of printing machines then these metal parts 
develop high voltage. Explain why? 

Q2-18 The' distance between the plates of a parallel plate 
capacitor is d. A metal plate of thickness d/2 is placed between 
the plates. What will e its effect on the capacitance. 

Q2-19 A parallel plate capacitor is connected to a battery and 
it is in steady state. Connecting wires are considered as perfect 
conductors. If the plates of capacitor are moved apart by some 
distance and then after sometime these are brought back to the 
same separation. Is there any heat dissipated in the circuit in 
above operation? Explain why? 

Q2-20_ Why do electrostatic capacitors have large 

capacitives? 

Q2-21 Why is it that a man sitting in an insulated metal cage 
does not receive a shock when it is connected to a high voltage 
supply? 

Q2-22 As we know in steady state charge on a capacitor is 
given as Q= CV which also implies C= Q/V. So can we say in 
steady state capacitance is proportional to the supplied charge 
Q. 

* * * * * 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



~ 
- --. ··- ····-··-. - ··----·-

.. -. --- -- -we7 
•• ww "' - --------capacitance 

ConceptualMCQs Single Option Correct 
2-1 A capacitor is charged by using a battery, which is then 
disconnected. A dielectric slab is then inserted between the 
plates, which results in : 
(A) Reduction of charge on the plates and in crease of potential 
difference across the plates 
(B) Increase in the potential difference across the plates, 
reduction in stored energy, but no change in the charge on the 
plates 
(C) Decrease in the potential difference across the plates, 
reduction in stored energy, but no change in the charge on the 
plates 
(D) None of the above 

2-2 A capacitor is composed of three parallel conducting plates. 
All three plates are of same area A. The first pair of plates are 
kept a distance d1 apart and the space between them is filled 
with a medium of a dielectric s1• The corresponding values for 
the second pair of plates are d2 and s2 respectively. What is the 
surface charge density on the middle plate? 

v, 

Figure 2.226 

(A) 

2-3 In the figure shown, the plates ofa parallel plate capacitor 
have unequal charges. Its capacitance is C ·and P is a point 
outside the capacitor as shown in figure-2.227. The distance 
between the plates is d. Select the INCORRECT statement: 

2Q. -Q 

d •P 

Figure 2,227 

(A) A point charge atpointPwill experience and electric force 
due to capacitor 

(B) The potential difference between the plates will be 3 Q/2C 
(C) The energy stored in the electric field in the region between 

9Q2 
the plates is --

8C 
Q2 

(D) The force on one plate due to the other plate is -=-~ 
2it 9l d2 

2-4 You have a parallel plate capacitor, a spherical capacitor 
and a cylindrical capacitor. Each capacitor is charged and then 
removed from the same battery. Consider the following 
situations : 
I; · Separation between the plates of parallel plate capacitor is 

reduced 
II: Radius ofthe outer spherical shell of the spherical capacitor 

is increased 
ill: Radius of the outer cylinder of cylindrical capacitor is 

increased. 

Which of the following is correct? 
(A) In each of these situations I, II and Ill, charge on the given 
capacitor remains the same and potential difference across it 
also remains the same. 
(B) In each ofthese situations I, II and Ill, charge on the given 
capacitor remains the same but potential difference, in situations 
I and III, decreases, and in situation II, increases. 
(C) In each of these situations I, II and Ill, charge on the given 
capacitor remains the same but potential difference, in situations 
I, decreases, iind in situations II and III, increases. 
(D) Charge on the capacitor in each situation changes. It 
increases in all these situations but potential difference remains 
the same. 

2-5 Two identical capacitors are joined in parallel and charged 
to a potential V. They are then disconnected from the battery 
and connected·tO each other in series. The positive plate of 
one being connected to the negative of the other and two 
outer plates terminals are left open. Which of the following_ 
statement is correct? 
(A) Charge on the plates_connected to each other is reduced 
to zero 
(B) Charge on the outer plates is doubled 
(C) Potential difference between outer plates terminals is 2V 
(D) The energy stored in the system is doubled 

2-6 Seven capacitors each of capacitance 2µF are to be 
connected to obtain a capacitance of(l0/11) µF. Which of the 
following combination will be used for this purpose: 
(A) 5 in parallel 2 in series (B) 4 in parallel 3 in series 
(C) 3 in parallel 4 series (D) 2 in parallel 5 in series 
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2-7 For the three circuit shown in figure-2.228 across the battery 
capacitors are connected in some combination. Which of the 

following is the correct order of combination : 

OB 
(a) (b) (c) 

Figure 2.228 

(A) series, series, parallef 
(C) parallel, series, parallel 

(B) series, parallel, parallel 

(D) none 

2-8 Two identical capacitors are connected in series with a 

source of constant voltage V. If Q is the charge on one of the 

capacitors, the capacitance of each capacitor fs : 
(A) Q/2 V (B) . Q/V 
(C) 2Q/V (D) none of these 

2-9 A parallel plate air capacitor is connected to a battery. After 

charging fully, the battery is disconnected and the plates are 

pnlled apart to increase their separation. Which of the following 

statements is correct ? 
(A) The electric field between the plates of capacitor decreases 
(B) The electric field between the plates of capacitor increases 

(C) The electric field between the plates of capacitor· remains 

same 
(D) Potential difference between the plates remains the same 

2-10 A dielectric slab of thickness dis inserted in the parallel 
plate capacitor. The capacitor is given some charge such that 
it's negative plate is atx= 0 and positive plate is atx= 3d. The 
slab is equidistant from the plates. As one moves from x = 0 to 
x=3d: 
(A) Electric potential remains the same 
(B) Electric potential decreases continuously 
(C) Electric potential increases continuously 
(D) Electric potential increases first, then decreases and again 
increases 

2-11 Two identical capacitors A andB shown in the given circuit 
are joined in series with a battery. !fa dielectric slab of dielectric 
constant K is inserted between the plates of capacitor B and 

battery remain connected, then the energy of capacitor A will 

Figure 2.229 

(A) Decrease (B) Increase 

(C) Remain the same (D) Becomes zero 

2-12 If there are n capacitors each ofcapacitance C in series 

combination connected to a V volt source, then the energy· 

stored in each capacitor is equal to : 

(A) nCf/2 

(C) 
CV' 
2n 

1 
(B) -ncf/2 

2 

(D) 
CV' 
2n' 

2-13 The charges on two parallel copper plates separated by a 

small distance are +Q and -Q. A test charge q experiences a 

force F when placed between these plates. Now if one of the 
plates is removed to infinity, then the force on the test charge 

will become : 

(A) F/2 
(C) 2F 

(B) F 
(D) Zero 

2-14 Two conducting shells ofradius a and bare connected 
by conducting wire as shown in figure-2.230. The capacitance 

of this system is : 

ab 
(A) 4m0-

b-a 

(C) Zero 

b 

Figure 2,230 

(B) 4mo(a+b) 

(D) Infinite 

2-15 The graph given below shows the variation of electric 
field E (in MV/m) with time t (in µs) in a parallel plate capacitor: 

E 

0.8 

0.4 ---------'---~-

0 4 

Figure 2.231 

Consider the following statements : 

' ' ' 'i 
' ' 
8 

I. The displacement current through a lm2 q:gion 
perpendicular to the field during the time interval t = 0 to 

t= 4 µsis 0.885A (given Eo = 8.85 x 10-12 SI unit)_ 
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2 The displacement current through lm2 region 
perpendicular to the field during the time interval t=4µs to 

8µs is zero. 

_Which of the statements given above is/are correct: 

(A) 1 only (B) 2 only 

(C) both I and 2 (D) neither I nor 2 

2-16 A parallel plate capacitor of plate area A and plate 

separation dis charged to potential V and then the battery is 

disconnected. A slab of dielectric constant k is then inserted 

between the plates of the capacitors so as to fill the space 

between the plates. If Q, E and W denote respectively, the 
magnjtude of charge on each plate, the electric field between 
the plates after insertion of slab and work done on the system 
in the process ofinsertion of the slab, then which of the following 
relation is INCORRECT: 

EoAV E AV2 

(A) Q=- (B) W=-o __ 
d 2kd 

V 
(C) E=-

kd 
(D} W= toAVz (1-.!.) 

. 2d k 

2-17 Two condensers C1 and C2 in a circuit are joined as shown 
in figure-2.232. Thepotential ~fpointA is V1 and that ofB is V,
Thepotential of point D will be: 

Figure 2.232 

I C2 f-; +C1V2 (A) 2 (V1 + V2) (B) 
C1 +C2 

(C) C,f'i +CzVz (D) 
C2 f-; -C1V2 

C1 +C2 C1 +C2 

2-18 A parallel plate capacitor of capacitance C is connected 

.. -- ------ --- ---·::, 
_ Capacitanc~ 

2-19 A parallel plate capacitor of capacitance C0 is charged 

with a charge Q0 to a potential difference V0 and the battery is 
then disconnected Now a dielectric slab of dielectric constant k 
is inserted between the plates ofcapacitor. The dimensions_ of 

the slab are such that it completely fills the space between the 

plates, then : 
' (A) Charge on the plates remains the same 

(B) Charge on the plates decreases to QJK 
(C) Charge on _the plates increases to KQ0 _ 

(D) Potential difference between plates remains the same 

2-20 n identical capacitors are connected in parallel to a 

potential difference V. After charging these capacitors are then 

disconnected reconnected in series with side terminals open. 
The potential difference across the side terminals of capacitors 
will be: 
(A) Zero. 
(C) nV 

(B) (n- l)V 
(D} n2 V 

2-21 Two large parallel sheets charged uniformly with surface 

charge densitycr and-crare located as shown in thefigure-2.233. 

Which one of the foll.owing· graphs shows the variation of 
electric field along a line perpendicular to the sheets : 

E 

(A) 

E 

•------1 f----1 
A ------------

B 

Figure 2.233 

E 

(B) ,------, 
' ' ' ' ' ' 

X 

E 

X 

to a battery and is charged to a potential difference V. Another 
capacitor of capacitance 2C is connected to another battery (C) 
and is charged to potential difference 2 V. The sharging batteries 

r-
' ' ' 

(D) 

X x· 
are now disconnected and t~e capacitors are connected in 
parallel to each other in such a way that the positive terminal of . 
one is connected to the negative terminal of the other. The final . 2-22 When a battery of emf E volts is connected across a 
energy of the configuration is : - capacitor of capacitance C, then after some time the.potential 

(A) zero 

3CV2 

(C) 2 

25CV2 

(B} 6 

(D} 
9CV2 

2 

difference between the plates of the capacitor becomes equal 
to the battery voltage. The ratio of the work done by the battery 

and the energy stored in the capacitor when it is fully charged 
is: 
(A) l: I 
(C) 2: I 

(B) 1:2 
(D} 4: I 
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2-23 Find equivalent capacitance between points A and B. 
Consider each conducting plate is having same dimensions 

and each ofarea A with separation between adjoining plates as 

mentioned in figure and neglect the thickness of the plate. 

Consider C= EoA = 7µF, where A is area of plates: 
. d 

(A) 7µF 

(C) 12µF 

B 

d A 

d 

d 

---...... ---I2d 
d 

Figure 2.234 

(B) llµF 

(D) 15µF 

2-24 An uncharged capacitor having capacitance C is 

connected across a battery of voltage V. Now the capacitor is 

disconnected and then reconnected across the same battery 

but with reversed polarity. Then which of the statement is 

INCORRECT 

(A) After reconnecting, heat energy produced in the circuit 

will be equal to two-third of the total energy supplied by battery 

(B) After reconnecting, no energy is supplied by battery 

(C) After reconnecting, whole of the energy supplied by the 

battery is converted into heat 

(D) After reconnecting, thermal energy produced in the circuit 

will be equal to 2CV2 

2-25 Two similar parallel plate capacitors each of capacity C0 

are connected in series. The combination is connected with a 
battery of voltage V0• Now separation between the plates of 

one capacitor is increased by a distanced and the separation 

between the plates of another capacitor is decreased by the 

distance d/2. The distance between the plates of each capacitor 

was dbefore the change in separation. Then, select the correct 

choice: 

(A) The new capacitance ofthe system will increase 

(B) The new capacitance of the system will decrease 

(C) The new capacitance of the system will remain same 

(D) Data is not sufficient to arrive at a conclusion 

2-26 The potential difference between points a and b of circuits 

shown in the figure-2.235 is : 

(A) 

r1 
"L~" 

E, 

Figure 2.235 

(
E1+E2Jc 

(C) C +C 1 
I 2 

(
E1 -E,Jc 

(D) C1 +C, I 

- 2851 
---1 

2-27 A parallel plate capacitor with air between the plates has 

a capacitance of 9pF. The separation between its plates is 'd'. 
The space between the plates is now filled with two dielectrics. 

One of the dielectric has dielectric constantK1 = 3 and thickness 

<!._ while the other one has dielectric constantK, = 6 and thickness 
3 

Zd C . f h . . - . apac1tance o t e capacitor 1s now: 
3 

(A) 1.8pF 

(C) 40.SpF 

(B) 45 pF 

(D) 20:25pF 

2-28 A variable parallel plate capacitor and an electroscope 

are connected in parallel to a battery. The reading of the 

electroscope would be decreased by : 

(i) Increasing the area of overlap of the plates 

(u) Placing a block of paraffin wax between the plates 

C,i1) Decreasing the distance between the plates 

(iv) Decreasing the battery voltage 

(A) Only(i), (ii) and (iii) are correct 

(B) Only (i) and (ii) are correct 

(C) Only(ii) and (iv) are correct 

(D) Only (iv) is correct 

2-29 A parallel plate capacitor with a dielectric slab with 

dielectric constant k= 3 filling the space between the plates is 

charged to potential Vand isolated. Then the dielectric slab is 

drawn out and another dielectric slab of equal thickness but 

dielectric constant k'= 2 is introduced between the plates. The 

ratio of the energy stored in the capacitor later to that initially 

is: 
(A) 2: 3 
(C) 4:9 

(B) 3:2 
(D) 9:4 
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2-30 Three capacitors each of capacitance 4µF are to, be 
connected in such a away that the effective capacitance 
becomes 6 µF. This can be done by connecting : 
(A) All of them in series 
(B) All of them in parallel 
(C) Two in series and the third parallel to the combination 
(D) Two in parallel and the third in series with the combination 

2-31 A parallel plate capacitor with a dielectric of dielectric 
constant k between the plates has a capacity Candis charged 
to a potential V volts. The dielectric slab is slowly removed 

from between the plates and then re-inserted. The net work 
done by the system in this process is : 

(A) ½(K-l)CV2 

(C) (K- I)CV2 

(B) CV2(K- l)IK 

(D) Zero 

2-32 To form a composite 16µF, IOOOV capacitor from a supply 
ofidentical capacitors marked 8µF, 250V, we require a minimum 
number of n capacitors, where n is : 
(A) 2 (B) 8 
(C) 16 (D) 32 

* * * * * 
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Numerical MCQs Single Options Correct 
2-1 Two capacitors 3 µF and 6 µF are connected in series across 
a potential difference of 120V. Then the potential difference 
across 3µF capacitor is: 
(A) 40V 

(C) 80V 
(B) 60V 

(D) 100V 

2-2 Initial charges (with proper sign) on the plates of two 
identical capacitors, each of 1 µF, are as shown. When both S1 
and S2 are closed, the potential difference between A and B will 
finally.become : 

(A) 'N 
(C) 6v 

Figure 2.236 

(B) 4V 
(D) ov 

2-3 Three capacitors are connected to constant voltage source 
oflOOV as shown in figure-2.237. If the charges accumulated 
on the plates of C1, C2 and C3 are qa, q6, qc, qd, q, and q1 
respectively, as shown in figure-2.237 then: 

IOOV 

Figure 2.237 

(A) q6 +qd+q1=(100/9)C 

(C) qa +qc +q, =SOC 
(B) qb + qd+ qi= O 
(D) qb = qd= qi 

2-4 In the circuit shown in figure-2.238, the final voltage drop 
across the capacitor C is : 

r ---w.------~-----,i:-, ,.._ __ 
r, 

Figure 2.238 

(A) ___!L 
1j +r2 

(B) 
· Vr2 

1j_ +rz 

(C) 
V('i +r2 ) 

(D) 
V(r2 +'J) 

r2 11+r2+r3 

2-5 The plates of a parallel plate capacitor are charged upto 
100V and disconnected from the source. A 2mm thick plate is 
inserted between the plates, then to maintain the same potential 
difference, the distance between the capacitor plates is increased 
by 1.6mm. The dielectric constant of the plate is : 
(A) S (B) 1.25 
(C) 4 (D) 2.5 

2-6 A capacitor is charged until its stored energy is 3J and 
then the charging battery is removed. Now another uncharged 
capacitor is connected across it and it is found that charge is 
distributed equally in the two capacitors. The final value of 
total energy stored in the electric fields is : 

(A) I.SJ 

(C) 2.5 J 

(B) 3 J 

(D) 2J 

2-7 Four capacitors of capacitance lOµF and a batteryof200V 
are arranged as shown. How much charge will flow through AB 

after the switch Sis closed : 

(A) 6000µC 
(C) 3000µC 

Figure 2.239 

(B) 4SOOµC 
(D) 4000µC 

2-8 A capacitor of capacitance of2µF is charged to a potential 
difference of 200V, after disconnecting from the battery, it is 
connected in parallel with another uncharged capacitor. The 
final common potential is 20V then the capacitance of second 
capacitor is : 
(A) 2µF 
(C) 18µF 

(B) 4µF 
(D) 16µF 
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2-9 The equivalent capacitance between terminals A and B in 
the circuit shown in figure-2.240 is: 

(A) 6C 

2C 
(C) 3 . 

A~•---'F'------' 

Figure·2.240 

(B) 2C 
5 

(D) None_ of these 

2-10 Two capacitor C1 and C2, charged with charges q
1 

and 
q2 then these are connected in series with an uncharged 
capacitor C, as shown in figure. As the switch Sis closed : 

Figure 2.241 

(A) C gets charged in any condition 
(B) C gets charged only when q I C2 > q2C

1 
(C) C gets charged only when q

1
C

2 
< q

2
C

1 

(D) C gets charged when q1C2 * q2C1 

2-11 The two capacitors in the circuit shown in figure-2.242 
are initially uncharged and then connected as shown and switch 
is closed. What is the potential difference across 3 µF capacitor? 

(A) 30V 
(C) 25V 

19V 

2µF 9V JµF ISV 

1--1 f---j f---j 
Figure 2.242 

(B) IOV 
(D) None of these 

_ c~p~Cii8riCi] 

2-12 A capacitor stores 50µC charge when connected across · 
a battery. When the gap between the plates is filled with a 
dielectric, a charge of !OOµC flows through the battery. The 
dielectric constant of the material is : 
(A) 25 
(C) 4 

(B) 2 
(D) 3 

2-13 Initially two capacitors are charged to different potential 
differences as shown in figure-2.243 and then connected in 
parallel as shown. Which of the following is incorrect about 
this circuit? 

ISV IOV 
b.b __ +'-Jj <=j '---~o ~o --~+1 ~1 '-----00 

A 2µF B C JµF D 

:cJ: 
Figure 2.243 

(A) Final charge on each capacitor will be zero 
(B) Final total el"!'trical energy of the capacitors will be zero 
(C) Total change flown from A to Dis 30 µC 

. (D) Total charge flown from A toD is-30 µC 

2-14 The two spherical shells are at large separation, one of 
them has radius l 0cm and 1.25 µC charge. The other is of20cm 
radius and has 0.75µC charge. If they are connected by a 
conducting wire ofnegligible capacitance, the final charge on 
the shells are : · 

(A) (B) 
2 4 . 

lµC, lµC -µC -µC 
3 ' 3 

, . 
4 2 

(C) -µC -µC (D) 0.25 µC, 0.25 µC 
3 '3 

! 

2-15 In the circuit shown in figure-2.244, charge on IOµF 
capacitor is giyen as 

(A) 2x 10-3 C 
(C) 4x 10-3 c 

20µF 

IOµF 

20µF 

200V 

Figure 2.244 

(B) J6x l04C 
(D) Sx !o-4C 
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2-16 A capacitor consists of two parallel metal plates of area A 

separated by a distance d. A dielectric slab of area A, thickness 
b and dielectric constant k is placed inside the capacitor. If Ck is 
the capacitance of capacitor with dielectric, under what limits 
the values of k and bare to be restricted so that Ck~ ZC, where 
C is capacitance without dielectric? 

4b d 
(A) k= Zb-d & 3 <b5,d 

2b d 
(.B) k= 2b-d & 2<b5,d 

2b d 
(C) k= Zb-d &25,b5,Zd 

2b d 
(D) k= 2b-d & 4 5, b5,d 

2-17 The circuit shown in figure-2.245 below is in steady state. 
Now the switch S is closed. Calculate the charge that flows 
through the switch is : , 

(A) 400 C _3_,, 

(C) 50µC 

l 
sov--:r-

T 

Figure 2,245 

(.B) 100 µC 

(D) 100 µC 
3 

2-18 Four capacitors and two batteries are connected as shown 
in the figure-2.246. The potential difference between the points 
a and bis: 

(A) (N 

(C) 17V 

Figure 2.246 

(.B) 13V 
(D) TN 

, 

2-19 Two capacitors are made in series by two metal plates 
and one/ structure as shown in figure-2.247. The area of each 
plate shown is A. The equivalent capacitance between top and 
bottom plate of this system is given as : 

I , 

r d, 
, 

a 

j 
b 

-- ''l 

d, 
, 

Figure 2.247 

(A) (.B) 
s0 A 

a-b 

(C) s~(¾-¼) (D) s~( _l_ _ _l_) 
d, d2 

2-20 A 3 µF and a 5 µF capacitor are connected in series across 
a 30V battery. A 7µF capacitor is then connected in parallel 
across the 3 µF capacitor. Choose the INCORRECT option : 
(A) Voltage across 3µF capacitor before connecting. 7µF 
capacitor is 18.75V 
(.B) Charge flown through the battery after connecting 7µF 
capacitor is 43.75µC 
(C) 5µF capacitor and 7µF capacitor can be said to be in series 
(D) After connecting 7µF capacitor, it has a charge of70µC 

2-21 Find the capacitance between the inner and outer curved 
cylindrical conductor surface as shown in figure-2.248. Space 
between conductor surface is filled with dielectric of dielectric 
constant k. Consider b < < R : 

Figure 2.248 

(A) 
BokhRa. 

(.B) 
s0kbRa. 

b h 

(C) 
s0khRa. 

(D) 
BokbRa. 

2b Zh 
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2-22 Three capacitors of capacitances 3 µF, 9µF and 18µF are 
connected once in series and another time in parallel. The ratio 
of equivalent capacitances in the two cases (C/Cp) will be: 
(AJ I : 15 (B) 15: I 
(CJ!:! (D)l:3 

2-23 A capacitor ofcapacitance I µF withstands a maximum 
voltage of 6kV, while another capacitor of capacitance 2µF, the 
maximum voltage 4kV. If they are connected in series, the 

' combination can withstand a maximum of: 
(A) fkV 
(CJ IOkV 

(B) 4kV 
(D) 'kV 

2-24 A 4µF condenser is charged to 400V and then its plates 
are joined through a resistance of IKQ. The heat produced in 
the resistance is : 
(AJ 0.16J 
(CJ 0.64J 

(B) l.28J 
(D) 0.32J 

2-25 Capacitor A has a capacitance 15µF when itis filled with 
a medium of dielectric constant 15. Another capacitor B has a 
capacitance lµF with air between the plates. Both are charged 
separately_by a battery of IOOV. After charging, both are 
connected in parallel without the battery and the dielectric 
material is removed. The conunon potential now is: 
(AJ 400 V (B) 800 V 
(CJ 1200V (D) 1600V 

2-26 Two capacitors 2µF and 4µF are connected in parallel. A 
third capacitor of6µFis connected in series. The combination 
is then connected across a 12V battery. The voltage across 
2µF capacitor is: 
(AJ 'N 
(CJ 'iN 

(BJ 6V . 
(D) IV 

2-27 There is an air filled I pF parallel plate capacitor. When 
the plate separation is doubled and the spaceis filled with wax,. 
the capacitance increases to 2pF. The dielectric constant of wax 
is: 

.(A) 2 
(CJ 6 

(BJ 4 
(D) 8 

2-28 Four condensers are joined as shown in the figure-2.249. 
The capacitance of each capacitor is 8µF. the equivalent 
capacitance between the points A and B will be : 

(A) 32µF 
(CJ 8µF 

Figure 2.249 

(B) 2µF 
(D) 16µF 

Capacitance] 

2-29 In the following circuit, the resultant capacitance between 
A and B is I µF. Then the value of C is : 

C lµF 

A-- 11 I I r-l -1,---,1 
BµFh 6µFLi4µF. 

2 F ZµF 12µF 
B.._o _µ_J __ J __ _ 

(A) 32 µF 
II 

23 
(CJ '32 µF 

Figure 2.250 

(B) .!..!.µF 
32 

2-30 The effective capacitance between the points P and Q of 
th~ arrangement shown in the figure-2.251 is: 

(A) _I_ µF . 
2 

(CJ 2µF 

Figure 2.251 

(B) lµF 

(DJ l.33µF 

2-31 Acircuitelementisplacedina blackbox.Att=O, a switch 
is closed and the current flowing through the circuit element 
and the voltage across its terminals are recorded to have the 
wave shapes shown in the figure-2.252 here. The type of element 
and its magnitude are: 

i(t) 
amp 

1.01>----~ 

o,L----+4-+t(s) 

v(t) 

4.0 --------,.----

o·"---.J4,-----+t(s) 

Figure 2.252 

(A) resistance of2Q 

(B) resistance of 4Q 

(CJ capacitance of!F 

(D) a voltage source of emf 4V 
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2-32 Two parallel plate capacitor of capacitance C and 2C are 

connected in parallel and charged to a potential difference V. 
The battery is then disconnected and the region between the 
plate of the capacitor C is completely filled with a material of 

dielectric constant k. The potential difference across the 
capacitors now becomes : 

zv 
(A) k 

3V 
(C) k+ 2 

(B) 3V 
k 

zv 
(D) k+3 

2-33 ·In a circuit shown in the figure-2.253, what is potential of 
point A? 

C C 2C 

IOVr A 1 .I 
" 

Figure 2.2S3 

(A) ZV (B) 5V 
(C) 8V .(D) 4V 

2-34 Two long coaxial cylindrical metal tubes stand on an 

insulatiog floor as shown in figure-2.254. A dielectric oil is filled 
in the annular region between the tubes. The tubes are 
maintained at a constant potential difference V. A small holeis 
opened at bottom then : 

Figure 2.254 

(A) Reading of ammeter remain constant 
(B) Capacitance of system increases 
(C) Current in circuit is dependent on area ofhole 

(D) Current in circuit is inversely proportional to dielectric 
constant 

2-35 In the circuits shown in figures-2.255 (!), (II) and (III) 
below given R1 = 1n, R, = zn, C1 = 2µF and C2 = 4µF. The time 

constant (in µs) for the circuits I, II, III are respectively: 

(A) 18, 8/9, 4 
(C) 4, 8/9, 18 

(I) 

R, 

c, 

R, E~ 
V 

(II) 

Figure 2.255 

(B) 18, 4, 8/9 
(D) 8/9, 18,4 

2-36 The capacitances and connection of five capacitors are 
shown in the figure-2.256. The potential difference between the 

points A andB is 60V. Then the equivalent capacitance between · 

A and B and the charge on 5 µF capacitance will be given as : 

5µ:i 9µF. 
I e-[ ~--<[ j'.__l_'.j t-[ ~-1[ I -A 

lOµF 8µF L~ I 

~~--------------•B. 

(A) 44µF; 300µC 
(C) 15µF;200µC 

Figure ~.256 

(B) 16µF; 150µC 
(D) 4µF; 50µC 

2-37 In the circuit shown in figure-2.257 the switch S1 is first 
closed. It is then opened after a fong time and then S2 is closed. 
What is the final charge on C2 : 

(A) 120µC 

(C) 40µC 

C, l3µF 

.· ~ 

_- c, ~-s, 

. . ~s, 

Figure 2.2S7 

(B) 80µC 
(D) 20µC 
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2-38 Three plates A, B, Ceach of area 50cm2 have separation 

3mm between A and Band 3mm between Band C. The energy 

stored when the plates are fully charged in the situation shown 

in circuit below is : 

.4_..._ __ _ 

s---------l ,-----, 
c-..--- 12V 

Figure 2.2S8 

(A) 1.6 x lo-9 J 

(C) 5 x Io-9,J 

(_B) 2.J X J(r!' J 
(D) 7 X J(r!' J. 

2-39 A fully charged capacitor has a capacitance C. It is 

discharged through a small coil of resistance wire embedded in 

a thermally insulated block of specific heats and mass m. If the 

temperature of the block is raised by !J.T, the potential difference 
V across the capacitance is : 

(A) 
ms!J.T 

C 
(.B) J2~!J.T 

(C) J2m~!J.T (D) 
inC!J.T 

s 

2-40 A parallel plate capacitor with air between the plates has 

a capacitance of9pF. The separation between the plates is d. 
The space between the plates is now filled with two dielectrics. 

One of the dielectric has dielectric constant k1 = 3 and thickness 

d/3 while the other one has dielectric constant k
2 

= 6 and 

thickness 2d/3. Capacitance of the capacitor is now: 

(A) 45pF 

(C) 2025pF 

(.B) 40.SpF 

(D) l.8pF 

2-41 Six plates each of area A .;,e arranged as shown· in 

figure-2259. The separation between adjoining plates is d. Find 

the equivalent capacitance between points A and B : 

---------s 
A_~----------

Figure 2.259 

Capacitance j 

(A) •oA 
(.B) 

7s0A 

d d 

(C) 
6s0A 

(D) 
5e0A 

d d 

2-42 Six capacitors each of capacitance of2µF are connected 
as shown in the figure-2.260. The effective capacitance between 
AandBis: 

A 

(A) 12µF 
(C) 3 µF 

C 

C 

C 

Figure 2.260 

(.B) 8/3 µF 
(D) 6µF 

B 

2-43 What is equivalent capacitance ofladder circuit shown 
in figure-2.261 between points A andB? 

. lµF JµF 9µF 27µF 

A--GF ± I~~ ± I~~ ± I{~ ± In~;ire sections 

IµF 3µF 9µF 27µF 

Figure 2,261 

(A) ¾µF 

(C) Infinite 

(.B) ~ µF 
3 

(D) (l+-.,'J)µF 

B 

2-44 Find the equivalent capacitance between terminals A and 
Bin the circuit shown in figure-2.262: 

~ Figure 2,262 
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(A) 
4C 

(_B) 
8C 

3 3 

(C) 12C (.I)) 
SC 

12 

2-45 Circuit in figure--2.263 shows three capacitors with 
capacitance and their breakdown voltage. What should be 
maximum value of the external source voltage such that no 
capacitor breaks down ? 

(A) IV 
(C) _I.SY 

:~,_v __ 
Figure 2.263 

(_B) 2V 
(.I)) 4V 

2-46 A 2µF capacitor is charged as shown in the figure-2.264. 
The percentage of its stored _energy dissipated after the switch 
S is shifted to position 2 is : 

(A) 0% 
(C) 75% 

I 2,___--, 

,fJ 
8µF 

Figure 2.264 

(_B) 20% 
(.I)) 80% 

2-47 For the circuit shown in figure--2.265, which ofthebelow 
options given is/are correct: 

r l 
µF 

. 

+20V 

110V 

I If---. 
B 12µF j_ . + IOV 

c_ 

Figure 2.265 

(A) The charge on the 12µF capacitor is zero 
(_B) The charge on_the 12 µF capacitor is 30µC 

(C) The charge on the 4µF capacitor is 30µC 
(.I)) None of these 

2-48 In the circuit shown a potential difference of 60 Vis 
applied across AB. The potential difference between the point 
MandNis: 

(A) IOV 
(C) 'lfJV 

Figure 2,266 

(_B) 15V 
Q))'!iJV 

2-49 Four identical capacitors are connected in series with a 
IOVbatteryas shown in thefigure:2.267. ThepointNis earthed. 
The potentials of points A and B are : 

(A) !OV,OV 
(C) SV,-5V 

Figure 2.267 

(_B) 7.SV,-2.SV 
(.I)) 7.5V,2.5V 

2-50 Find the equivalent capacitance across A and B for the 
circuit shown in figure-2.268. All the capacitors are of 
capacitance C : 

Lj 1--1 I--ILI--IJ~ 
Figure 2.268 

3C C 
(A) 

14 
(_B) 

8 

3C 
(C) 16 

(.I)) None of these 
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2-51 The ~uivalent capacitance between terminalsx andy is: 

X 

'T 
y 

2µF 

Figure 2.269 

(A) 5/6µF (B) 7/6µF 
(C) 8/3µF (D) lµF 

2-52 Four capacitors are connected as shown in figure-2.270 
to a 30V battery. The potential difference between points a and 
bis: 

(A) Sv 
(C) IOV 

I • 
2.SµF b O.SµF 

'-----'9+ -
30V 

Figure 2.270 ~ 

(B) 9V 
(D) 13V 

2-53 The distance between the plates of a charged plate 
capacitor disconnected from the batteryis 5cm and the intensity 
of the field in it is E = 300V/cm. An uncharged metal bar !cm 
thick is introduced into the capacitor parallel to its planes. The 
potential difference between the plates now is : 
(A) 1500V (B) 1200V . 

(C) 900V (D) zero 

2-54 Five identical capacitor plates are arranged such that 
they make four capacitors each of2µF. The plates are connected 
to a source of voltage IOV. The total charge on plate C is : 

(A) +20µC 
(C) +60µC 

B 

D 

·- ·-- - - Capacitar:ic!J 

I, 
I 

A 

C 

E 

Figure 2.271 

(B) +40µC 
(D) +80µC 

2-55 Given that potential difference across I µF capacitor is 
IOV.Then: 

E 

Figure'2.272 

(A) Potential difference across 4µF capacitor is 40V 
(B) Potential difference across 4µF capacitor is 2.SV 
(C) Potential difference across 3 µF capacitor is SV 
(D) Value ofE is 70V 

2-56 A capacitor of capacity C is charged to a potential 
difference V and another capacitor of capacity 2C is charged 
to a potential difference 4 V. The charging batteries are 
disconnected and the two capacitors are connected with 
reverse polarity to each other in parallel. The heat produced 
during the redistribution of charge between the capacitors will 
be: · 

(A) 
12scv2 

3 

(C) 2cv2 

(Bl socv2
_ 

3 

(D) 2scv2 

3 

* * * * * 
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Advance MCQs with One or More Options Correct 
2-1 Two identical capacitors A and B are connected in 

seriesacross a.battery. A dielectric slab (k > 1) is placed betwe,n 

the plates of the capacitor Band the battery remains connected. 

. Which of the following statements is/are correct for the process 

of insertion of the dielectric ? 

(A) The charge supplied by the battery increases. 

(B) The capacitance of the system increases. 

(C) The electric field in the capacitor B increases. 

(D) The electrostatic potential energy of A decreases. 

2-2 The figure-2.273 shows a capacitor having three dielectric 

layers parallel to its plates. Layer x is vacuum, y is conductor 

and zis a dielectric. Which of the following change(s) will result 

in increase in capacitance ? 

X 

Figure 2.273 

(A) Replace x by conductor 
(B) Replace y by dielectric 
(C) Replace z by conductor 

(D) Replacexbydielectric 

2-3 How does the total energy stored in the capacitors in the 
circuit shown in the figure-2.274 change when first switch K1 is 
closed (process-!) and then switch K2 is also closed (process-2), 
Assume that all capacitor were initially uncharged? 

Figure 2.214 

(A) Increases in process-I 

(B) Increases in process-2 
(C) Decreases in process-2 

(D) Magnitude of change in process-2 is less than that in 

process -1 

2-4 · A parallel plate capacitor is charged and tire charging 
battery is then disconnected. If the plates of the capacitor are 
moved further apart by means of insulating handles : 
(A) The charge on the capacitor increases 

(B) The voltage across the plate increases 

(C) The capacitance increases 
(D) the electrostatic energy stored in the capacitor increases 

2-5 The plates ofa parallel-plate capacitor are separated by a 

solid dielectric. This capacitor and a resistor are connected in 
series across the terminals ofa battery. Now the plates of the 
capacitor are pulled slightly further apart. After some time circuit 

again attains steady state. 
(A) The potential difference across the plates has increased 

(B) The energy stored on the capacitor has decreased 
(C) The capacitance of the capacitor has increased 

(D) The battery ,would have gained energy 

2-6 For the given circuit shown in figure•2,275, which of the 
following statements is/are correct 

Figure 2.275 

15C 
(A) The equivalent capacitance between.points 1 and 2 is U 

5C 
. (B) The equivalent capacitance between poiots 3 and 6 is 3 

!5C 
(C) The equivalent capacitance between points 1 and 3 is 14 

14C 
(D) The equivalent capacitance between points 3 and 5 is 15 

2-7 Capacitor C1 of the capacitance 1 µF and another capacitor 

C
2 
of capacitance 2µF are separately charged fully by a common 

battery. The two capacitors are then separately allowed to 

discharge through equal resistors at time t = 0. 
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(A) The current in each of the two discharging circuits is zero 
att=O. 

(B) The current in the two discharging circuits at t = 0 are 
equal but not zero 

(C) The currents in the two discharging circuits at t = 0 are 
unequal· 

(D) Capacitor C1 loses 50% ofits initial charge sooner than C
2 

loses·50% of its initial charge 

2-8 A capacitor of capacity C0 is connected to a battery of 

voltage V0• When steady state is attained a dielectric slab of 

dielectric constant k is slowly inserted in the capacitor to fill the 

space between the plates completely. In-final steady state which 

of the following statements is/are correct 

(A) Magnitude of induced charge on the each surface of slab 
is Cof0(k- l) 

(B) Electric force due to induced charges on any plate is zero 

· k(C V, ) 2 

(C) Force ofattraction between plates ofcapacitor is 
2 

:
0 
~ 

(D) Field due to induced charges in dielectric slab is 

(k-l)C0V0 

e0 A 

2-9 A dielectric slab fills the space between the square plates 

of a parallel-plate capacitor. The side of each plate of the capacitor 

is L. The magnitude of the bound charges on the slab is 75% of 

the magnitude of the free charge on the plates. The capacitance 

is 480µF and the maximum charge that can be stored on the 

capacitor is 240e/lE_, where Emax is the breakdown strength 
of the medium: 

(A) The dielectric constant for the dielectric slab is 4 

(B) Without the dielectric, the capacitance of the capacitor 
would be 360µF 

(C) The plate area is 60L2 

(D) If the dielectric slab is having the same area as that of the 

capacitor plate but the width is half the separation between 

plates of capacitor, the capacitance would be 192µF._ 

2-10 In a spherical capacitor,-we have two concentric spherical 

shells, the inner one carrying a charge Q and outer one carrying 

a charge of-Q. If the inner shell is displaced from the center 
without touching the outer shell : 

(A) The capacitance of the capacitor will increase 

(B) The capacitance of the capacitor will remain same 
(C) The energy of capacitor with decrease 

(D) The potential difference between inner and outershell will 
increase 

---- --- -- - --------~ 
Capacitance I 

2-11 A parallel plate air capacitor is connected to a battery. 
The quantities charge, voltage, electric f.ield and energy 
associated with-this capacitor are given by Q

0
, V

0
, E

0 
and U

0 
respectively. A dielectric slab is now inserted to fill the space 

between the plates with battery still in connection. The 
corresponding quantities now given by 0, V, E and U are related 
of the previous one as : · 
(A) Q> Q0 (B) V> V

0 
(C) E> E0 (D) U> U

0 

2-12 A capacitor with no.dielectric is connected to a battery at 
t = 0. Consider a point A in the connecting wires and a pointB in 
between the plates : 
(A) There is no current through A. . 
(B) There is displacement current through B till electric field 
changes between the plates. 

(C) There is a current through A as long as the charging is not 
complete. 

(D) __ The current always flows between the plates of capacitor. 

2-13 Each plate ofa parallel plate capacitor has a charge q on 
it. The capacitor is now connected to a battery. Which of the 
following statements is/are correct. 

- (A) The facing surfaces of the capacitor have equal and 
opposite charges. 

(B) The two plates of the capacitor have equal and opposite 
charges. 

(C) The battery supplies equal and opposite charges to the 
two plates. 

(D) The outer surfaces of the plates have equal charges. 

2-14 Figure-2.276 shows three circuits, each consisting ofa 
switch and two capacitors, initially charged as indicated in the 
figure. In which circuit the charge on the left hand capacitor will 
change after the closing of the switch : 

(A) I 
(C) 3 

·(2) 

Figure 2.276 

(B) 2 
(D) All 

2-15 A dielectric slab of thickness d is inserted _in a parallel 
plate capacitor whose negative plate is at x = 0 and positive 
plate is at x = 3d. The slab is equidistant from the plates. The 
capacitor is given some charge. As one goes from Oto 3d: 
(A) The magnitude of the electric field remains the same 
(B) The direction of the electric field remains the same 
(C) The electric potential increases continuously 
(D) The electric potential increases at first, then decreases and 
again increases 
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2-16 In the circuit shown, the potential difference across the 

3µF capacitor is Vand the equivalent capacitance between A 
and Bis C Then: 

A 
6µF 3µF 

2µF 

60V 

Figure 2.277 

B 

(A) C=4µF 

(C) V=20V 

(B) C=llµF 

(D) V=40V 

2-17 Two identical parallel plate capacitors of same dimensions 

joined in series are connected to a constant voltage source. 
When one of the plates of one capacitor are brought closer to 
the other plate : 
(A) The voltage on the capacitor whose plates come closer is 
greater than the voltage on the capacitor whose plates are not 

moved 
(B) The voltage on the capacitor whose plate come closer is 

lesser than the voltage on the capacitor whose plates are not 

moved 
(C) The voltage on the two capacitor.remain equal 
(D) The applied voltage is divided among the two inversely 

as the capacitance 

2-18 A parallel plate capacitor is first connected to a constant 
voltage source. It is then disconnected and ·then immersed in a 

liqnid dielectric, then: 
(A) The capacitance increases 

(B) The liquid level between the plates increases 

(C) The liquid level will remain same as that outside the plates 
(D) The potential difference between the plates will decrease 

2-19 In a parallel plate capacitor, the region between the plates 
is filled by a dielectric slab. The capacitor is connected to a cell 

and the slab is taken out : 
(A) Some charge is drawn from the cell 

(B) Some charge is returned to the cell 
(C) The potential difference across the capacitor remains 

constant 
(D) A work is done by an external agent in pulling the slab out 

2-20 In a parallel plate capacitor, the region between the plates 
is filled by a dielectric slab. The capacitor is charged from a cell 

and then disconnected from it. The slab is now taken out : 
(A) The potential difference across the capacitor increases 

(B) The charge on the capacitor is increased 

(C) The energy stored in the capacitor increases 
(D) A work is done by the external agent in taking the slab out 

2-21 A parallel plate capacitor is connected across a source of 
covstant potential difference. If a dielectric slab is introduced 

between the two plates, then 
(A) Charge on capacitor increases 

(B) Some charge from the capacitor will flow back into the 

source 
(C) He electric field between the plates will decrease 

(D) The electric field between the plates will not change 

2-22 Identical dielectric slabs are inserted into two identical 

capacitors A and B. These capacitors and a battery are connected 
as shown in figure-2.278. Now the slab of capacitor Bis pulled 

out with battery remaining connected 

~F 

a b 

Figure 2.278 

(A) During the process, charge flows from a to b 
(B) Finally charge on capacitor B will be less than that on 

capacitor A 
(C) During the process, work is done by the external force F, 
which appears as heat in the circuit 

(D) During the process, internal energy of the battery increases 

2-23 A parallel plate air capacitor is connected to a battery. If 
plates of the capacitor are pulled farther apart, then which of 

the following statements is/are correct ? 
(A) Strength of electric field inside the capacitor remains 

unchanged, if battery is disconnected before pulling the plate 

(B) During the process, work is done by external force applied 

to pull the plates either battery is disconnected or it remains 

connected 
(C) Stored energy in the capacitor decreases if the battery 

remains connected 
(D) None of these 

2-24 When two identical capacitors are charged individually 

to different potentials & then connected in parallel, after 

disconnecting from the source then 

(A) Net potential difference across them is equal to sum of 
individual potential differences · 

(B) Net potential difference across them is not equal to sum of 
· individual initial potential diflerences 

(C) Net energy stored in the two capacitors is less than the 

sum of individual initial energies 

(D) None of these 
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2-25 The plates of a parallel plate capacitor are, not exactly 
parallel. The surface charge density therefore : 

(A) Is higher at the closer end 

(B) The surface charge densitywill not be uniform 

(C) Each plate will have the same potential at each point 
(D) The electric field is smallest where the plates are closest 

2-26 Two capacitors of2µF and 3 µF are charged to 150V and 
120V respectively. The plates of capacitor are connected as 

shown in the figure-2.279. An uncharged capacitor ofcapacity 

l.5µF is connected to the free end of the wires as shown. Then: 

A 
l.5µF 

Figure 2.279 

·--•V"'--- --

(A) Charge on l.5 µF capacitoris 180µC 

(B) Charge on 2µF capacitoris l20µC 

Capacitance J 

(C) Positive charge flows through A from right to left 

(D) Positive charge flows through A from left to right 

* * * * * 
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Unsolved Numerical Problems/or Preparation of NSEP, INPhO & IPhO 
For detailed preparation of INPl,O and IPhO studeQts can refer advance study material on www.physicsgalaxy.com 

2-1 Two square metallic plates oflm side are kept 0.0lm apart, 

like a parallel plate capacitor, in air in such a way that one of 

their edges is perpendicular to an oil surface in a tank filled 

with an insulating oil. The plates are connected to a battery of 

emf500V. The plates are then lowered vertically into the oil at a 

speed ofO.00!m/s. Calculate the current drawn from the battery 

during the process. Take dielectric constant of oil 11. 

Ans. [4.425 x 10-9A] 

2-2 The capacitance of a parallel plate capacitor with plate 

area A and separation dis C. The space between the plates in 

filled with two wedges of dielectric constants K1 and K2 

respectively (figure-2.280). Find the capacitance ofresulting 

capacitor. 

Figure 2,280 

2-3 Two conducting objects one with charge of +Q and another 

with-Q arekeptonx-axis atx=-3 andx=+4respectively. The 

electri_cfield on the x-axis is given_by3Q( x2 + ¼) . What is the 

capacitance C of this configuration of objects? 

Ans. [8.4mF] 

2-4 An air cylindrical capacitor is applied with a constant 

voltage V= 200V across it is being submerged vertically into a 

vessel filled with water at a velocityv = 5.0mm/s. The electrodes 

of the capacitor are separated by a distance d = 2.0mm. the 

mean curvature radius of the electrodes is equal tor= 50mm. 

Find the current flowing in this case along lead wire, if d << r. 

Ans. [0.llµA] 

2-5 Between the plates ofa parallel-plate capacitor there is a 

metallic plate whose thickness takes up T\ = 0.60 of the capacitor 

gap. When that plate is absent, the capacitor has a.capacity 
C = 20nF. The capacitor is connected to a d.c. ·voltage sonrce 
V = IO0V. The metallic plate is slowly extracted from the gap. 

Find: 
(a) The energy increment of the capacitor; 
(b) The mechanical work performed in the process of plate 

extraction. 

Ans. [(a) - 0.15 ml (b) 0.15 ml] 

2-6 In the circuit shown in figure-2.281, each capacitor has a 

capacitance C and cell voltage is E. If switch Sis closed, then 

calculate the work done by battery after closing the switch. 

Figure 2.281 

l 
Ans. [ 2CE'] 

2-7 Find the potential difference VA- V8 between points A and 
B ofthe circuit shown in the figure-2.282. CT, 

J: 
E1 B E2 

Figure 2.282 

2-8 (a) Find the capacitance of spherical capacitor having . 
concentric shells ofradii a ai:,db (b >a). The space between the 
shells is completely filled by a dielectric of constant k. 

(b) Find the capacitance if dielectric is filled upto an intermediate 
radius c ( a < c < b) between the shells. 

(
ab) kabc] 

Ans. [(a) c- 4•e,k b-a · ; (b) - ka(b-c)+J,(c-a) 
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2-9 If half the space between two concentric conducting 

spheres be filled with dielectric of dielectric constant k and the_ 

rest is filled with air. Show that the capacitance of the capacitor 

thus formed will be same as if the whole part is filled with the 

dielectric of diele_ctric constant ½ (I + k) : · 

2-10 Two, capacitors A and Bare ·connected in series across a 

IOOV supply and it is observed that the potential difference 

across them are 60V and 40V. A capacitor of2µF capacitance is 

now connected in parallel with A and the potential difference 

across B raises to 90V. Determine the capacitance of A and B : 

Ans. [0.!6µF, 0.24µF] 

2-11 The voltage applied across a capacitor having a 

· capacitance of!OµF is varies as shown in figure-2.283: 

600 

400 

200 

y 

o~-,--+-±--~4--5,---,-6 --,1,-"'s,-•l(s) 

(x) 

Figure 2.283 

At the time instant when the terminal voltage across capacitor 
is 600V calculate 

(a) The charge on capacitor 

(b) The energy stored in the capacitor 

(c) Draw the curve of current in connecting wires as a function 
oftime. 

1(/M) 

Ans. [(a) 6 x 10-3C; (b) l.8J; (c) b--~, -+, --, -, -, -, -,~"''] 

"' 
2-12 A parallel plate capacitor of 5mF is charged with a 12V 

battery and then battery is disconnected and reconnected with 

its polarity reversed across the same charged capacitor. Find 

the amount of heat produced when battery is reconnected. 

Ans. [1.44ml] 

2-13 Find capacitance of the capacitor shown in figure:2.284 

in which four same sized dielectric slabs are inserted with their 

Capacitance j 

dielectric constants as shown. The area and width of each slab 

is half of plate area ofcapacitor and halfof the plate separation 

of the capacitor. Plate area of capacitor is A and plate separation 
is d/2. 

Ans. [ !Ok e, A ] 
3d 

Figure 2.284 

2-14 What charges will flow after the shorting of the switch S 

in the circuit illustrated as shown in the figure-2.285 through 

sections 1 and 2 in the directions indicated by the arrows? 

Figure i.285 

[ _· _ ;c,c,
1 Ans. q, - ;C2, q2 - - (C, +C,) 

2-15 A lµF capacitor and a 2µF capacitor are connected in 

series across a 1200V supply line. 

(a) Find the charge on each capacitor and the voltage across 
them. 

(b) The charged capacitors are disconnected from the line 

and from each other and reconnected with terminals oflike 

sign together. Find the final charge on each and the voltage 

across them. 

' 1600 3200 1600 Ans. [(a) SOOµC, SOOY, SOOµC, 400V; (b) -µC, --µC, -V] 
3 3 3 

2-16 If the total capacitance of the combination of identical 

capacitors shown in figure-2.286 between A and B is given by 
nCthen findn. 
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A-~-----1 re~-~-. 

>-lc ___ _,I c 

1 C C 

B~• I~-I~~I 
Figure 2.286 

Ans, [2] 

2-17 A I 00µF capacitor is charged to 1 OOV. After the charging, 

battery is disconnected. The capacitor is then connected in 

parallel to another capacitor. The final voltage is 20V. Calculate 

the capacity of second capacitor. 

Ans. [ 400µFJ 

2-18 The dielectric to be used in a parallel-plate capacitor has · 

a dielectric constant of 3.6 and a dielectric strength of 
1.60 x 107V/m. The capacitor is to have a capacitance of 

1 :2s x 10--9F and must be able to withstand a maximum potential 

difference ofSS00V. What is the minimum area the plates of the 

capacitor may have? 

Ans. [0.0l35m2] 

2-19 The space between the plates of a parallel plate air 

capacitor is filled with an isotropic dielectric medium of which 

dielectric constant varies in the direction perpendicular to the 

plates according to the relation given as 

k=k1 [1 +sinix] 

2µC 

I 
• 

I 
lµC 

'----I f-1 --~ 

5V 

Figure 2.287 

Ans. [5µJJ 

2-22 Two identical planar capacitor connected in parallel and 

charged to a voltage U0 = 12V. When you disconnect them 
from the voltage source, the distance between the plates of 

one of the capacitors is reduced to one third of the original 

distance. What will be the new voltage on the capacitors ? 

Ans, [6V] 

2-23 A paraUel plate capacitor of plate area A and plate 
separation d is connected across a battery of voltage V and 
after charging of capacitor battery is disconnected. Now a 

dielectric slab of relative permittivity k is inserted between the 

plates to fiU the complete space between the plates. Find the 
work done by the external agent in the process of inserting ·the 

slab into capacitor. 

Ans. [e,AV'(.!.-1)] Where d is the separation, between the plates and k1 is a . Zd k 

constant. The area oftheplat~s is A. Determine the capacitance 

of the capacitor. 

Ans, [ e, ;,;A ] . 

2-20 Two capacitors A and B each having slabs of dielectric 
constant k = 2 are connected in series. When they are 

connected across 230V supply, potential across A is 130V and 

that across Bis IO0V. If the dielectric in the condenser of smaller 
capacitance is replaced by one for which k= 5, what will be the 

values of potential difference across them? 

Ans. [78.68V, l5 l.32VJ 

2-21 A parallel plate capacitor of capacitance 0. lµF is shown 

in the figure-2.287. Its two plates are given charges 2 µC and 1 

µC. Find the value of heat dissipated after switch is closed : 

2-24 A parallel-plate vacuum capacitor with plate area A and 

separation x has charges +Q and-Q on its plates. The capacitor 

is disconnected from the source of charge, so the charge on 

each plate remains fixed. 
(a) What is the total energy stored in the capacitor? 
(b) The plates are pulled apart an additional distance dx. What 
is the change in the stored energy? 
(c) If Fis the force with which the plates attract each other, 
then the change in the stored energy must equal the work 
dW = Fdx done in pulling the plates apart. Find an expression · 

forF 
(d) Explain why Fis not equal to QE, where Eis the electric 
field between the plates. 
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2-25 Find the equivalent capacitance across terminals A &B 
in the circuit shown in figure-2.288. 

23µF 7µF ' ,,;_r:;: 1-1-µF-, B 

_ __,_ .~f--+---i 

Figure 2,288 

Ans. [7.5µF] 

2-26 In the circuit shown in figure-2.289, capacitor A has 
capacitance C1 = 2µF when filled with a di-electric slab of 
dielectric constant k= 2. Capacitors Band Care air capacitors 
and have capacitances C2 = 3 µF and C3 = 6 µF, respectively. A 
is charged by closing switch S1 alone. 

C ~ 180V A 

Figure 2.289 

(a) Calculate energy supplied by battery during process of 
charging. Switch S1 is now opened and S

2 
is closed. 

(b) Calculate charge on B and energy stored in the system 
when electrical equilibrium is attained. 

Now switch S2 is also opened, slab of A is removed.Another 
di-electric slab of K c' 2, which can just fill the space in B, is 
inserted into it and then switch S

2 
alone is closed. 

(c) Calculate by how many times electric field inB is increased. 
Calculate also, loss. of energy during redistribution of charge. 

I 
Ans. [(a) 0.0648 J, Energy stored in capacitor is 2 CV2, but energy 

supplied by battery is CV 2;.(b) IS0µC, 0.01621; (c) 0.75, 0.00541] 

2-27 In the circuit shown in figure-2.290. C1 = 5 µF, C
2 

= 29 µF, 
C3 = 6 µF, C4 = 3 µF and C5 =7 µF. Ifin steady state potential 
difference between points A and B is 11 volt, calculate potential 
difference across i::5. 

Alls. [1.8V] 

f'T" c,LC c, 

+ . 
A 

Figure 2,290 

.. --·······---= 
. .. _ _ ___ Capacltan~ 

2-28 Find the equivalent capacitance between terminals A & c; 
if each capacitor is of capacitance 4 µF. 

Figure 2.291 

Ans. [7µF] 

2-29 In the given network if potential difference between p 
and q is 2V and C2= 3CP find the potential difference between 
a&b. 

c-
a cTc,

1 
C1 P C2 q 

Figure 2.292 

Ans. [30V] 

2-30 The plates ofa parallel plate capacitor are separated by a 
distance d = l cm. Two parallel sided dielectric slabs of thickness 
0. 7cm and 0.3cm fill the space between the plates. If the dielectric 
constants of the two slabs are 3 and 5 respectively and a 
potential difference of 440V is applied across the plates. Find 

(a) The electric field intensities in each of the sfabs. 

(b) The ratio of electric energies stored in the first to that in 
the second dielectric slab. 

Alls. [(a) 5 x 104 Vim, 3 x 104 Vim; (b) 35/9] 

2-31 Two parallel plate capacitors of capacitance C and 2C 
are connected in parallel then following steps are performed. 

(i) A battery of voltage Vis connected across the capacitors. 

(u) A dielectric slab ofrelative permittivity kis slowly inserted 
in capacitor C. 

(IiI) Battery is disconnected. 

(iv) Dielectric slab is slowly removed from capacitor. 
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Find the heat produced in (i) and work done by external agent 

in step (ii) & (iv). 

3 l( ) , l 
Ans. [ 2 CV2

, - 2 K -l CV, , 6 (K + 2)(K - l)CJl'J 

2-32 A charge 200mC is imparted to .each of the two identical 

parallel plate capacitors connected in parallel. At t = 0, the plates 
ofboth the capacitors are 0.1 m apart. The plates of first capacitor 
move towards each other with velocity 0.001 mis and plates of 
second capacitor move apart with the same velocity. Find the 

current in the circuit. 

Ans. [2µAJ 

2-33 A circuit is shown in figure-2.293. Find the charge on the 

condenser having a capacity of 5µF in steady state. 

Ans. [9µC] 

2µF 

3~ r 
~F 

4µF 

6V 
Fi~ure 2.293 

2-34 A solid conducting sphere of radius 10cm is enclosed 

by a thin metallic shell ofradius 20cm. A charge q = 20mC is 

given to the inner sphere. Find the heat generated in the process, 
the inner sphere is connected to the shell by a conducting 

wire. 

Ans. [9JJ 

2-35 The capacitor each having capacitance C = 2mF are 
connected with a battery of emf30V as shown in figure-2.294. 

When the switch S is closed. Find 

(i) the amount of charge flown through the battery 

(11) the heat generated in the _circuit 
(m) the energy supplied by the battery 

(iv) the amount of charge flown through the switch S. 
s 

30V 
Figure 2.294 

Ans. [(i) 20µC; (ii) 0.3mJ; (iii) 0.6ml; (iv) 60µCJ 

..... --···-3031 
~-~ ~-----~,-~--A 

2-36 Consider the situation shown in figure-2.295. The plates 

of the capacitor have plate area A = lb and are clamped in the 

laboratory. The dielectric slab is released from rest with length 

a inside the capacitor. Neglecting any effect of friction or gravity, 

show that the slab will execute periodic motion and find its time 

period. 

E 

Figure 2,295 

Md(/-a) 
Ans. [ 8x be,(K -l)V' J . 

2-37 In the circuit shown in figure-2.296 find the equivalent 

capacitance between terminals A and B. 

A~µ~---,---,4 F 

6µF 3µF 

4µF 
B 

Figure 2.296 

Ans. [3µFJ 

2-38 A capacitor is made ofa flat plate of area A and another 

plate is bent at four points and placed above the flat plate as 

shown in figure-2.297. Dimension ofboth the plates are shown 

in figure. Find the capacitance of this structure between the 

two plates. 

a 

a 

a 3d 
2d 

3a 

Figure 2.297 
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2-39 A parallel plate capacitor with plates kept at a separation 
1cm and plate area l00cm2 i~ connected across a 24V battery. 
Find the force with wihch one plate will attract the other plates. 

An,.-[2.5 X 10-7N] 

2-40 Figure-2.298 shows a· capacitor having three layers of 
· equal thickoess and same area as that of its plates. Layer-I is 
free space, Layer-II is a conductor and Layer-ill is _a dielectric of 
dielectric constant k. _Calculate the ratio of energy stored in 
region III to total energy stored in capacitor when a potential 
difference is applied across the plates of capacitor. I 

Ans. [ k+l l 

• • • . • * 

. ' 

_ Capacltanc~ 1 

Figure 2.298 
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Current Electricity 3 
FEW WORDS FOR STUDENTS 

Electricity is a form of energy all around us which is powering technology and many new inventions 
which are making our life comfortable. Electricity is generated at one point then either stored or flows 
from one place to another. When electrical energy is stored at a point then it is called static electricity 
and when it flows from one place to another then we call it current electricity. Briefly we define electricity 
as flow of charges but ·its not that simple. What causes the flow of charges and the conditions under 
which charges move, there are many such questions which need to be answered. In previous chapters 
we've broadly studied about static charges and effects asso~iated with these. In this chapter of current 
electricity we will deal with all fundament~ls concerned with charges in motion to enhance our 
knowledge for moving charges and to build a base for upcoming chapters of magnetism and 
electrom(lgnetic induction. 

CHAPTER CONTENTS 3.7 Kirchhoff's J1Jltage Law (KVL) 

3.1 Electric Current 3.8 Thevenin 's Analysis 

3.2 Applications of Ohm's Law 3.9 Understanding Constant Current Sources 

3.3 Kirchhoff's Current La_w(KCL) 3.10 Star-Delta (Y-D) Transformation 

3.4 Symmetry Circuits 3.11 Thermal Effects of Current 

3.5 Circuits Containing More than one Battery 3.12 Transient Analysis of RC Circuits 

3.6 EMF and Grouping of Cells 3.13 Electrical Measurements 

· COVER APPLICATION 

/ 

t ( 
\ 

\ . ~ 1 

(a) (b) 

Figure-(a) shows a filament based incandescent lamp in which when current is passed due to thermal effects ofcurrent filament 
of the lamp heats up and starts emitting heat and visible light radiation. Figure-(b) shows a similar struciureLED lamp in which 

semiconductor diodes are used which emits light and in these lamps heat produced is very very less compared to incandescent 

lamps thats why these lamps are preferred where only light applicaiton is required. 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



1306 .• .• . - -
=-'----··- -·-·- ---

Electricity is an integral part ofour day to day life. Everywhere 
in your surrounding you always see applications of electricity 
such as the sources of light we use at night, mobile phones, 
television remote controls, kitchen appliances and many more 
uses inclnding dangerous lightning or electric sparks you might 
have seen from a high voltage electric pole in case of short· 
circuits. 

In all the above and many such applications of electricity the 
common thing is the en~rgy in electrical form driving all the 
devices or phenomenon in our surrounding. In most cases the 
energy is delivered by electric current in wires or sometimes 
through air in case oflightning or sparks. Other forms of energy 
which we see in such applications including heat, light or 
sometimes mechanical energy are produced when electrical 
energy is converted to these forms in the device or in some 
phenomenon. 

To understand ail the phenomenon using electricity or the 
devices work on electrical energy we need to understand the 
basics of electric current and its applications. 

3.1 Electric Curre11t 

As you might have studied in your previous classes that. Current 
is the rate of flow of charges. In conductors charges can flow 
easily because conductors have free charge carriers which 

· contribute in flow of current easily. These charge carriers are 
the free electrons inside a metal body. For an isolated metal 
body in it free electrons behave like gas molecules in a closed 
container as shown in figure-3.1. These free electrons move 
randomly in Brownion motion in an isolated conductor and the 
energy of these electrons is solely due to thermal agitation at 
the specific room temperature. In this random motion these 
electr\lns continuously collide with each other as well as with 
the fixed positive ions in the conductor lattice. 

Random motion of free electrons in an isolated conductor 

Figure 3.1 

When a potential difference is applied across a conductor by 
connecting a battery as shown in figure-3.2 it sets up an electric 
field in the conductor from high potential to low potential side. 

Current Electriciaj 

This electric field exerts a force on free electrons due to which 
these electrons starts flowing in opposite direction i.e. from low 
potential to high potential side as shown. 

M 

.. ~' ~----+'-<"F-----¥'.::;',.1-> __ _j 

'v s 

Figure ·3,2 

Through any cross-section of the conductor tlie amount of 
charge flowing per _unit time is' defined as 'Electric Current'. If 
from a section M shown by dotted line in figure-3.2, liq charge 
crosses in time /it then the current in this conductor is given as 

llq 
J=-

M ... (3.1) 

In other way ifwe consider thatNfree electrons pass through 
the section M per unit time then current can also be expressed 
in terms of N and electron charge e as 

liq 
I=-=Ne 

lit 

3.1.1 Drift Speed of Free Electrons 

... (3.2) 

Consider the situation shown in figure-3.3 in.which we analyze 
the force and motion of a free electron at microscopic level. . 
Initially when the free electrons were in Brownoion motion as 
shown in figure-3.1 these were colliding randomly with other 
neighbouring free electrons. When a potential difference is 
applied across the conductor as shown in figure-3.2, the electric 
field exerts a force eE on each free electron as shown in figure-3.3 
and it starts moving due to the force but during motion it 
continuously collides with the other neighbouring free electrons 
due to thermal agitation as these electrons have some velocity 
vT in random direction due to the thermal-motion and because 
of continuous collisions the moving electron experiences an 
opposition force opposite to its motion which increases as its 
speed increases because it _collides with high momentum to 
other particles at higher speed, the opposing force will be hjgher. 
For simplicity we consider this force to be proportional to the 
velocity of the free electron hence considered asf,P = kv ifv is 
the average velocity of electron during drift. Here k is a 
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proportionality constant which depends upon the·nature of 3.1.2 Effect of Temperature on Flow of Free Electrons in a 
material and temperature. As temperature increases, thermal Conductor 
agitation of the conductor increases and this will lead to increase 

in rate of collision of free electrons and due to this opposition 

force will also be more, thus value of k also increases. Actually 

in the expression of opposition force there are other terms 
including higher powers of velocity but at low velocities those 

terms can be neglected and this proportional relation gives a 
fuirlyapproximate situation. 

eE 
+----------0---fo, ~ kv 

e-
+-

V 

Figure 3.3 

After applying potential difference across a conductor the 
acceleration ofa free electron inside is shown in figure-3.3 which 
can be given as 

eE-kv 
a=--

m, 
... (3.3) 

From equation-(3.3) we can see that acceleration decreases as 

velocity of free electrons increase. After applying the potential 
difference in a very short interval oftimevelocityofall the free 

electrons increase till their acceleration becomes zero which is 
given byequation-(3.3) as 

eE-kv 
a=-·-=o 

m, 

eE 
v=-

k 
... (3.4) 

Equation-(3.4) gives the terminal velocity of the free electrons 
with which these free electrons will travel in a conductor and it 

is called 'Drift Speed' of free electrons. In above expression e 
and k are constants for a specific conductor at a given 
temperature. Thus drift speed of electrons in a current carrying 

conductor is directly proportional to the electric field strength 

inside the conductor which.is given as 

eE 
va=T 

vd=µE ... (3.5) 

Here µ is called 'Mobility' of free electrons in a conductor. 
Mobility of a charge carrier in any medium is_ defined as the 

ease with which the charge carriers can flow in the medium and 

contribute in electric current. 

In equation-(3.5) we can see that µ=ell, thus the mobility of 
free electrons in a conductor depends upon the specific material 

as well as temperature as electron charge is invariant. 

Figure-3.4 shows the effective path of a free electron in a 
conductor after applying a potential difference across the 
conductor. Due to electric force the electrons start drifting but 
because of thermal agitation electrons do not follow straight 
line path. Continuous random collisions during drift resiilts in a 
zigzag path for electrons overall drifting in the direction of the 
electric force as shown in figure}.4(a). If the temperature of the 
conductor is decreased then due to less thermal agitation 
collision rate decreases and path of motion of electron will be 
relatively less random compared to the state of high temperature. 
This is shown in figure-3.4(b). Similarlyfigure-3.4(c) shows the 
path of an electron drifting in a conductor at much lower 
temperature. 

(a) 

(b) 

(c) 

(: 
e- (r--, T4<< T3 

(d) • 

Figure 3.4 

When temperature of a conductor is decreased to such a low 
value that its free electrons stops colliding with each other or 
the opposing force due to very low rate of collision can be 
neglected then this is the state when free electrons ofconductor 
almost flows in a straight line path as shown in figure-3.4(d) 
and in this state the free electrons of conductor do not 
experience any opposing force while moving and will have 
continuous acceleration. This is the state of conductor which 
is called 'Zero Resistance State' or 'Superconducting State'. 
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This is the reason why resistance of a conductor increases 

when its temperature increases. High temperature causes more 

thermal agitation and random motion which causes high rate of 

collision and hence more opposing force to the motion of free 

electrons and this leads to high resistance of the conductor. 

3.1.3 Current Density in a Conductor 

As already discussed that current is the rate of flow of charge 

measured in unit of Coulomb per second or Ampere, the 

ccnventional direction of current flow is considered along the 

flow of positive charges or opposite to the flow of free electrons 

in a conductor but current itself is a scalar quantity. 

In a conductor current _flows when a potential difference is 

applied across it which establishes an electric field inside the 

conductor and that causes free electrons to flow. Being current 

a scalar, it cannot be directly related to its cause which is the 

electric field strength vector due to the applied potential 

difference, we need to define a vector quantity for current 

measurement establishing a relation with electric field strength. 

This vector quantity is called 'Current Density' and it is defined 

as current per unit cross sectional area of the conductor in 

which current is flowing. 

For a long conductor of cross sectional area S if it carries a 

current I then the ~urrent density at a section Mas shown in 

figure-3.5 is given as 

flow of positive charges oropposite to flow of free el_ectrons in 

ccndnctor. In equation-(3.6), n is the unit vector normal to the 

surface area S along the direction of current density. 

Ifin a conductor across its cross sectional area current density 

is uniform then current through it can be directly given as 

I=J·S ... (3.7) 

In above expression of current, dot product of current density 

with the given area is ccnsidered. Here dot product signifies 
the normal component of area cross section to the flow of 
current 

If current density is non uniform in cross section of a current 
carrying conductor then we need to consider an elemental 

section of area dS in the cross section of the ccnductor as 

shown in figure-3.6 and then we find the current through 

elemental section of the conductor ~s 

dl= J.dS ... (3.8) 

Figure 3.6 

. - I. 
J =-n 

s . .. (3.6). Now the total current through the given cross section of 
conductor can be calculat,:4 by integrating the expression of 

elemental current in equation-(3 .8) for the whole surface of the 
conductor. 

:r 
' . 

1-~-~---!.---~= 
' ' ' ' ' ' ' ' ' ' ' 

Figure 3.5 

The unit used for current density is Nm2 and the direction of 

'current deusity is considered normal to the cross sectional area 

of the conductor through which current is flowing along the 

I= J7:t1s ... (3.9) 

We will discuss above analysis with an illustration. Figure-3.7 

shows a cylindrical conductor of radius R through which current 
is flowing of which current density is varying with distance 
from the axis of the conductor given as 

J=ax2 ... (3.10) 

Above expression indicates that on outer edge of the conductor 
current is more and near to central axis of conductor current 
would be less concentrated. 

To determine the current through the condu_ctor we consider an 
elemental circular strip ofradius x and width dx as shown in 
above figure. The area of this elemental strip is given as 

dS=2m:·dx 
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Figure 3.7 

The current through this elemental cross sectional area of the 
conductor is"given as 

di= ]-dS 

Total current in conductor can be given by integrating the above 
· expression of current through elemental cross sectional area 
within limits from O to R for the complete cross sectional area is 
given as 

I= f di= fJ-dS 
R 

I= J (ax2 )·(2nx-dx) 
0 

R 

I= 2Mfx'·dt 
0 

... (3.11) 

3.1.4 Relation in Current Density and Drift Velocity of 
Electrons 

Figure-3.8 shows a conductor con~ected across a battery of 
voltage V. When the switch is closed, an electric field E is 
established in the conductor which causes all free electrons to 
flow at drift velocity v d as shown in figure. 

t 
+-

V 
Figure 3.8 

M 

309] 

In figure-3.8 to determine the current, consider the shaded 

volume ofleilgth Va and cross sectional area of the conductor 
as S. This shaded volume is of length v d that means in one 
second all the free electrons contained in this shaded region 
pass through the section M of the conductor. 

Ifn be the free electron density in the conductor material, total 
number of electrons passing through the section M of 
conductor are given as 

N=nSvd 

The current through the conductor can be given as 

/=Ne =nev,S ... (3.12) 

From above expression of current we can calculate ~he current 
density through the cross section of the conductor which is 
given as 

I 
J= -=nev s d ... (3.13) 

J 
~ V =-

d ne ... (3.14) 

Above expression obtained in equation-(3.13) or (3.14) is a 
relation between drift speed of free electrons and current density 
for a current carrying conductor for any cross-section. 

3.1.5 Drift Velocity and Relaxation Time 

In an isolated conductor free electrons behave like gas molecules 
which are in random motion and collide with each other. The 
average time between two successive collisions by an electron · 
averaged over all the free electrons over a large period of time is 
called 'Relaxation Tzme' in random motion of particles. It is 
denoted by,. At any instant of time we can consider that different _ 
free electrons are moving at velocities iii where i = 1, 2, 3 ... 
such that for random motion we know that average velocity of 
all the electrons (say N0) at any instant is zero, given as 

... (3.15) 

When an electric field E is applied to the conductor then all the 
free electrOns in random moti6n experience a force--e E and 
start moving in direction opposite to the direction of electric 
field due to the acceleration by this force. The instantaneous 
velocities of the free electrons at any instant of time 1, starting 
from their last collision can be given as 

- - ( eEJ v. = u. + -- t, 
' ' m 

... (3.16) 

In above expression Vi is the velocity of ith electron after ti is 
the time from its last collision. We are taking 1, different for each 
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free electron because at any instant of time the time lapsed from 
last collision of that electron would be different in random motion. 

Drift velocity of free electrons is the average velocityofall the 

free electrons at any instant of time which can be given as 

... (3-l7) 

Ifwe substitute the values of all ii,from equation-(3_!6) to 
equation-(3-17), we will get 

. _··· ·-· --·-·-·1 
.••• ___ Current Electricity 

3.1.6 Ohm'sLaw 

Ohm's Law is a fundamental law in current electricity which 
relates the potential difference applied across a conductor to 
the current flowing in it. To deduce the relation between current 

arid potential difference applied across a conductor we start 

with equation-(3-13) given as 

J=nevd 

Substituting the value of drift velocityvd from equation-(3.5) in 
terms of electric field as 

v, = _I (I_•;,;)+(-eE) (t, +t, +t, +-----) ___ (3.!S) ~ 
. No ,=1 m No 

J=ne(µE) 

J=CJE .. _ (3-24) 

First term on right hand side ofequation°(3_ !8) becomes zero as 

just after collision velocities of free electrons are randomly 
scattered in space average of which is always zero as already 

discussed and shown in equation-(3.15)_ In second term of this 

equation, the time durations t 1' t2, t3, ... are the durations 
between two successive collisions of each free electron some 
of these are more than average relaxation time and some are less 
than average relaxation time thus average value of all these 

durations is the average relaxation time given as 

t, +t, +t, +---
t= 

N, 

Thus equation-(18) can now be written as 

- (•E) vd =- -;;; 't 

The relation in magnitudes is given as 

.. _ (3.19) 

-- _ (3.20) 

Here CJ= neµ is another constant for a specific conductor at a 
given temperature and it is called' Conductivity' of the conductor. 

Conductivity of a conductor is a measure of how better 
conduction to electric current a conductor offers_ Using 

conductivity we can compare two metals that which one ·is a 

better conductor of electric current. Reciprocal of conductivity 
is defined as 'Resistivity' or 'Specific Resistance' denoted asp, 
given as 

I 
p=

CJ 
··- (3-25) 

Using resistivity of a conductor we measure how much 
hinderance the conductor offers for current flow_ Now 

equation-(3_24) can be rewritten vectoriallyas 

- - ( ')-J = CJE = p E ·--(326) 

Equation-(3.26)is called differential vector form of Ohm's Law 

which can be used to relate current and potential difference 
across a conductor_ For a uniform ·conductor of length I and 

--- (3.21) cross sectional area Swe can use equation-(3.24) as 

Equation-(3_20) is the relation between drift velocityofelectrons, 

electric field inside the conductor and average relaxation time_ 
Using this relation we can also find current in conductor in 
terms ofrelaxation time from equation-(3_ 12) which is given as 

(
ne

2SE) I= -- t 
. m --- (3.22) 

J=f=(n:E} --- (3_23) 

The expression in above equation-(3-23) gives the relation in 
current density and average relaxation time_ 

(f =CJ(~) 

dV= (:s)dl 

Integrating above expression for the full length of conductor, 
we will get 

v=(:s} 
v=(~} 
V=IR 

I 
[Asp=-] 

CJ . 

-- . (3-27) 

WhereR= (~)is called 'Resistance' of the conductor_ SI unit 

for resistance measurement is 'ohm' which is symbolically 
denoted by the ~ymbol • n' _ 
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Resistance of a conductor is a proportionality constant in 
equation-(3.27) for linear relationship ii\ current flowing and 
potential difference applied across a conductor and this 
equation-(3.27) is the 'Equation of Ohm's Law' and Ohm's Law 
is stated as 

"For some conductors under constant physical conditions like 
temperature, mechanical strain, humidity etc. the current 
flowing through it is always directly proportional to the 
potential difference across its two ends." · 

Such conductors for which the equation-(3 .27) is valid are called 
'Ohmic Conductors'. Any conductor which offers some 
resistance to current in a circuit is generally referred as 
'Resistors'. 

3.1. 7 Experimental Verification of Ohm's Law 

For ohmic conductors the graph plotted for current flowing 
through these with potential difference across the conductors 
is a straight line as shown in figure-3.9(b). Figure-3.9(a) shows 
the circuit setup of Ohm's law verification using a variable 
resistance or rheostat in which we fix a value ofresistance and 
take readings of voltmeter and ammeter by varying the voltage 
of the variable battery to plot the curve shown in figure-3.9(b). 

V 

V ;----, 

+ -
V 

Variable voltage· source 

I 

_(a) 

I+ M ----------------- 0 --i f Af . 

I ------------- -- ---, :t 
' ' hrl 
' ' ' ' 

I 

A 

s 

' ' -fL-----c'',--,,,.!-' =-------+V 
V V+dV 

(b) 

Figure· 3.9 

In above V-I graph ofa conductor the slope of graph gives the 
reciprocal of resistance of conductor which is also called as 

1 M 
G= - = - =slopeofV-Icurve 

R /1.V · 
... (3.28) 

The SI unit used for measurement of conductance is 'mho' 
which is reverse spell of 'ohm' and symbol used to denote 
conductance is 'G'. There are some conductors in which the 
V-I graph is not a straight line as shown in figure-3.10. Such 
conductors are called non-phmic conductors. Such behaviours 
are due to the active nature of conductor materials in which the 
'physical properties of material change when these are subjected. 

to different electric fields thais why the resistance of conductor 

changes with different physical conditions. About some of such 

conductors we will study in the topic of semiconductors. 

Figure 3.10 

3.1.8 Temperature Dependence of Resistivity 

Equation-(3.27) shows that resistance R is the proportionality 

constant for current voltage relationship for an ohmic conductor 
which is given as 

pl 
R=-

S 

In above expression of resistance I and Sare dimensions of the 

conductor and p is the resistivity which is a characteristic 

property of a conductor to measure its hinderance in flow of 
current through it. In previous article we've already discussed 

that resistivity ofa current carrying conductor can be given by 
equation-(3.26) as 

E 
p=-

J 
... (3.29) 

Substituting the value of current density from equation-(3.23) 

in above relation, we get 

E 

'Conductance' of conductor, given as => 
m 

p = ne2 -r: ... (3.30) 
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In above expression resistivity depends upon average relaxation 
time which we know depends upon !emperature. Al, temperature 
increases, it increases ~ermal agitation which causes rate of 
collision to increase due to which relaxation time decreases and 
hence resistivity increases. Based on article-3.1.2 also 
qualitatively we can state that on increasing temperature 
randomness of motion increases due to which flow ofelectrons 
will be ll!ore difficult hence resistivity increases. 

It is observed that in general for- small range of temperatures 
above room .temperature resistivity increases line;,rly with 
temperature and temperature dependency of resistivity is given 
by an empirical relation which is given as 

... (3.31) 

Where p0 is the resistivity of conductor at 0°C and p is the 
resistivity at temperature T. In above equation a is a constant 
called 'Temperature Coefficient of Resistance' which is different 
for different conductors for a given range of temperature. 

For linear relationship as given in equation-(3.31) we can also 
write the relation in resistance of a conductor ifits dimensions 

. are considered to be invariant in that temperature range as 

R = R0 (I+ al) ... (3.32) 
Above relation can also be rewritten for relating the resistances 
at two different temperatures T1 and T

2 
for small range of 

temperature for which a is considered constant as 

... (3.33) 

Here !!,.T = T2 - T1 and R,
2 

and R,
1 

are the resistances of 
conductor at temperatures T2 and T

1 
respectively. 

# Illustrative Example 3-1 

Find the velocity of charge carriers in I A current in a copper 
conductor of cross-section I cm2 and length IO km. Free electron 
density of copper is 8.5 x I 028 per m3• How long will it take the 
charge to travel from one end of the conductor to the other ? 

Solution 

Drift speed of free electrons in a conductor is given-as 

i 
v=

d neA 

I 
V = ---=-----;-;;------,---

d (8.5 x 1028)(1.6 XI 0-19 )(10--4) 

vd=0.735 x ID-"m!s 
vd=0.735 µmis 

Thus travel time is given as 

l 
t= -

V 

!Oxl03 
t=----
. 0.735xl0-6 

t= 1.36 x-I010 s 

1.36x 1010 

1- y 
60x60x24x365 

t=431.4y 

# lllustrative Example 3.2 

Current Electricity j 

The potential difference across a straight wire of l 0-3 cm2 cross 
sectional area and 50 cm length is 2 V, when a current of0.25A 
flows in the wire. Calculate 

(a) The field strength in the wire 

(b) The current density, and 

(c) The conductivity of the metal 

Solution 

(a) The electric field in the wire is given as 

V 
E= d 

2 
E=-=4V/m 

0.5 

(b) Current density in wire is given as 

I 
J=s 

0.25 
6 2 J= 

10
_, =2.5xJO Alm 

(c) The conductivity of material is given as 

J 
cr= -

E 

2.5xl06 Alm' 
a= 4Alm 6.25 x 105mho/m 

# Illnstrative Example 3.3 

Find the total momentum of electrons in a straight wire oflength 
I 000 m carrying a current 70A. 

Solution 

The expression for the current in wire is given as 
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Total no. of electrons in wire are given as 

N=nA/ 

Total momentum ofelectrons in wire is given as 

p=Nmvd 

( 
J ) Jim 

p=nS/ xm - = -
. neS e 

Putting of all values, 

70xl000x 9.3 x!0-31 
p= 

l.6xl0-19 

p =0.407 µN-s 

·# Illustrative Example 3.4 

Two large parallel metal plates ·are located in vacuum. One of 

these serves as a cathode, a source of electrons with negligible 
initial speed. An electron flow directed toward the opposite 

plate produces a space charge causing the potential in the gap 

between the plates to vary as V = ax413, where a is a positive 
constant, and xis the distance from the cathode. Find: 

(a) The volume density of space charge as a function of x 

(b) The current density. 

Solution 

(a) Given that the potential is given as 
V= ax413 

Using above potential, the electric field in space is given as 

dV 4a 1/3 
E=-- =--x 

dx 3 
... (3.34) 

Using above electric field, volume density of space charge can 

be obtained by Gauss's law in the region for a small cylindrical 

Gaussian surface of cross section S and width dx, applied as 

p(x)Sdx 
dE.S= 

Eo 

(b) . Current density in the region is given as 
J= p(x) v(x) 

. 4 -2/3 ( ) J=--a&0x vx 
9 

... (3.35) 

Due to the potential gain in kinetic energy of electrons is giyen 

as. 

. I ' 
2mv-(x)= eV(x) 

=> v(x) = ~2V~)e 

Substituting above value ofv(x) in equation-(3.35) gives 

. 4 3/2 r;:;,-J = --e0a -.;2elm 
9 

# Rlustrative Example 3.5 

A uniform copper wire has a square cross-section of side 6mm. 
The wire is !Om long and carries a current of3.6A. Free electron 

densityin conductoris8.5 x !02"per m3. Find the current density 
in wire and time taken for an electron to travel the length of wire. 

Solution 

Cross sectional area of the wire can be calcnlated as 

S=a2=(6 x J0-3)2 

S=36 x lcr'm2 

Current density in wire is given as 

I 
J=s 

3.6 5 2 J= --~ 10 Alm 
36x!0-6 

Average tiine taken by the free electron to travel along the 

length ofthe wire is 

I 
t=

Va 

lne 
1=-

J 

!Ox8.5x!028 xl.6x10-19 
t= 

105 

t= 13.6 x 105s 

# Illustrative Example 3. 6 

How many electrons per second pass through a section of 
resistance of20Q across which a potential difference of 64V is 

applied 

Solution 

Current in resistance is given by Ohm's law as 
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V 64 
I=-=-=32A R 20 . 

Number of electrons passing through any section ofresistance 

per second are given as 

I 3.2 
N=-=---~ 

e l.6x 10-19 

N = 2 x 10-19 electrons/s 

# Illustrative Example 3. 7 

1 m long metallic wire is broken into two unequal parts P and Q. 
P part of the wire is uniformly stretched into another wire R. 
Length of R is double that of P. Find the ratio of the resistances 
of P and R and also the ratio oflength of P and Q. 

Solution 

Ifwe consider length of Pwire is Im then length of Q wire is 
(! -l)m and length ofR wire will be2/m. 

For wire P and R, the volume is same so we have 

1trjld = rrr'Ji 2/d 

rp= ..J2rR 

If p be the resistivity of the material of the wire, then the 
resistance of wires P and R are given as 

Given that resistance of R and Q is same which ar~ given as 

R = p(2t) andR = p(l-l) 
R 2 Q 2 1t1R , nrg 

As we have RR= RQ we have 

p(21) p(l -1) -,-=--,-
1trR 1trp 

~ (2/)rj = (1-/)r'Ji 

~ 2/(..J2rR)2 = (1-/)r'Ji 

l=l/5=0.2m 

~ lengthof P=0.2m 

andlengthofQ=0.8m 

-- Current Electricity] 

# Rlustrative Example 3.8 

The area of cross-section, length and density of a piece of a 
metal of atomic weight 60 are Io-< m2, r.o m and-
5 x 103 kgim3 respectively. Find the number offree electrons per 

11nit volume if every atom contributes one free electron. Also 
find the drift velocityofelectrons in the metal when the current 
of 16A passes through it. 

-Solution 

Mass of the metai is given as 

m=pS/ 

~ · m=5 x J03 x 10.;; x 1 =5 x !0-3 kg 

Number ofatoms in 5 x 10-3 kg of metal are given as 

5xl0-3 x6.023xl023 
22 3 N= ----~--=5.02xJO perm 

-60xl0-3 

Thus number of free electrons per unit volume are given as 

5 xl022 

n = --- 5 x !028 perm3 
10-< 

Dirft velocity of free electrons_ vd is given as 

I 
vd= neS 

Web'ikference atwww.physicsga\@ly.com 
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Practice Exercise 3.1 

(i) A straight copper-wire oflength I 00m and cross-sectional 
area l.0mm2 carries a current 4.5A. Assuming that one free 
electron corresponds to each copper atom, find 

(a) The time it takes an electron to displace from one end of 
the wire to the other. 

(b) The sum of electric forces acting on all free electrons in 
the given wire. Given resistivity ofcopper is 1.72 x 10-• fl-m 
and density of copper is 8.96 gicm3• 

[(a) 3.043 x ID' s (b) 10.6 N] 
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(ii) Two cylindrical conductors with equal cross sections 
and different resistivities p1 and p2 are put end to,end as shown 
in figure-3.11. Find the density of surface charges at the 
boundary of the conductors ifa current I flows from conductor 
I to conductor 2. 

I 
1 - 2 

Figure 3.11 

(iii) A copper wire carries a current of density 1.0 Nmm2. 

Assuming that one free electron corresponds to each copper 
atom, evaluate the distance which will be covered by an electron 
during its displacement IO mm along the wire. 

[1.47 x)06 m] 

(iv) In a long wire of square cross-section of side length /, 
current density varies with distance x from one edge of cross
section as 

J=aehxNm2 

where a and b are positive constants. Find the current flowing 
in wire. 

(v) Figure-3.12 shows two plate electrodes I and2 enclosed 
in a vacuum tube. A gas is ionised in the vicinity of the surface 
of the electrode I separated from electrode 2 bya cjistance I. An 
sinusoidal time varying voltage given as V = V0 sin rot is applied 
to the electrodes. On decreasing the frequency co it observed 
that the galvanometer G indicates a current only at co < ro0, 

where ro
0 

is a certain cut-off frequency. Find the mobilityofions 
reaching electrode 2 under these conditions. 

Figure 3.12 

ro I' 
[ 2~ l 

0 

(vO A current of! 6A is passed through a conductor in which 
concentration of electrons is 4 x 1028 m-3 and its cross-sectional 
area is 10-5 m2. Find drift velocity ofelectrons in the conductor. 

[ 2.5 X IQ--4 m/s] 

----~3t~l 
(vii) Consider a conductor oflength 40cm where a potential 
difference of I 0V is maintained between the ends of conductor. 
F

0

ind on! mobility ofelectrons, if drift velocity is 5 x 10-0 mis. 

[2' x 10-1 m2/V-s] 

(viii) The air between two closely separated large plates in a 
sealed glass tube is uniformly ionised by ultraviolet radiation. 
The air volume between the plates is equal 500 cm', the observed 
saturation current is eqnal to 0.48µA. Given that at saturation 
on an average ions take Is in travelling from one plate to another. 

Find: 

(a) The equilibrium concentrationofions in saturation state. 

(b) The production rate of ion pairs if the recombination 
coefficient forairions is equal tor= 1.67 x I 0-0 cm3/s. Consider 
that the rate at which ion pairs recombine is given as rN'where 
N is the ion concentration. 

[(a) 6 x 109 per cm3, (b) 6.012 x 10 12 per cm3] 

3.2 Applications of Ohm's Law 

Figure-3.13 shows the circuit symbol ofa resistance. Ifacross 
terminals of this resistance A and B we apply a potential 
difference V then current flows in this resistance from high 
potential end to low potential end. Ifwe consider VA and VB as 
potentials at terminals A and B then by Ohm's law we liave 

... (3.36) 

I I 

~----'-<+1._::c_-_.-t __ _j 

'v s 
Figur-e 3.13 

The potential difference across the resistance IR is also termed 
as 'Potential Drop' across the resistance as if we move from 
terminal A to terminal B the potential decreases by IR. Here we 
generally say that along the direction of current in a circuit 
branch potential drops. 

There are two forms in which Ohm's law is nsed in different 
ways in electrical circuits for which we rearrange equation-(3.36) 
as given below 

and 

VA-IR= VB 

v,-v, 
I=-R-

... (3.37) 

... (3.38) 
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Above equation-(3.37) are used in a specific analysis of electrical 

circuits called 'Loop Analysis' and equation-(3.38) is used in 

another analysis called 'Junction .Analysis' while solving 

electrical circuits. Above two equations are however same but 

still these are used in different ways of solving electrical circuits 

which we will understand in upcoming articles. 

3.2.1 Grouping of Resistances and Equivalent Resistance 

Two ot more resistances Can be connected in different 
combinations which is called 'Grouping of Resistances'. There 

are several ways to connected resistances in groups but most 

common ways are 'Series Combination' and 'Parallel 
Combination'. 

When a group of resistances is replaced by a single resistance 

such that all the electrical properties of the group and this single 

resistance are same in a circuit then this single resistance is 

called 'Equivalent Resistance' of the group ofresistances. 

I 

GI"oup of Re~istances 
.---------------
' ri'lr--r ' ' ' A : 1 B 

' ' ' I _____________ I 

~----'-,+ >-='--.-;:1--..J s 

(a) 

~--+c.,• - -
'1; s 

·(b) 
Figure 3.14 

I 

Figure-3. l 4(a) shows a group ofresistances and the terminals 

of group A and B are connected to a battery of voltage I; as 

shown. If the whole group is replaced by a single equivalent 

resistance R,
4 

as shown in figure-3.14(b) then the current 

through the ,battery can be given as 

/=..l.. 
R,, 

Potential Difference across the Combination 
Current Flowing through the Combination ... (3.39) 

_ _ __ .. : _ _:_::::::-:~==:_::·current El~ct,j£i~ 

For any combination of resistances we can use above equation 
to determine the equivalent resistance of the circuit across given 
terminals. In upcoming illustrations we will discuss the 
applications of this expression. Now we will first cover the 

. standard combination of resistors in series and parallel 
Combinations. 

3.2.2 Series Combination of Resistances 

When resistances are connected in such a manner 'that. one 
terminal of one resistance kept open and other terminal of this 
resistance is connected to one terminal of another resistance 
and further any number, of resistances can be connected as 
shown infigure-3.15. In this figure all theresistancesR

1
,R

2 
and 

R3 are considered to be connected in series combination. 

+I 

'v s 

Figure 3.-15 

To find the equivalent resistance of series combination of these 

three resistances across terminals A and B, we connect a battery 
of voltage Vacross these terminals as shown in figure-3.15. 
Due to potential difference applied by the battery a current/ 
flows through _the circuit as shown. As the resistances are 
connected one after another, same current/ flows through the 
same branch. 

Here we can state that in a circuit if some_ resistances are 
connected in series combination then current through all the 
resistances in that branch of circuit will remain same. Using 
Ohm's law for the terminals of the resistances in circui.t shown 
in figure-3.15 we have 

VA-Vc=IR1 

Vc-V0 =IR2 

V0 - V8 =IR3 

Adding above three equations, we get 

... (3.40) 

... (3.41) 

... (3.42) 

... (3.43) 

If the three resistances nsed in circuit shown in figure-3.15 are 
replaced by ·a single equivalent resistance Roq as shown in 
figure-3 .16 then using Ohm's law for this circuit, we have_ 

V-V.=IR A B oq ... (3.44) 
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A B 

+I. -
'v s 
Figure 3.16 

Comparing equation-(3.43) and (3.44) we get 

... (3.45) 

Equation-(3.45) shows that the equivalent resistance of two or 
more resistors connected in series is given by the sum of all the 
resistances. \ 

3.2.3 Parallel Combination of Resistances 

Figure-3.17 shows three resistances connected in parallel 
combination. In parallel combination both terminals of all 
resistors are to be connected together as shown at terminals A 
'and B of the group which is connected across a battery of 
voltage V. 

1, 
R, 

A I, R, B 

I, 
R, 

I I 

~----+, -
V s 

Figure 3.17 

As the potential difference across terminals A and B is V same 
potential difference will be maintained across all the resistances 
connected in parallel across terminals A and B. In this case if11, 

12 and13 are the currents through the three resistances cs shown 
then by Ohm's law we have 

l = V,-V8 

t R, 
... (3.46) 

. "(3.47) 

v,-v. 
13 = -R - ... (3.48) 

j 

Total current through battery can be calculated by adding the 
above three equations as 

... (3.49) 

·-- --317] 

If the group of the three resistances across A and Bis replaced 
by a single resistance Roi as shown in figure-3 .18 then by Ohm's 
lawwehave 

... (3.50) 

A B 

+' ·>--=-----1----' 
s V 

Figure 3.18 

Comparing equations-(3.49) and (3 .50) we get 

I I I I -=-+-+-
R,, R, R, R, 

... (3.51) 

Equation-(3.51) shows that the equivalent resistance of two or 
more resistances connected in parallel is given by reciprocal of 
the sum of reciprocals ofall the resistances. 

3.2.4 Distribution of Potential Difference in Series 
Combination of Resistances 

Figure-3.19 shows two resistances in series combination 
connected across a battery of voltage V. In this case the potential 
difference Vis distributed across the two resistances such that 
sum of potential differences V1 and V2 acrossR1 andR2 is equal 
to V. The current through battery can be given by Ohm's law as 

V V 
1=-=--

. Req R1 +R2 

v, 
A 

R, 

~----+, -
V 

Figure 3.19 

v, 

R, 

... (3.52) 

B 

As current in the two resistances is same as they are in series 
the potential differences across R1 andR2 are given as 

and 

VR, 
V1=lR1= R,+R, ... (3.53) 
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From above two equations we can see that V/V2 = R/R2 hence 
in case ofresistors connected in series combination the potential 
differences across the resistances are distributed in same ratio 
of their resistances or in other words we can state that potential 
difference across the resistors in series are proportional to their 
resistances. 

With the above analysis we can generalize this result fur potential 
distribution in N identical resistances connected in series as 
shown in figure-3.20. 

R R 

A 2 

R 

3 

Figure 3.20 

R 

N B 

If in above circuit section, the potential difference across 
terminals A andB is Vthen we can say that potential difference 
across all the resistors will be same and equally distributed and 
will be given as 

V 
V =

eachR · N ... (3.55) 

3.2.5 Distribution of Currents in· Parallel Combination of 
Resistances 

Figure-3.21 shows a part ofcircuit in which two resistances are 
c~nnected in parallel combination and current flowing in this 
part of circuit is I. In this case the potential difference acros~ 
the combination can· be obtained by using the equivalent 
resistance of the two resistors as R, = R1R,J(R1 + R2) which is 

.. q 
given as · 

A 

l 

IRJ½ 
V=IR,.= (Ri+R,) 

R .• 
I 

r, '--_,,,-_ _,, 
R, 

Figure 3.21 

... (3.56) 

B 

l 

The current in main branch is divided in the two resistances 
which can be obtained by using same potential difference across 
the two resistors as 

· ·· · _ ciirreri1E1ectncity7 

From above two equations we can see that ///2 = R,JR1 hence 
in case of resistances connected in parallel combination, the 
currents are distributed in resistors in inverse ratio of their 
resistances or in other words we can state that currents in 
resistors connected in parallel are inversely proportional to their 
resistances. 

With the above analysis we can generalize the result for current 
distribution in N identical resistors connected in parallel as 
shown in figure-3.22. 

R 
I 

R 
2 

A 3 R B 

l l 
R 

N-1 

N 
R 

Figure 3.22 

In above circuit sec\ion as a current I i_s supplied and all 
resistances are equal so current is equally divided among all 
resistances here and current through each resistance is given 
as 

... (3.59) 

3.2.6 Solving Electrical Circuits using Series aud Parallel 
· Combination Method 

Solving au electrical circuit is determining all the circuit 
parameters of that circuit like.current in all branches, potential 
difference across any points of the circuit and equivalent 
resistance of a given group of resistances. 

For a given circuit in form of group of resistances connected 
across a battery, we first find the equivalent resistance of the 
given group and then distribute currents and potential 
differences in parallel and_ series combinations like we've 
discussed in previous article. We can understand this with the 
help ofan illustration. 

and 

Figure-3.23 shows a simple circuit containing three resistances 
... (3.57) connected across a battery. In this circuit we will determine the 

equivalent resistance across the terminals A and B, current in 
each branch of circuit and· potential difference across each 

... (3.58) resistor of the circuit. 
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A 

I 

SQ 

6Q 

I, 

+1 -,. 
14V 

Figure 3.23 

. 
B 
~ 

I 

-

In this circuit we cau see that 3Q aud 6!1 resistances are 

connected in parallel and this short group is connected in series 
with 5!1 resistance. Thus equivalent resistance across terminals 
A and B can he given as 

R =(5+3x6)n 
AB 3+6 

=> 

Thus current supplied by the battery is ·given as 

V 14 . 
I=--=-=2A 

R,.,, 7 

Through the 5!1 resisf1!nce same current 2A will pass then it 

will divide in inverse ratio between 3Q aud 6!1 resistances 
which cau be given byequations-(3.57) and (3.58) as 

aud 

As currents in all branches of the circuit as now known, by 

using Ohm's law we can calculate the potential differences. The 
potential difference across 5!1 resistance is given as 

VS<l = JR50 =2x5=10V 

As 3Q and 6Q resistances are in connected in parallel their 
· potential difference is same aud it can be directly calculated as . . 

the current 2A is flowing through their equivalent 2Q resistance 
which can be given by Ohm's law as 

Now fot solving different types of electrical circuits nsing series 

and parallel method we will take up some illustrations to 
understand the analysis. 

3.2. 7 Resistance Calculation by Variation of Parameters 

For a uniform conductor oflength I and cross sectional area S 

with resistivity p, we've studied that its resistance is given as 

- ,_ --···~~'<MM(". -----~·-11 
.. ---·-····'-· ____ • .c..31""!1"~ 

pl 
R=-

S 
... (3.60) 

Above expression given in equation-(3.60) is used to calculate 

the resistance ofa uniform conductor. If any of the parameters 

resistivity, length of cross section varies in a conductor then 

this relation cannot be used. Now we consider aud analyze two 

cases of variation of parameters in /1 COIJductor similar to the 

two cases we discussed in article-2.9.4 for capacitance 

calculations. These cases we will discuss with illustrations to 

· understand the application of th~ is concept in di_fferent 
situations. 

Case-I : Variation of parameters along the_ Cross Section of 
the Conductor 

Consider a conductor in shape of a cuboid having its cross 

sectional area A= bwaud length I as shown in figure-3.24(a) of 

which the resistivity varies with distance along the cross 

sectional area according to the below given relation. 

p=ax+c 

' b 

l 
(a) 

r 
b 

1~i.~· = 

(b) 
Figure 3.24 

... (3.61) 

y 

.To determine the resistance of this resistor we consider au 

elemental resistor section of width dx as shown in figure-3.24(b). 
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In such a small section of width dx we can consider that the 
resistivity does not vary and given by ,equation-(3.61). The 
resistance of this elemental resistor section is given as 

' dR= ..E!..._ 
wdx 

... (3.62) 

All such elemental sections connected between left and right 
cross sections of the conductor to.terminals X and Y and we 
can consider all such elemental resistor sections can be 
considered in parallel combination thus overall resistance of 
this resistor can be given by reciprocal of the summing up 

. reciprocal of all such elemental resistances which can be given 
as 

=> 

=> 

. I -f I -r'wdx -- -- --
R dR

0
pl 

_!_= w[!n(ax+c)J' 
R la o 

..!._= w[!n(ab+c)-ln(c)] 
R- la 

r 
b X 

1 

r 
b X 

l 

______________ C_u_rr-en_t_E ___ lec-trt-e1-·ty~J 

-~ w 

• • '. I 
l 
' ' I ,,··: ' -
' • I. 
I 
I ______ .,_ 

(a) 

i..;=x---+I i.--
w tb: 

(b) 

Figure 2.25 

y 

· To determine the resistance of this resistor we consider an 
elemental resistor section as shown in figure-3.25(b) of which 
the cross sectional area is considered same as that of conductor 
but having length dx as shown. In such a small section of width 

.. · (3.63) dx we can consider that the resistivity does not vary and given 
by equation-(3.64). The resistance of this elemental.resistor 
section is given as 

Above equation-{3.63) gives tlieresistanceofthe resistor shown 
in figure-3.24. For anyresistor of which anypararneter if varies 
along the cross section then its resistance can be calculated . 
using this concept by considering an elemental resistor section 
and integrate the reciprocal ufthe resistance of the elemental 
resistor section as all such sections can be considered in parallel 
combination. 

Case-II : Variation of Parameters along the Length of 
Conductor 

. Consider a conductor ofcross sectional area A = wb and length 

pdx 
dR=

A 
... (3.65) 

If we consider several such elemental resistor sections in 
between the length of conductor then all such elemental sections 
can be considered in series combination betweeri the left and 
right sides of' conductors thus overall resistance of this 
conductor can be given by summing up resistances of all su~h 
elemental sections which can, be given as 

• I dx 
R=fdR=fL 

o A 

1 as shown in figure-3.2~(a) of which theresistivityvaries along - => 
the length of conductor according-to the below given relation. 

J I 

R=-J(ax+c)dx 
.Ao 

p=ax+c ... (3.64) => 
I x' 

R=- a-+cx [ ]
/ 

A 2 . 0 
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R= ~[(a 1
; +c1)-(o-o)] 

1 ( 1
2 

) R=- a-+cl 
· A 2 ... (3.66) 

Above equation-(3.66) gives the resistance of the resistor shown 

in figure-3.25. For any conductor of which any parameter if 

varies along the length of the plates then its resistance can be 
calculated using this concept by considering elemental sections 

of resistors and integrate the resistance of the elemental sections 
as all such sections can be considered in series combination. 

3.2.8 Resistance of a Spherical Shell for Radial Current Flow 
by Concept of Variation of Parameters 

Figure-3.26(a) shows a conducting spherical shell with inner 

and outer radii of shell a and b respectively. If we connect a 
battery of voltage V across inner and outer surfuce of this shell 

then a radial current flows through the cross section of the 
shell as shown in figure-3.26(b). In this situation the length of 
conductor through which current jlows is (b- a) but the cross 

section varies from inner surfuce of area 4rra2 to the outer surfuce 
of area 4nb2 in this case the current through battery can be 

given as 

V 
I=R ,;,n 

... (3.67) 

In above equation Rs1,,n is the resistance of the shell between 
inner and outer surface alon.g for radial flow of current. 

B 

(a} 

(b} 

Figure 3.26 

-- •.• - ·····-· 321] 

To calculate the resistance of this spherical shell along radial 

direction we consider an elemental resistor section of radius x 
and width dx as shown in figute-3.27. 

B 

Figure 3.27 

Ifwe carefully analize this situation then we can consider the 

above conducting shell as series combination of several such 

elemental resistor sections from radii a to b. For this elemental 
resistor section cross section area is 4ru:2 and dx is the length · 
through which current flows. If pis the resistivity of the metal 
of shell then the resistance of this elemental resistor section 

can be given as 

pdx 
dR=-

4ru:' 
... (3.68) 

The resistance of this shell can be calculated by integrating the 

resistance of the elemental resistor section as given in 
equation-(3.68) as all such elemental resistors are considered in 
series from inner radius a to outer radius b which is given as 

b dx 
R=.E_J-

411 x' • 

... (3.69) 

Expression in above equation-(3.69) can be used in 

equation-(3.67) to determine the current flowing through the 
battery and along radial direction in the metal of the shell. 

3.2.9 Colour Coding and Tolerances for Resistances 

In different electrical and electronic circuits there are variety of 

r·esistors used having different values of resistances in different 
AC and DC circuit applications. Infact there are millions of 

different resistance values which are used in different circuit 

applications. When body ofresistor is large then its value with 
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tolerance can be printed over its body but with more 
technological advancements sinalf sized devices are more 
preferred. In such case of a small sized body the resistance 
value and its tolerance is marked with coloured ink bands where 
each coloured band has some code associated with it using 
which we can calculate the resistance of the resistor and 
tolerance. Tolerance of a resistor is the percentage error in its 
measured value. 

Figure-3.28 shows some resistances with 3,4 or 5 bands on the 
body ofresistor. The colours of band are used to calculate the 
resistance value in ohm and its tolerance as well by a specific 
method called 'Colour Coding'. Each color is given a specific 
number, a multiplier and a tolerance associated with it which are 
given in the table given below. 

B 

B 

R 

0 

s 

Table-3.1 

Color Code Multiplier Toleranc~ (%) 

0 X I 

X IO 1 

2 X !QQ 2 

3 X!K 

4 x!OK 

5 xIOOK 0.5 

6 X IM 0.25 

7 X !OM 0.1 

8 X !OOM 0.05 

9 x!G 

X Q.[ 5 

XO.QI 10 

20 

For students its better to remember the sequence 
'BBROYGBVGW' in order ofascending color code numbers I 
to 9 which given to the colours. There are some mnemonics to 
remember the sequence, whichever students like they can use 
to remember the sequence. Some of these are -

'BB ROY of Great Britain has a Very Good Wife' 

'Bright Boys Race Over Young Girls But Violet Generaly Wins' 

'Better Be Ready Or Your Great Big plan Violently Goes Wrong' 

Students can also make their own in whichever way they are 
able to remember the sequence easily. Next we will discuss how 
to use these colour codes and multipliers to calculate the 
resistance values. 

Current Electricity J - -- - ------ ----------~-

Blue Bro\ Brown Gold 

-CT I ( h~ 
R=610.Q±5% 

R = 792xl0'.Q ± 10% 

R=2.20±5% 

R=31.Q±10% 

Figure 3.28 

The resistance values given in figure-3.28 are calculated by 
color coding which is explained below in steps. We take an 
illustration of calculation of a specific resistance with 4 coloured 
bands shown in figure-3.29. 

Figure 3.29 
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Step-I : Always place the resistor in front of you such that 
there is a gap between the .last and second last resistor as
shown in figure-3.29. In this position we start reading the 
resistance value from left to right. The last band indicates the 
tolerance ofresistor as per the values given in above table-3.1. 
In this case it is 10%. 

Step-II : Write the value of color codes from left bands with the 
last band before tolerance band as multiplier value as given in 
above table-3.1. According to the table the color codes for 
orange color is 3 and that for green colour is 5 and the last band 
before tolerance band is ofred colour for which·multiplier is 102 

thus this resistance value is given as 

R=35 x 1020±10% 

With the above method you can check the values of all the 
resistances given in figure-3.602. Only thing to be taken care . 
while using colour coding is to identify the multiplier band 
which is the band immediate left to the tolerance band which is 
kept on right and always there is a relatively large gap between 
tolerance band and multiplier band. 

# Illustrative Example 3.9 

Find equivalent resistance across terminals A and B in the circuit 
shown in figure-3.30. 

30 

A 40 Q B ._, --~------~w-·-~; =e---~-i-----• 
Figure 3.30 

Solution 

The equivalent resistance can be found by reducing the circuit 
by series and parallel combination of resistances step by step 
as shown in figure-3 .31. 

A ill ill B .. , --~-~we-. ----we-.-----~• 

'-----~we-, -----
60 

,l. 

A 60 B ~-~:I,---· ~-
60 
,l. 

.A•----w.-~-----<B 
30 

Figure 3.31 

#lllustrative Example 3.10 

Find equivalent resistance of the circuit shown in figure-3.32 
across terminals A and B. 

IQ 

IQ 

IQ 

A 

Figure 3.32 

Solution 

Equivalent resistance can be found by reducing the above circuit 
by series and parallel combinations as shown in .figure-3.33 
next. 

IQ 

IQ IQ 

10 

A 

rn 

IQ 

A 

IQ 
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j324 

~-----"'-A------\ mw A 2Q B 

A 
In 

B 

Figure 3.33 

# Illustrative Example 3.11 

Calculate battery current and equivalent resistance of the 
network shown in figure-3.34. 

=·24V 
6n 

12n 

Figure 3.34 

Solution 

All four resistors in the given circuit are in parallel because all 
one sid<e and other side terminals of each of the resistors are 
connected on the two sides of battery so equivalent resistance 
of the combination is given as 

Current Electricity] 

A 

100n. 

D 40n 

100n 

Ci+-- 120n 

100n 2s n 

B 

Figure 3.35 

Solution 

(a) In the circuit the resistance 25 n is in parallel to 100 n 
resistance, thus equivalent resistance of these two resistances 
is given as 

I I I 1+4 5 1 
---+--------
R, 100 25 100 100 20 

=> R1 =20Q 

Now the circuit is reduced as shown in figure-3.36(a). 

A 

100n 

ni.----~ 

100n 

C 120n 

20n 
B'---~----' 

(a) 

40n 

Figure 3.36 

A 

100n 

D 

60Q 

B 
(b) 

40!2-

I 1 1 1 1 
- =-+-+-+
R 8 4 6 12 

From above figure we can see that resistance 20_ Q and 100 n 
are in series and in parallel with 120 n. So the equivalent 

. ~ - resistance is given as 

, => R=_ll_Q 
5 

By Ohm's law current through battery is given as 

24 
I= 8/5 

J=l5A 

# Illustrative Example 3.12 

A long resistor between point A andB as shown in figure-3.35 
has resistance of300 n and is tapped at one third points. 

(a) What is equivalent resistance between A and B 

(b) If the potential difference between A and Bis 320 V, what 
will be the potential difference between Band Cl 

(c) Will this change, if the 40 n resistor is disconnected? 

1 I I 2 
-=-+-=--
R2 120 120 120 

=> R
2
=60Q 

Now the circuit is reduced as shown in figure-3.36(b) now Hion 
and 60Q resistances are in series which is in parallel with 40Q 
resistance so the equivalent resistance between terminals A 
and B is given as 

160x40 
R= 160+40 = 32 n 

(b) Current through the circuit is given by Ohm's law as 

320 
J=-=lOA 

32 

Current through branch AB is given as 
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I= 4
0 xl0=2A 

I 200 

Current through branch DB is given as 

1=
120

x2=1A 
z 240 

Potential difference across points BC is given as 

VBC~ I x20=20V 

(c) When 40Q resistor is disconnected, then equivalent 
resistance will be 1600 and current through point A can be 
given as 

320 
I= 160 =2A 

Thus current through branch DB is IA 

and potential difference across BC is given as I x 20 = 20V 

# Rlustrative_Example 3.13 

You need to produce a set of cylindrical copper wires 3.50m 
long that will have a resistance of0.125Q each. What will be the 
mass ofeach of these wires? Given that resistivity of copper is 
1.72 x J0-8 Q-m, densityofcopper=8.9 x 103 kg!m3• 

Solution 

Resistance of conductor is given as 

R= pl 
A 

A= pl 
R 

If Vis the volume of conductor and dis its density then mass of 

coefficient of the compound resistor consisting of the two 
resistors connected, 

(a) in series and 

lb) in parallel 

Solution 

In Series combination at a higher temperature t0 e if the 
equivalent temperature coefficient of resistance is a.

5 
then we 

can write 

R01 (! +.cxif)+ Roz (I +a,t)=Ro(I +cxJ) 

~ R01 (! + cx1t) + R0,(l + cx,r) =(Roi+ R0z) (I+ cx,t) 

~ R01 + Roia,t +Roz+ Roza,t = R01 + R0z + (R01 + R0z)a,t 

·Ro,a, + Rozcxz 
~ ex,= Ro, +Roz 

In Parallel combination at a higher temperature t0e if the 
equivalent temperature coefficient of resistance is Up then we 
can write 

I I 
----=--~-+----
Ro(l+apt) Ro,(l+a,t) Roz(l+cxzl) 

Ro, +Roz ----+----
Ro,(! + cx,I) Roz (I+ Uzi) 

Using the Binomial approximation, we have 

I I I I 
- (!-ext) +-(I -ext) =-(1-cxif) +- (1-cx,t) 
Roz p Ro, p Ro, Roz 

the conductor is given as ~ 

m=(Vd) 

m=(Ald) 

plz 
m=-d 

R 

'(l.72xI0-8 )(3.5)z(8.9x!03) 
m= 

0.125 
m = 15 X J0-3kg 

m".'15g 

# Rlustrative Example 3.14 

Two resistors with temperature coefficients of resistance cx1 

and ex, haveresistances R01 and Roz at 0°C. Find the temperature 

#lllustrative Example 3.15 

Two resistance coils connected in series have resistance of 
600Q and 300Q at 20°C and temperature co-efficient of 
resistances are 0.001 °e-1 and 0.004°C-1 respectively. Find 
resistance of the combination at a temperature of50°e. What is 
the effective temperature co-efficient of combination? 

Solutio11 

In series combination the equivalent temperature coefficient of · 
resistance is given as 
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:13=2=6==============----------------_-_-_-_-- .,_ 
(600)(0.001) + (300)(0.004) 

a = 
eq 600:t-300 

a =0002°C-1 
eq • 

Resistance of the combination at higher temperature cal! be 
given by using the equivalent temperature coefficient of 
resistance as 

R, = R0[1 +ccl0] 

R, = (600+ 300)[1 +0.002 x 30] = 9540 

# Rlustrative Example 3.16 

Figure-3.37 shows a conductor of length/ carrying current I 
and having a_ circular cross-section. The radius of cross section 
varies linearly from a to b. Assuming that (b- a) << I. Calculate 
current density at distance x from left end. · 

Solution .,_ 

Since radius at left end is a and that.of right end is b, therefore 
increase in radius over length/ is (b- a). 

· · (b-a) Hence rate of increase ofradius per unit length= -
1
- . 

Increase in radius ove; !en~ x ~. ( b ~a) x 
Since radius at left en_d is a· so radius at distance x, 

r=a+(b~a)x 

.. Area at_ this particular section A = ~,-2 = ,{ a + ( b ~a) x J 
I ·I I 

Hence current density J = A = -, = [ _ ]' , 1tr - · x(b-a) 
" a+ I . 

-,~Web Refer~nce at ~.physic&giijilll)'.COm 
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Practice Exercise 3.2 

(i) Find the equivalent resistance across terminals A and B 
in the circuit shown in figure-3.38. 

A ' B .m 1m 

8Q 15Q 

20Q " 6Q 

30Q 40Q 

Figure 3.38 

[23.33Q] 

fn") A uniform copperwireofmass2.23 x 10-3 kg carries a 

current of!A when a battery ofEMF I. 7V is applied across its 

terminals. What is the cross sectional area of the wire. If the 

wire is uniformly stretched to double its length, calculate the 

new_ resistance. Density of copper is '8.92 x 103 kg m-3_ and 

resistivityis 1.7 x 10-s !lm. 

[5 X JQ-8 m2, 6,BQ] ,. 

(iii) A rectangular block of metal of resistivity p has 

dimensions d x 2d x 3d. A potential difference Y is applied 

between two opposite faces of the block. 

(a)· To which two faces of the block should the potential 

difference Vis to be applied so that it gives maximum current 

density? Also find this maximum current density. 

(b) To which two faces of the block should the potential_ 

difference Vis to be applied so that it gives maximum current? 

Also find this maximum current 

V' 6Vd 
[(a) 2d X Jd, -; (b) 2d X Jd, -] 

pd p 

Cw) At the temperature 0°C; tile electric resistance of 

conductor 2 in 11 ti.mes that of conductor I. Their temperature 

coefficients of resistance are equal to "2 and a 1 respectively. 

Find the temperature coefficients of resistance of a circuit 

segment consisting of these two conductors when they are 

connected in (a) series (b) parallel. 

(a +tJa ) (a2 +11a1) 
[(a) a, - ' ' · (b) a -~~~] 

I+~ ' I+~ 
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(v) Find the current in 20 resistance 

4Q 2Q 

120V 
3Q 6Q IQ 

4Q 4Q 

Figure 3.39 

(vi') For the given carbon resistor; there are four coloured 
bands on it. First is yellow, second is red, third is orange and 
fourth is gold. What is its resistance ? 

[(4.2 X !03 ± 5%)Q] 

(vii) An electric current of 5A is divided in three branches of 
a circuit forming a parallel combination. The length of the wire 
in the three branches are in the ratio, 2, 3 and 4 and their diameters 
are in the ratio 3, 4 and 5. Find the currents in each branch if the 
wires are made up of the same material. 

[I .40A, 1.66A, 1.95A] 

(viii) In the circuit shown in figure-3.40, calculate the current 

(x) An aluminium wire 7.5m long is connected in parallel with 
a coppeqvire 6m long. When a current of 5A is passed through 

the combination, it is found that the current in the aluminium 

wireis3A Thediameterofthealuminium wire is Imm. Determine 
the diameter of the copper wire. Resistivity of copper is 

0.017µ0-m and that of the aluminium is 0.028µ0-m. 

[0.569mm] 

3.3 Kirchhoff's Current Law(KCL) 

Kirchhoff's Current Law is a fundamental law which deals with 
conservation ofcharges in electrical circuit. In a closed circuit 

containing one or more active sources (patteries or other current 
sources) current flows and at different junctions of circuit 
current divides in different branches of the circuit. Kirchhoff's 

Current Law is stated for current distribution at any junction of 
circuit as 

"According to the principal of conservation of charge, at any 

junction ofan electrical circuit sum of all the currents flowing 

into the junction must be equal to the sum of all the currents 

flowing out from the junction." 

through 30 resistor and power dis~ipated in the entire circuit. Figure-3.42 shows a junction at which 5 branches of a circuit 

m are connected and currents with directions are shown in figure. 

[0.44A, 2W] 

A 

6Q 

2V 
~------< 

+ -

Figure 3.40 

B 

2/Jn 

(ix) In the circuit shown in figure-3.41, find th~ currents in all 
various parts of the circuit. 

2Q 2Q 

IQ 

2Q 

Figure 3.41 

IQ 

2n 

IQ 

2Q 

For this figure according to Kirchhoff's Current Law, we have 

... (3.70) 

1, 

I, 1, 

Figure 3.42 

Equation-(3. 70) can also be written as 

... (3.71) 

As expressed in equation-(3. 71 ), if signs of currents in branches 
is considered then Kirchhoff's Current Law can also be stated 
as algebraic sum of all the currents in all branches meeting 
( outgoing or incoming) at a junction of electrical circuit is equal 
to zero. 
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3.3.1 Applications ofKirchhoff's Current Law 

In article-3.2 we've discussed solving electrical circuits using 
method of series and parallel combinations. In many cases the 
analysis becomes very long if we use series and parallel method. 
Alternative way to solve a circuit is by using KCL. The 
application ofKCL in electrical circuits is similar to nodal analysis 
we've already covered in previous chapter of capacitance which 
we have used in solving capacitive circuits.· 

In appliqation ofKCL for analyzing an electrical circuit we first 
distribute the potentials at different parts of circuit by 
considering a zero reference point which is generally negative 
terminal of the battery. Then for all junctions of the circuit we 
consider variable potentials x,y, z ... etc. and write KCL equations 
to determine the values of these unknown potentials. To 
understand KCL analysis of electrical circuit we will solve an 
illustration. 

Figure-3.43 shows the same electrical circuit which we solved 
in article-3 .2.6 but here we will solve it using KCL. Figure-2.43 
shows the potential distribution_ in circuit. At the junction of 
resistors we considered unknown potential x. 

A sn 
3Q 

0 
·zn 

+1 
I 
14V 

Figure 3.43 

-
B 

To determine the value ofx we will write KCLequation at this 
junction. According to KCL sum of all outgoing currents from 
junction at potential xis always zero so we can write 

x-14 x-0 x-0 
--+--+--=O 

5 3 6 ... (3.72) 

The three terms in above equation are the outgoing currents 
from junction written by using Ohm's law. Solving this equation 
we will get 

6x-84+10x+5x=O 

21x=84 

x=4V 

As the junction potential is known, we can directly wri\e the 
currents in all resistances as 

14-x 14-4 
1 =--=--=2A sn 5 5 

_____ --~- __ - Current Electric.i._ty] 

X 4 
I =- = - =133A 
"' 3 3 . 

X 4 
I =-=-=066A 
"' 6 6 . 

Above currents are saroe which we obtained using series parallel 
airnlysis in article-3.2 but here we obtained these using KCL 
equation. As the current through the battery is calculated, we 
can calculate the equivalent resistance of the circuit by using 
equation-(3.39) as 

V. R = battery 

eq Ioouery 

Here I.batt can be calculated from either side of the circuit. "Y . 
From left it can be given as the current through 50 resistor or 
from right can be given as sum of currents through 30 and 60 
resistOrs. 

14 
R = -=70 eq 2 . 

In upcoming articles we will take more illustrations to understaod 
applications of KCL as in many cases when resistors are 
connected in mixed combination wh

0

ich is neither series nor 
parallel th~ this is the method which will be preferred to solve 
such cases. 

3.3.2 Wheatstone Bridge and its Analysis 

Figure-3.44 shows a specific·combination of five resistors in 
which no two resistors are in series or in parallel connection. 
This specific connection is called a' Wheatstone Bridge' which 
we have already discussed for capacitors. If we wish to determine 
the equivalent resistance of this combination ofresistors then 
it cannot be determined by using method of series and parallel 
combination. This can be solved either by using Kirchhoff's 
Current Law or by other methods we will discuss later. 

R, 

A B 

R, R, 

Figure 3.44 

To understand the analysis ofWheatstone bridge we will take 
an illustration for determining its equivalent resistaoce. Consider 
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:current ei02tfic1!;, .... 
the wheatstone bridge shown in figure-3.45. To calculate its 
equivalent resistance we connect a battery of I 00V across its 
terminals A and B as shown in fignre-3.46 as we know that 
applied battery voltage does not affect the equivalent 

resistance. 

4Q 2Q 

4h 

2Q' 8Q 

Figure 3.45 

To apply Kirchhoff's Current Law for solving the circuit of this 
wheatstone bridge we distribute potentials at all parts of the 
circuit as shown in figure-3.46. We've considered negative 
terminal of the battery at zero potential and positive terminal at 
I 00V with potentials at junctions Mand N atx and y respectively 

shown. 

1, 4Q @M 

V A 
I, 
4Q 

JJ 0 

I, I, 

I ·m (l}N 8Q . I 

+ -

I 
100V 

Figure 3.46 

Now we can write the KCL equations for variable potentials x 
and y. The KCL equation for the junction M can be written 
directly as explained in previous article as 

x-100 x-y x-0 
-4-+-4-+-2-=0 

=> 4x-y=IOO 

... (3.73) 

... (3.74) 

Similarly we can write the KCL equation for junction N_as 

y-100 y-x y-0 
-2-+-4-+-s-=0 

7y-2x=400 

... (3.75) 

... (3.76) 

Solvingequations-(3.74) and(3.76) forvariablesxandy, we get 

550 
x=-V 

13 

and 
900 

y=-V 
13 

To determine equivalent resistance across the terminals A and 

B we use equation-(3.39) which is given as 

Here the current flowing through the battery is the sum of 
currents connected to right terminal of battery or to the left 
terminal of the battery. Thus in above case this current /b,tto,y 

can be given as 

X y 100-X 100-y 
I = -+- = ---+---
bott0'>'28 4 2 

775 
=> /b,tto,y = 26 A 

Thus equivalent resistance of the wheatstone bridge shown in 
figure-3.24 across terminals A andB is given as 

100 104 
R =--=-f.l 

oq (7751 31 
26) 

... (3.77) 

Eqliation-(3.77) gives the equivalent capacitance of the 
wheatstone bridge which we have calculated using Kirchhoff's 
Current Law. As already discussed that this cannot be calculated 
by using series and parallel method because in wheatstone 
bridge resistors are neither connected in series nor in parallel 
combination. There is some specific conditions for a wheatstone 
bridge under which the circuit can be modified which will be 

discussed in next article. 

3.3.3 Balancing Condition ofWheatstone Bridge 

Figure shows a wheatstone bridge connected across a battery 
of voltage V. In this-situation ifwe consider the potentials of 
different parts ofcircuit as shown in the fignre-3.47 and write 
KCL equations for junctions M andN then these are written as 

and 

x-V x-y x-0 -- + - + - =0 ... (3.78) 
-R, R5 R, 

y-V + y-x + y-0 =0 
II, R, R, 

® ---L 

I 

/ 1 R, @ 

I, R, 

1, 
R" 
'· 

0 

+I ,. 
V 

Figure 3.47 

R, 

... (3.79) 

---L ® 

I, 
I 
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In equations-(3.78) and (3.79) ifweusex=ythen it gives 

!!J.=R' 
R2 R4 

... (3.80) 

From equation-(3.80) we can also say that if this ratio holds for 
a wheatstone bridge then for any value of Vthe potential of the 
two junctions in the circuit will be equal and 15 = 0. Thus ifx = y 
then no current will flow through the resistor R5 so even ifwe 
remove this middle resistor branch from circuit then also it will 
not affect the circuit. In that case figure-3.4 7 will reduce to the 
state shown in figure-3.48. 

R, R, 

Figure 3.48 

Now the equivalent 'resistance of this circuit can be easily 
calculated by using series and parallel method. The wheatstone 
bridge in which equation-(3.80) holds is called a 'Balanced 
Wheatstone Bridge' and the ratio in equation-(3.80) is called 
'Balandng Condition' ofa Wheatstone bridge. 

The equivalent resistance of the balanced wheatstone bridge 
after removing the middle branch as shown in figure-3 .48 can 
be given as 

... (3.81) 

3.3.4 Alternative Circuit Arrangements ofWheatstone Bridge 

In previous articles we've discussed solving ofa circuit of five 
resistors connected in a specific fashion called wheatstone 
bridge as shown in figure-3.48. The connections ofresistors in 
combination of wheatstone bridge can be drawn in different 
ways and sometimes students get confused whether the given 
circuit is a wheatstone bridge or not. Figure-3.49 shows different 
ways in which a wheatstone bridge can be drawn as a part of 
capacitive circuit. 

R, 

A-

R, 

M 

R, 

N 

(a) 

R, 

'---"B 

R, 

A• y/r, 

R, 

A 

R, 

N 

M 

N 

(b) 

,~1 . .. 
-.~ 

N ........ 

I R, 

R, 

(c) 

(d) 

R, M 

R, 

N 

(e) 

R, 

B 

R, R, 

R, 

(f) 
Figu.re 3.49 

# lllustrative Example 3.17 

Current Elec!tleityJ 

',\\ •B 
R, 

R, 

. 

B 

M 

ABCD is a square where each side is a uniform wire ofresistance 
one ohni. Find a point Eon CD such that if a unifor:m wire of 
resistance In is connected across AE and a constant potential 
difference is applie4across A and C, the pointsB andEwill be 
equipotential. 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



; - -····--··~*-,---. - -
; Current Electricity 

Solution 

The situation is shown in figure-J50. 

IQ 
A~-----'i't.---- B 

IQ IQ IQ 

E 
D C 

i.---- xn----.... -------.i 
(I -x)Q 

Figure 3.50 

The points B and E will be equipotential, when effective 
resistance across AE = effective resistance across CE because 
resistance across AB and BC are same so.it will be a balanced 

state ofwheatstone bridge which happens when 

(I+ x)(I) 
(l+x)+(l) =(I -x) 

Solvingwegetx= (Fz-1) 

1-x= 1- (fz-1) =2- .Jz = .Jzc.Jz-1) 

CE 1-x Fz(Fz-1) .Jz 
ED=~= (fz-1) I 

# Illustrative Example 3.18 

A constant voltage V = 25V is maintained between points A and 
B of the circuit as shown in figure-3.51. Find the magnitude and 
direction current flowing through the wire CD if the resistances 
are equal toR 1 = ID.,R2 =20.,R3 =30. andR4 =40.. 

C R, 

A B 

R, 

D 

Figure 3.51 

Solution 

Figure-3.52 shows the potential distribution at different junctions 
of the circuit. 

33·1·1 --------.c.fil 

A 
@ >--

IQ C 

0 

20 

D 

I 

I 25V 

Figure 3.52 

m 

B - @ 
40 

To calculate the potential x at junction CD we write KCL 

equation for x as 

x-25 x-25 x-0 x-0 
--+--+--+--=0 

I 2 3 4 

~ 12x-300+6x-150+4x+3x=0 

~ 25x=450 

450 
~ x= 

25 
=18V 

Thus current through I W resistance is given as 

25-18 
l =--=?A 

l<l I 

and 
18-0 

l =--=6A 
3'l 3 

Current in branch CD is given as 

lcn =lin - /30=7-6= IA 

#Illustrative Example 3.19 

Calculate the steady state current in the 20. resistor shown in 
the circuit in figure-3.53 and steady state charge on the capacitor. 

20, 

30 
C~ 0.2 µF 

40 
+ -

V~6V 2.80 

Figure 3.53 

Solution 

To solve the circuit we distribute potentials in circuit as shown 
in figure-3.54. As we know that in steady state no current flows 
through a capacitor thus in any circuit ifwe find a capacitor 
connect in any branch we can consider zero current in that 
branch in steady state after the capacitor is charged. Thus in 
middle branch of this circuit we consider zero potential drop 
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across 4!1 resistance as shown. Writing KCL equation f?r x Solution 
gives 

x x-6 x-6 
-+--+-- =O 
2.8 2 3 

~ 6x+8.4x-50.4+6.6x-336=0 

20x=84 

84 
x=-=4.2V 20 -

m 

m 

-

® 
O.~rF 4Q f------L 

0 
-

I 
I 
6V @ 2.8Q 

Figure 3.54 

Thus current in 2!1 resistance is 

0 

6-x 6-4-2 1.8 
L =~=------=-=09A 
"'· . 2 2 2 . 

Steady state charge on capacitor 

q= C(6-x) 

q =0.2x \()-Ox 1.8 

q =0.36x IO-OC=0.36µC 

# Illustrative Example 3.20 

Find the equivalent resistance and current in 60. resistance in 
the circuit shown in figure-3.55. 

IOQ 6Q 
" 

X 20Q 
y 

SQ m 

16Q 

IQ 1 60V 
I 

Figure 3.55 

As the wheatstone bridge shown in above circuit is balanced, 
we can remove its middle branch.After this remaining resistances 
of 16!1, 8!1 and 16!1 will be in parallel for which the equivalent 
resistance can be given as 

(
II!)-' 

R = -+-+- + I =5!1 
,q 16 8 16 

Current supplied by the battery is given as 

V 60 
/=-=-=12A 

Req 5 

In the ·circuit 12A will be distributed in the three branches in 
parallel. The potential drop across the three branches in parallel 
is given as 

Thus current in top 16W resistance branch is given as 

V XY 48 
I,.,.= l6 = 16=3A 

We have.solved this question by series and parallel analysis 
which is simpler here but students must also try solving this 
questio~ by using KCL by distributing potential and verify the 
results as it is essential to understand in which case which 
method is to be preferred. 

# Illustrative Example 3.21 

In a Wheatstone's bridge a battery of 2V is used as shown in 
figure-3.56. Find the value of the current through the middle 

branch in the unbalanced condition of the bridge when P= 1!1, 
Q = 2!1, R = 2!1 and S = 3!1 and resistance of middle branch BD 
is4!1. 

B 

P. 
m m 

A 4Q C 

m 3Q 
R s 

D 

E 

2V 

Figure 3.56 
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Distribute of potential is shown in figure-3.57 

0 

0 40 

20 

0 

2V 

Figure 3.57 

KCL equation for x and y are 

x x-y x-2 
-+·--+-- =0 
2 4 I 

7x-y=8 

and 2'.+ y-x + y-2 =0 
3 4 2 

=:, 13y-3x=l2 

(3.82) x 3 + (3.83) x 7 gives 

88y=108 

m 

m 

108 27 
y= 88 = 22 V 

from equation-(3.82) we have 

® 

... (3.82) 

... (3.83) 

27 +8 
x= y+8 = n__ = 203v 

7 7 154 

Thus current in middle branch is given as 

203 27 

·I =x-y=J54 22 
40 4 4 
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Practice Exercise 3.3 

(i) Two points A and B are maintained at a constant potential 

difference of ll 0V. A third _point is connected to A by two 

resistances of!00W and200W in parallel, and toB bya single 

r"<\istance of300W as shown in figure-3.58. Find the current in . 

each resistance and the potential difference between A and C 

and between C and Busing Kirchhoff's Current Law. 

C 

1000 3000 

2000 

A~---------'1----~B 
llOV 

Figure 3.58 

[0.33A, 0.2A, O.IA] 

(ii) Find the equivalent Resistance between A and B. 

R 

[R] 

R 

R 

R 

AB 

Figure 3.59 

(iii) Calculate magnitude ofresistanceXin the circuit shown 

in figure-3.60 when no current flows through the sn resistor? 

6V 60 

X IBU 

m 

Figure 3.60 

[60] 
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(IV) In the circuit shown in figure-3.61, calculate 

36V 

6Q m 

3Q 6Q. 

.. 
Figure 3.61 

(a) Potential difference between points a and b when switch 
Sis open. 

(b) Current through Sin the circuit when Sis closed. 

[(a) v., - -12\l, (b) 3A from b to a] 

(v) In the circuit shown in figure-3.62 the reading ofideal 
anuneter connected as shown is same with both switches open 
as with both closed. Then find the resistance R. 

100n 
A 

·,, 
1 

I 
R son 

+1 

' 300Q . I.SY 

Figure 3.62 

[600Q] 

(VI") For the following diagram the galvanometer shows zero 
deflection then what is. the value of R ? · 

R 

" 

~------~----{• 
E K 

Figure 3.63 

(2SQJ 

____ -_C_u_rr_e_nt Electricity] 

(vb") Find the equivalent resistance of the circuit shown in 
figure-3.64 across terminals A and B. Each resistance in this 
circuit is of resistance R. 

A B 

Figure 3.64 

[R/2] 

(viii) Find current in the branch CD of the circuit shown in 
figure-3.65. 

~ 

A 

(!SA] 

B 
2Q 2Q 

2Q 

m 
C 

I 

' 30V 

Figure 3.6S 

3.4 Symmetry Circ11its 

D 
~ 

A group of resistors which have some symmetry in connections 

as weU as in values ofresistances nsed then such a circuit is 
caUed symmetry circuit. Due to symmetry in resistances and 

connections by some means we can reduce the analysis of 
circuit while using KCL or by using series and paraUel method. 
The analysis is similar to what we've already discussed in 
symmetry circuits for capacitances studied in article-2.5. We 
will discuss the analysis ofsymmetryresistive circuits by using 
some illustrations. Figure-3.66 shows some circuits which are 
considered under the category of symmetry circuits. In 

upcoming articles we'U discuss how to solve such circuits. 

R 2R 

A R B 

2R R 

(a) 
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R 
R 

R 

R 

R 
R 

R 

R 

(b) 

R 

(c) 

R 

R 

R 

R 

R 

R 
R 

R R. R R A--t-'M--t-'M--t-w.+-w.,+~B 

R 

A 

R 

R 

R R 

(d) 

(e) 

R 

R 

(f) 
Figure 3.66 

R 
R 

B 

R 

R 

-----·-·· 1 
336, 

3.4.1 Solving Symmetry Circuit by using KCL 

It is better to understand solving symmetry circuits by using 

some illustrations. Figure-3.67(a) shows an unbalanced 

wheatstone bridge for which we will determine the equivalent 

capacitance. To apply KCL on this circuit we connect a I 00V 

battery across theterminals A and Bas shown. 

Similar to the analysis of wheatstone bridge done in case of 

capacitive circuits, in this case also we distribute the potentials 

to all parts ofcircuit. We start by considering negative terminal 

of battery as a reference at zero volt and positive terminal at 

IO0V but instead of junction node potentials x and y here we 

consider potential x and (100-x) as shown in figure-3.67(b) 

because of symmetry of resistances in the circuit. 

2Q 5Q 

A lOQ B 

5Q 

(a) 

lOQ 
s@ 

I 
5Q @ 2Q 

I 

L_ ____ _:+~ ~-~--~-1--__J 

100V S 

(b) 
Figure 3.67 

Ifwe carefully look at the above circuit then we can see that left 

terminal of battery is connected to 2n and sn resistors and 

right terminal of battery is also connected to 2n and sn resistors 

on other side. Thus by symmetry we can state that the current 

supplied by battery on one side and drawn on the other side 

will be same on same value ofresistances hence the potential 

difference across left sn resistor and right sn resistor must be 

same and this is true for other 2n resistor also. 

If potential at lower junction is considered x then this would be 

the potential difference acrnss lower 2n resistor and same would 

·be across the upper 2n resistor, As on left side ofnpper 2n 
resistor we are considering potential to be I Q0V, on right side of 

it the potential must be (100 -x) to keep potential difference 
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--across it to be equal to x. With this qualitative logic we have 
reduced one variable from this circuit so now we need to write 

only one KCL equation for calculation of unknown potential x 

which is written as 

x-100 2x-100 x 
-5-+ 10 +z=0 

9x=300 

100 
x=-V 

3 

Now equivalent resistance of the wheatstone bridge can be 
calculated by using equation-(3.39) as 

. ~ 

Viattery R =-
es I,.,,,,, 

10 
-Q 
3 

Unlike to the analysis of wheatstone bridge we discussed in 
article-3.3.2 in above case the circuit is solved by using a single 

variable potential instead of two at the two junctions. 

This is the advantage of analyzing symmetry in circuits. We will 

now consider another illustration to understand similar 

application on a symmetry circuit. 

Figure-3.68 shows a symmetry circuit containing 12 resistances 
each of resistance R. Using KCL we will calculate the equivalent 
resistance of this circuit across tenninals A andB. The analysis 
is somewhat similar to what we discussed for the similar 
capacitive circuit in article-2.5.1. 

A B 

R 

Figure 3.68 

-c--·1E1-1i1""'1yJ urren ec c, _ 

To analyze the above circuit we connect a I 00V battery across 
the circuit as shown in figure-3.69 and distribute potentials at 
various parts of circuit considering zero potential reference at 
negative terminal of the battery. As shown in figure-3.69, by 
sym\Iletry if at junction P potential is considered x then using 
mirror symmetry about the center line of circuit, at node junction 
Q also potential will be considered as x. 

As right terminal of battery is connected to three resistances 
on the right side and left terminal is connected to three 
resistances on the left side, currents in respective resistors at 
left and right sides must be same so potential at junctions Rand 
Scan be considered as (100-x) as shown. The junction at the 
center O is symmetrically located at the center of circuit which 
must have same potential difference with terminal A and B of 
circuit hence potential at node junction O is considered as 50V. 

B ® 

+ 1-'-'-___ _,_ __ ..J 

s IOOV 

Figure 3.69 

In above figure-3.69, we can see that due to symmetry there is 
only one variable potential in this circuit and to determine the 
value of x, KCL equation is written for the junction.Pas 

x-(100-x) + x-50 + x-0 =0 
R R R 

4x=l50 

150 75 
x= 4=2V 

... (3.84) 

Now we can determine the equivalent resistance of the given 
circuit by calculating the ratio of battery voltage to the current 
flowing through.battery which is given as 

v,,,,., 100 

R,q= 100,,,, = (~+~) 

... (3.85) -
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Equation-(3.85) gives the resistance of the symmetry circuit 

shown in figure-3.68 which is calculated by using KCL. This 

can also be solved byusing series and parallel method by joining 

or isolating equipotential points to modify the circuit. This 

method we have already discussed in previous chapter of 

capacitance in article-2.5.2. Students are advised to solve the 

same circuit shown in figure-3.68 by using that method and 

verify the result. It has already been explained that the preferred 

method will always be to use KCL rather using the modification 

of circuit by joining or isolating equipotential points. 

3.4.2 Ladder Networ!< Circuits 

Figure-3.70 shows a resistive circuit in which a section of two 

resistors as shown by dotted closed curve is repeatedly 

connected infinitely. Such circuits are called 'Ladder Networks' 
or 'Ladder Circuits'. Similar circuitswe've already studied in 

previous chapter of capacitance in article-2.4.7. 

R,._ R R 

B--'---'-'y~'-.-~--~~--

Figure 3.70 

To solve such cirqµits for equivalent resistance, we first consider 

that the equivalent resistance of the circuit across terminals A 
and B in above figure is given as RE then for infinite sections 

connected one after another, if one section is removed then 
also the remaining resistance of the circuit across terminals X 

and Y can be considered as RE as circuit across terminals X and 

Y as shown in figure-3.7l(a) is identical to that shown in 

figure-3.70. 

(a) 

A 
R X 

RE--:--"" R R, 

B 
y 

(b) 

Figure 3.71 

... - - 33fl 
. --- ------ .J 

Thus the circuit after terminalsXYin figure-3.70 can be replaced 

bya single equivalent resistance RE as shown in figure-3.71 (b) 

and it can be solved using series and parallel method which 

gives the value of RE by considering RE in parallel with Rand 

then this group in series with another R connected in top branch 

which is given as 

R2 -RR -R2 =0 · E E 

. .. (3.86) 

The expression given in equation-(3.86) is the equivalent 

resistance of the ladder circuit shown in figure-3. 70. In this 

expression we have discarded the root of quadratic equation 

with positive sign as the equivalent resistance cannot be more 

than twice the value of Ras it is equivalent resistance of one R 

in series with another resistance which is having a value less 

than R. We will take more illustrations to explain the similar 

concepts in rriore details. 

# Illustrative Example 3.22 

Find the equivalent resistance across the terminals A and Gin 

the circuit shown in figure-3. 72. Each resistance in circuit is R. 

R 
H G 

R 

R 
R 

E F R 

R R 

R C 
D R 

R 
R 

A R B 

Figure 3,72, 
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Solution 

To find the equivalent resistance of_ the circuit, we connect a, 

l00V battery across the .terminals A and G and distribute . 

potentials at different junctions of the circuit as shown in 

figure-3.73. 

0 R 1, 
® G 

1, 1, 

0. 
R 

E R 

Q]G:) F R 

R R 

R 
10 -x 0 

C 1 
D R 

1, R 

·@ 1, 

A 1, R 

1 

+ -- 100V 

Figure 3.73 

To find th~ junction potential x we write KCL equation as 

·x x-(100-x) x-(100-x) - + -~-~ + -~-~ =0 
R- R R 

~ 5x=200 

~ x=40V 

Equivalent resistance of the circuit across points A and G is 

given as 

v..,ite,,, 100· 
R =--=-
,. I""""" 311 

l00R R =--· 
'" 3x 

# Rlustrative Example 3.23 

Find the equivalent resistance across the terminals A and C in 

the circuit shown in figure-3. 74. Each resistance in circuit is R. 

Current Electr@IYi 

R 
H 

R 

R 
E 

·F R 

R 

R 
D C 

A R 

Figure 3.74 

Solution 

To find the equivalent resistance of the circuit, we connect a 

IO0V battery across the terminals A and C and distribute 

potentials at different junctions of the circuit as shown in 

figure-3.75. 

R 

R 

1, 

e) 1, 

A 1, 

1 

R 

F@) 

R 

@ 
D 

R n® 

+ -
·IOOV 

Figure 3.75 

R 

® 

1 

To find the junction potential x we write KCL equation as 

x ·(x-:-50) (x-50) -+ -- + -- =0 
R R -R 

3x=l00 

100 
x=-v 

3 

/· 

Equivalent resistance of the circuit across points A and C is 
given as 
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100 R 

R"' = 2(50)+ 100 = 1+1/3 
R 3R 

3R 

4 

# Rlustrative Example 3.24 

Find the equivalent resistance across the terminals A and Bin 
the circuit shown in figure-3. 76. Each resistance in circuit is R. 

H R G 

R 

El'--_,,,-.-+----Fo.ef 
R 

R 

C 
R 

R B 

Figure 3.76 

Solution 

To find the equivalent resistance of the circuit, we connect a 
I00V battery across the terminals A and B and distribute 

potentials at different junctions of the circuit as shown in 
figure-3.77. 

c@B) 0 
H R G 

R 

E 
I, I, 

C!QG) F0 R 

R 

R 00 X 0 
D C 

I, I, R I, 
@ I, 

® A I, R B 

I I 

+ -
lOOV 

Figure 3.77 

To find junction potentials we write KCL equation for x as 

x x-y x-(100-x) 
-+--+-~-~=o 
R R R 

4x-y=IO0-(l)x4 

To find junction potentials we write KCL equation for y as 

y-x y-x y-(100-y) 
-- + -- + =----'--~ =0 

R R R 

4y-2x=I00-(2) 

14x=500 

250 
x=-V 

7 

Equivalent resistance of the circuit across points A and B is 
given as 

100 vba""" 
R"' = -- = I, +212 

/battery 

100 700R 
R"' = 100 

2 
150 - -12_0_0 

-+ x-
R 7R 

7 
R =-R 

"' 12 

# Rlustrative Example 3.25 

Find the equivalent resistance across terminals A and B as shown 
in figure-3. 78. Each resistance in circuit is R. 

A B 

Figure 3.78 

Solution 

To find the equivalent resistance pf the circuit, we connect a 
lO0V battery across the terminals A and B and distribute 
potentials at different junctions of the circuit as shown in 
figure-3.79. 
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,, ' 

I, 

R @ 

+--===,--w.-----':~--W,~---,0 <1Q.G) 

I I 

10qv 

Figure 3.79 

To find junction potentials we write KCL equation for x as 

x x-50 x-(100-x) :.__-
0 

. 
~+--+ -~--~ 
R R R · 

4"=150 

. 75 
x=-V 

2 

Equivalent resistance of the circuit .across points A and B is 
given as 

100 JOOR 
R,,, = 2x 3(50-0) 75+150. 

·-+-~-~ 
.R R 

# Illustrative Example 3.26 

Eight_identical resistances r each are connected as shown in 
figure-3.80. Find equivalent resistance between A andD. 

Figure 3.80 

Current Etectrici!}'j 

Solution 

To find the equivalent resistance across A and D, we connect a 
l00Vbatteryand distribute potentials as shown in figure-3.81 

@ 

IOOV 

Figure 3.81 

To calculate unknown potential we write KCL equation for x as 

x-0 x-50 x'-(100-x) ,· 
·--+--+-~-~ =0 

r r r 
4"=150 

75 
x=-V . 2 

Current through battery is given as 

X [QQ 50 75 [50 
l = -+-+- = -+-

battery r r r 2r, r 

375 l =--
battery _2r 

Equivalent resistance across terminals A and D is given as 
i! . • 

· -Vb,ttezy l00x2r Br 
R =--= =-
' " I " , 375 15 batte,y 

# Illustrative Example 3.27 

In the circuit s~own in figure-3.82, find the current through 
battery and current in SQ resistances. 

- m m 

8Q 

2n 

s,., 

IOQ 

SQ 
!OQ 

m 

I ~L 
I 
48V 

FJgure 3.82 

'. 
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Solution 

We distribute potentials in cir~uit as shown in figure-3.83, by 
symmetry we can see that no variable is used here 

:m @ 2n 

IOU 
sn sn 

(§) 
IOU 

@ 

2!l 2Q 

@ 

' I 48V 

Figure 3.83 

we can see that current in resistances are 

24 
L = - =12A 
2!l 2 

24 
L = -=3A 
Rn 8 

Current through battery is 

Ib,tt,ry = 21:,n + /80 =2 x 12+ 3 =27A 

# Illustrative Example 3.28 

What is the equivalent resisiance between the terminal points 
A andB in the circuit shown in figure-3.84. 

Figure 3.84 

Solution 

The circuit shown is an unbalanced wheatstone bridge with 
symmetry similar to the illustration we've solved in article-3.4.1. 
To analyze this circuit, we connect"a I OOVbattery and distribute 
the potentials at different junctions of the circuit as shown in 

figure-3.85. 

--------~- 0 '"' _____ 3j1j 

A @ IOU @y IOU -

IOU IOU IOU 

- @ B 

'ton 0 IOU 

,IOOV 

' 
Figure 3.85· 

To find the unknown potential x we write KCL equation as 

x-0 2x-lOO x-100 
IO+ IO + ~ = O 

7x=300 

300 
x=-V 

7 

Current through the battery is given as 

I =~+ 100-x 
1
"'""' IO 20· 

I = 30017 + 400/7 = 50 
=> '"'"' 10 20 7 .A 

Equivalent resistance of the circuit is given as 

100 
R,q= 5017 = 14Q 

# Illustrative Example .3.29 

Find the equivalent resistance of the infinite ladder circuit shown 
in figure-3 .86 across terminals A and B. 

2n 2.Q ____,.. to co 

B----L------'------'--
D 

Figure 3.86 

Sol11tio11 

If equivalent resistance across terminals A and Bis considered 
as R

0 
then across points C and D also toward right of it the 
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network resistance will be same so· we reduce the circuit as 
shown in figure-3.87. 

A 
3Q C 

R,-+ 2Q R, 

B 
D 

Figure 3.87 

Using series and parallel combination the equivalent resistance 
of this circuit is given as 

=> 

=> 

R=3+2Ro 
0 2+Ro 

2R0 +R5=6+5R0 

RJ-3R0-6"".0 

R = 3±..,J9+M = 3+./ii Q 
o 2 2 

rw_···--7~?>-- .- ... - _- _____ , __ , I W~b Ref~r~nceatwww.physicsg_,ilwr:com 

) ·~eGrci~j>-Gtade1l &12 j'.Agid7-19Years 
l SectioA~.J;iltECJR[C Cl.JRREN'l;&CIRCUITS 

j. 'To·p· i. it,(_.,,. ii. fUib\.nal ysis 
Modu\e:Number-.12to 17 

~,~,::::~: .•. _. ------~~~-------

Practice Exercise 3, 4 

(i) In the network of resisiances shown in figure-3.88. 
ABCDA is a uniform circular wire ofresistance 2Q. AOC and· 
BOD are two wires along two perpendicular diameters of the 
circle, each having same resistance In. A battery of voltage E 
is inserted in one quadrant of the network as shown in figure. 
Calculate the equivalent resistance of the network across the 
battery. 

15 
[-QJ 

14 

B 

At-----+
0
,,----IC 

E 
r 

D 

Figure 3.88 

......... ----- Cu_rrenf l'!(ectiiJJIR 
(ii) Determine the current I supplied by the battery in the 
circuit shown in figure-3.89, where each resistor has a resistance 
of3Q. 

Figure 3,89 

(iii) Fig.ure-3.90 shows five identical wires connected in 

symmetrical zig-zag fashion between points A and F. What will 

be the change in the resistance of the circuit between A and F if 

two similar identical wires are added as shown by the dashed 
line in figure-3.90. 

F 

A C E 

Figure 3.90 

[Final Resistance becomes 0.6 times that of initial] 

(iv) The figure-3 .91 shows a network ofresistor each heaving 
value 120. Find the equivalent resistance between points A 
andB. 

A B 

Figure 3.91 

[9QJ 

(v) Nine wires each of resistance r are connected to make a 

prism as shown in figure-3.92. Find the equivalent resistance of 
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the arrangement across terminals (a)A andD (b)A andB 

8 3 
[(a) -r (b) -

5 
r] 

15 

D 

C 

Figure 3.92 

(vi) An infinite ladder network of resistances constructed with 

IQ and 2Q resistances as shown in figure-3.93. 

Figure 3.93 

The 6V battery between A and B has negligible internal 

· resistance. 

(a) Calculate the effective resistance between points A and B. 

(b) What is the current that passes through the 2Q resistance 

nearest to the battery? 

[(a) 2Q (b) l.5AJ 

(viii) Find the equivalent resistance across terminals A andB 
in the circuit shown in figure-3.95. 

X y 

Figure 3.95 

(ix) Find the equivalent resistance across terminals A andB 
in the circuit shown in figure-3.96. 

40 
r-Q1 

9 

Figure 3.96 

(x) A network ofnine conductors connects six points A, B, 

C, D, E and Fas shown in figure-3.97. The figure denotes 
(vii) Find the equivalent resistance of the circuit between 

resistances in ohms. Find the equivalents resistance between A 
points A and B shown in figure-3.94 is: (each branch is of andD. 

resistance= IQ) 

[ 22n l 
35 

. Figure 3.94 

[IQ] 

A 

IQ 

Figure 3.97 
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3.5 Circuits Co11tai11i11g More tha11 011e Battery 

In previous articles we've analyzed different resistive circuits 

and understood the applications ofKCL for solving the circuits. 

In all the circuits discussed till now a battery was connected 

across a group of resistors connected in series, parallel or mixed 
combinations. In thi~ section we will discuss advanced circuits 

in which there may be two or more batteries connected with 

some resistors in circuit which may or may not be in any 

combination. Such circuits are also analyzed and solved by 

using KCL. We will discuss and understand the method of 
solving such circuits with an illustration. 

Figure-3.98 shows a circuit in which two batteries and three 
resistors are connected with two switches which are initially 
open. When the switches are closed, current will start flowing 

in the circuit and these currents we will determine using 

Kirchhoff's Current Law as described further. 

!SY -
+ 

sQ 

!OQ 

!SQ 

Figure 3.98 

+ 
- 30V 

To start with KCL we need a reference point in circuit at zero 

potential. In case of single battery connected across the group 

ofresistances we consider zero potential at negative terminal of 

the battery and distribute potentials at different parts of circuit. 

In cases of multiple batteries we can take any one battery's 
negative terminal as a reference ( or any other point can also be 

taken). Figure-3.99 shows the potential distribution in the circuit 
by considering negative terminal of30V battery at zero potential. 

Here at the junction at which we've considered potential xis at 

the positive terminal of! 5V battery thus potential at its negative 
terminal will be (x-15). 

~ SQ 

!SY -
+. 

@ 

!OQ 

!SQ @ 

Figure 3.99 

I:o determine the unknown potential x, wewriteKCL equation 
for the this junction at which three wires are connected and we 
write the sum of outgoing currents from the junction is equal to 
zero thus we have 

x x-30 · x-15-30 
-+--+---=0 
15 10 5 

!Ix =360 

360 
x=uv 

Current Electricity l 

As the unknown potential is obtained, we can write current 
from any branch of circuit as 

(
360 45) 

x-45 II 27 
1sn = -5- = 5 =- II.A 

(
360 30) 

x-30 11 3 
Iwn = IO = 10 = 11 A 

X 360 24 
1,sn= 15 = llxl5 = IIA 

Negative sign in current through 5W resistor indicates that the 
direction is toward the junction as for KCL we took all directions 
in outward direction. 

Like the application we have already discussed in nodal analysis 
of capacitive circuits, in case of KCL also if any circuit is 
containing more than one battery then we should be careful 
that only qne point we need to consider in circuit as a zero 
potential reference and then distribute the potentials to all parts 
of circuit and write KCL equations for all the unknown potentials. 

Once potential ofall parts of circuit are obtained, current in any 
branch of the circuit can be directly calculated by using Ohm's 
law. 

3.5.1 Branch Manipulation in Resistive Circnits 

Similar to the case of capacitive circuit, in resistive circuits also 
we can apply branch manipulation method to reduce number of 
components in one branch ofcircuit as in series combination 
through out the branch current is same so there would be no 
effect on circuit if order of circuit components are changed in 
the same branch as shown in figure-3.100. 

In sortle of the illustrations coming up further, we will see this 
application. 

4Q 20V 7Q ... .,, ,, + - ••. 

(a) 

20V 

----+I - !In 

(b) 

Figure 3.100 
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# ll/ustrative Example 3.30 

In the circuit shown in figure-3.101, find the potentials of A, B, 
C and D and the current through IQ and 2Q resistance. 

'~,,\i 
lOV 

r 
2V 

DL_--w.----'iA 
2Q, 

Figure 3.101 

Solution 

Distributing potentials as shown in figure-3. I 02 

®ic--~lw.Q--~® 
C B 

lOV sv 
2V 

Figure 3,102 

As all potentials are known currents in resistance can be given 

as 

5-2 
-'in= -

1
- = 3A (left to right) 

and 
15-0 ½a= -

2
- =7.5A(lefttoright) 

# Illustrative Example 3.31 

Find the current flowing through the resistanceR1 of the circuit 
shown in figure-3.103. The resistances are equal to R1 = IOQ, 
R

2 
= 20Q andR

3 
= 30Q and the potentials of points I, 2 and 3 

are given as V1 = IOV, V2 = 6V and V3 = 5V. 

_______ __,,,,,,. 

3,45'1 - ---- . . ·- -------'='-' 

2 

R, 

0 

R, 

3 

Figure 3.1~3 

Solution 

Considering potential at junction Oto be equal to x as shown in 
figure-3. I 04 and writing KCL equation at this junction, we have 

x-10 x-5 x-6 
--+--+--=0 

10 30 20 

6x-60+2x-10+3x-18 =0 

!Ix =88 

x=8V 

V2 =6V 
2 

20n 

Figure 3.104 

Current through R I is given as 

# Illustrative Example 3.32 

In figure-3, 105, if the potential at point Pis IO0V, what is the 
potential at point Q? 

Q 
3.on 

W, 

15Vt 

2,0Q I W, p 

Figur·e 3.105 
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Solution 

The current in loop can be directly calculated by considering 

the two resistances in series using branch manipulation which 
gives 

150-50 
I= 

2 
+ 

3 
= 2A (anticlockwise) 

If potential at point Q is VQ then potential at the bottom terminal 

of the 150V battery will be (VQ + 150) and the r,otential drop 

across 21.1 resistance is given by Ohm's law which gives the 

potential ofpointPwhich can be written as 

VQ+ 150-20 x 2= VP 

=> VQ= Vp-110=-IOV. 

Above solution we analyzed by using Ohm's law and.writing 

the equation of potential drop. Students are advised to soJve 

"'"''' 

4V @ 0.lQ 

® 4V @ 0.2Q 

A 4V @ 0.3Q 

2.0450 

Figure 3.107 

Thus current in 2.045W resistor is given as 

I= _x_ = 3.895 = 1.9A 
2.045 2.045 

Current EiegtM•i~ 

@ 

B 

Above. can be directly analyzed by using the combination of 
cells which we will study in upcoming articles. 

# Rlustrative Example 3.34 

this question by using KCL by considering potential x at point.· Find the current in 41.1 resistance in circuit shown in figure-3.108. 
Q and then writing KCL equation for x and verify the result 
obtained. 

# lllustrative Example 3.33 

Three 4V batteries are connected with resistance 0.11.1, 0.21.1 

and 0.31.1 are connected in series with .a 2.0451.1 resistor as 

shown in figure-3.106. Find current in 2.0451.1 resistance. 

4V 0.lQ 

4V 0.2Q 

A 4v o.m 
1-------wr--B 

2.0450 

Figure 3.106 

Solution 

Distributing the potentials as shown in figure-3.107, we write 
KCL equation for unknown potential x as 

x-4 x-4 x-4 x 
--+--+--+-- =0 

0.1 0.2 0.3 2.045 

Solving above equation we get 

x=3.895V 

,!OV ---,.1---~-----2Q 

2Q 4Q 

L_ _____ .L__~I 'I--~ 
1.iov 

Figure 3.108 

Sol. Distributing potentials at junctions of circuit as shown in 

figure-3.109, we write KCL equation for unknown potential x as 

x x-20 x-10 
-+--+--=0 
4 2 2 . 

=> x=12V 

@) ,l0V ® 2Q ,, 
2Q 4Q 

' 
0 

e----,. 
'20v ~ 

Figure 3.109 

The current in 41.1 resistance is given as 

12 
I= -=3A 4 . 
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Practice Exercise 3. 5 

(i) Find the current in 5Q resistance in circuit shown in 
figure-3.110 

ion ,10v m 
r-..:,C,,l,--r---1,>---.---'{,fc--, 

IOQ 

IOQ • -:40V 

Figure 3.110 

[4.8A] 

(it") For what value of battery voltage Ethe potential of A is 
equal to the potential of B? 

[~:J' 
SQ 

Figure 3.111 

[SV] 

(iii) Find current ln 4Q resistance in circuit shown in 
figure-3.112 

[SA] 

m 120v 
r--4Vv--~--,, 

4Q 

m 
·2ov 

___, ,,__ __ ~2n 

IOV 

Figure 3.112 

m 

(iv) In the circuit shown in figure-3.113 find potential 
difference between the point A and B and the currents through 
each branch. 

m IV 

m m 
A ~ m V 

Figure 3,113 

[2V, IA, 0, IA] 

(v) Find current in I on resistance in the circuit shown in 
figure-3.114. 

10 
r-AJ 

7 

SW 

40V m 

10n 

m 
20V 

IOV 

Figure 3.114 

(VI") Find the currents in different resistors shown in 

figure-3.115. 

m 8Q 

4Q 

2Q 

Figure 3.115 

[ zero in all resistors J 

(vii) In the circuit shown in figure-3.116, find: 
(a) The current in the 3Q resistor 

(b) The unknown emfsE1 andE2 

(c) The resistance R 

2A R 

E, E, 
+1 i+ 

I I 

4Q 3Q 

Figure 3.116 

[(a) 8A (b) 36V, S4V (c) 9Q] 
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(viii) Calculate the potentials (?f pointsA,B, C andD as shown 
in figure-3 .117. What would be the new potential values if 
connections of 6V battery are reversed ? 

12V In 

G ov 2Q 

-= 

6V 
3Q 

Figure 3.117 

[12V, 9V, 3V, .f,V and 12V, !IV, 9V, 6V] 

3. 6 EMF and Grouping of Cells 

A 

B 

C 

D 

Any device which can continuously supply energy to ffow 
current in electrical circuits is called an 'Electromotive Force'. 
Such devices (EMFs}transform energy from non-electrical form 
to electric forms like some of the devices listed below. 

Battery: Transforms chemical energy to electrical energy. 
Generator: Transforms mechanical energy to electrical energy. 
Nuclear Reactor : Transforms nuclear energy to electrical 
energy 

The term EMF as a standard is referred to the open circuit 
. potential difference of such devices like a battery is ofEMF 5V, 
IOV, 20V etc. 

Mostly in electrical circuits at low voltages we use batteries or 
cells. In general a battery is an enclosure in which two or more 
cells are connected across the terminals. Next we will discuss 
the characteristics of an ideal battery and combination of 
batteries or cells. Figure-3 .118( a) shows the circuit symbol ofa 
cell and 3. l 18(b) is that of a battery but in general many times a: 
battery may consist ofa single cell also so the symbol shown in 
figure-3.118(a) can also be referred as a battery. 

X y 

-. (a) 

X 
~~ 

y 

(b) 

Figure 3.118 

.. _. ___ "· -----'C--'u--'rr-"en"t--'E"'le""c""tn.;.:'c""ill'<.Jl 

3.6.1 Internal Resistance of a Battery 

As already discussed that a batterytransforrus chemical energy 
to electrical energy. Inside a battery there are some chemicals in 
which two electrodes are dipped or submerged which are called 
terminals ofbatteryas shown in figure-3.119. 

+ 

--------....:..-_-__ 
_--:..._-_-_-_--;_-_-
_---:.....---:....-.....:-_-_-__ 
-----------------------------

Internal strucrure of a biittery 

Figure 3.119 

By chemical reactions electrons are pushed by chemicals inside 
the battery on one electrode and pulled from another electrode 
due to which potential of these electrods changes. T4e one 
which has excess electrons will be at lesser potential and the 
other one which is electrons deficient will be at higher potential. 
When the circuit outside the battery is closed then continuous 
chemical reactions take place inside the battery and a 
continuous supply of current by the battery is maintained in 
circuit until whole of chemicals ofbattery gets exhausted. 

Figure-3.120 shows a rough internal structure of a battery 
connected to an external circuit. When switch is closed current 
starts flowing in the closed loop of the circuit in which we can 
consider all the components of circuit - battery, switch, 
resistance and bulb are connected in series combination. Thus 
same current flows in all these components. 

When the current flows through the battery it flows due to flow 
ofions inside the chemicals ofbatteryrather drift offree electrons 
in the connecting wires. Certainly the mobility for flow ofions 
is less compared to mobility of free electrons in conductor so 
conductivity of chemicals is less compared to connecting wires 
hence the battery chemicals always offer some resistance to 
flow of current as it is connected in series. This resistance due 
to chemical composition ofbatteryis called 'Internal Resistance 
of battery'. 

Figure-3.120(a) shows the battery with the internal resistance 
across its terminals. The internal resistance of battery is 
considered to be in series combination with the battery EMF 
and symbolically in circuit it is drawn as shown infigur<>-3.120(b). 
It is however drawn in series with EMF but it is an integral part 
of battery structure so it can never be isolated from the battery 
and always there will be a potential drop across this resistance 
when current flows through the battery. 
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(a) 

-------1...--, 
' ' ' ' ~ ~ r : y 

----------n ~ ,. ' 
' ' ' ' ·----------1 

Battery 

(b) 
Figure 3.120 

For an ideal batteryiis internal resistance is considered as zero 

and for a real battery under practical conditions as it is used its 

chemicals are consumed and with time its internal resistance 

increases and as already discussed, we can consider a real 
battery as a combination of an ideal battery in series with its 

internal resistance. 

3.6.2 Terminal Potential Difference of a Battery 

Under open circuit conditipns as shown in figure-3.12l(a) the 

terminal potential difference of battery is equal to its emf I; as . 

no current is flowing through the battery so no potential drop 
take place across the internal resistance of the battery thus 

under open circuit we have 

... (3.87) 

When a battery is supplying current in a circuit then current 
flows out from the positive terminal of the battery which is at 

higher potential as shown in figure-3.12l(b). We can write the· 

potential equation from terminal X to Yin this figure as 

Vx-1:,+Ir= Vy 

Vx-Vy=l;-Ir ... (3.88) 

From equation-(3.88) we can see that under the state when a 
battery is supplying current in a circuit, the terminal potential 

difference of the battery is less than its EMF. There can be 
another condition in which current is supplied into the battery 

or the case when current enters into the positive terminal of the 
battery as shown in figure-3 .121 ( c ). This happens when a higher 
EMF battery is connected across this battery so the higher 
EMF battery dominates the current flow. In this state ifwe write 

potential equation from terminalXto Ythen we have 

--- 34ii!.l 

-----•lf------1-f1-----'i'v-r---+y 
1-0 

(a) 

_____ _.,___;f,_.,_-11~----
/ 

(b) 

----~,--x-~,_,~---
I 

(c) 

Figure 3.121 

... (3.89) 

From equation-(3.89) we can see that under state when current 
is supplied into a battery by some other external source then 
terminal potential difference of the battery is more than the 

battery EMF. 

For a real battery when it supplies current then its chemicals are 

used and with time its internal resistance increases and during 
supply of current according to equation-(3.88) its terminal 
potential difference decreases as r increases due to which current 
in circuit also drops further. For a battery its EMF always remain 
constant but over a period of time when it gets exhausted its 

internal resistance increase to a high value because of which it 

cannot supply current when connected in a circuit because its 
terminal potential difference mops to almost zero as r becomes 

very high. This is the state when we say that a battery is 

completely discharged. 

3.6.3 Grouping of Cells in Series 

'When two or more cells are connected one after another as 
shown in figure-3. l22(a)then these cells are said to be connected 
in series and for the combination we replace it with a single cell 

called 'Equivalent Cell' having its 'Equivalent EMF'_ and 

'Equivalent Internal Resistance' of the cell combination as 

shown in figure-3)22(b) 

r----- I I ----- I r----- I r----- I 

¥ I 1,_.. .. __l_J_j, ou I __ [_Jt-Wr--}-____ H1 .-wv-+----l 
~ r-•v~ rvv----r-17 I I I 

I I I I I I I I , ______ , , ______ , , ______ , , ______ , 
1 2 3 N 

(a) 

----------, 
' ' _. I S : _____LJ eq r cq I 

;-;-, I~ X I • l y 
' ' ' ' 

(b) 
Figure 3.122 
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There are two ways in which cells can b_e connected in series 
combination called 'Supporting Mode' and 'Opposing Mode'. 
In supporting mode series combination cells are connected one 
after another with their opposite polarity terminals connected 
as shown in figure-3.123(a). In this case the open circuit terminal 
potential difference is the snm of all EMFs of the individual 
cells as in this case equivalent EMF of this combination of two 
cells ofEMFs ~1 and I;, is given bywriting the potential equation 
for this case as 

... (3.90) 

In opposite mode series combination cells are connected one 
after another with their same polarity terminals connected 
together so that they oppose each other in supplying the current 
as shown in figure-3.123(b). In this case open circuit potential 
difference is the difference ofEMFs of the individual cells. Ifwe 
write the potential equation for this case, we have 

Corren! Electricltyj 

In above cases we considered ideal cells without their internal 
resistances but when cells are connected in series their internal 
resistances are also considered in series as shown in 
figure-3.125(a) and (b) and by the method of branch 
manipulation we can state that in both supporting and opposing 
mode equivalent internal resistance of the equivalent cell is 
always suni of internal resistances of the individual c_ells 
connected in series. 

(a) 

(b) 

Figure 3.125 

When Nidentical cells each of EMF~ and internal resistance r 
are connected in series then from equation-(71) we can see that 
the equivalent EMF of the combination will beNl;and internal 
resistance ofcombination will beNr . 

. . . (3.91) 3.6.4 Grouping of Cells in Parallel 

I;, I;, I;., - I;, + I;, 
rl i=--±J ~ ~- x-· -"-<+ I ,_---r 

(a) 

I;, I;, I;.,- I;, - I;, 
;---..±J ~1±--; ~ X_, -c..,+/,=.--_-Y 

(b) 

Figure 3.123 

When multiple batteries are connected in series combination, 
we can always club the batteries using supporting and opposing 
mode and branch manipulation method. Figure-3.124(a) shows 
a branch ofa circuit in which three batteries are connected with 
two resistances. Using branch manipulation method we can 

shuffle the components of this branch as shown in 
figure-3.124(b) and then we can reduce this branch by using 
cell combination as shown in figure-3.124(c). 

20Y SY !OY 

x +I~~ - r 
4n m 

(a) . 

20Y SY !OY 4n 7n 

X +I~~~ 
(b) 

2SY IIQ 
-;---,-l+/1-_---\,,.;..._--y~ 

(c) 

Figure 3.124 

Parallel combination of cells is joining both terminals of cells 
t_ogether with same polarity in general wheras in some cases 
opposite polarity terminals c_an also be connected. 
Figure-3. l26(a) shows three cells connected in parallel across 
terminals A and B. In this state the terminalsA and Bare not 
externally connected and across the two we consider the single 
equivalent cell for this combination as shown in figure-3 .126(b ). 

I;, r, 
+ -

A I;, r, 
+ -

I;, r, 
+ -

(a) (b) 
Figure 3~126 

The open circuit potential difference across terminals A and B 
in figure-3. !26(a) will be considered as equivalent EMF of the 
combination and as ideal battery resistance is zero across 
terminals A and B we can see that totai resistance will be the 
parallel combination of the three internal resistance only, thus 
equivalent-internal resistance is given as 

1 I I I 
-=-+-+
req 1j_ r2 1j 

... (3.92) 
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® 
B 

Figure 3,127 

To find open circuit potential difference across terminals A and 
Bin figure-3.126(a) we distribute potentials in this circuit as 

shown in figure-3.127 and write KCL equation to calculate the 
value of x which is written as 

x-1;, x-1;2 x-1;3 --+--+--=o 1j r2 1j 

... (3.93) 

Abcve expression for equivalent EMF of parallel comhination 
of cells can be generalized for N cells connected in parallel and 
if any cell is connected with opposite polarity then the specific 

term in numerator of this expression will be taken with negative 

sign. This we can understand with the help of an illustration 
shown in figure-3.128. 

211 

20V 

611 

A 18V B 

311 

12V 

Figure 3.128 

In abcve circuit we will calculate the equivalent EMF and 

equivalent internal resistance of this circuit which is a parallel 
combination of three cells as shown. By using equation-(3.92) 

we can find the equivalent internal resistance of this combination 
as 

I 1 1 1 - =-+-+r.,, ·2 6 3 

r,q=!Q .. . (3.94) 

From equation-(3.93) we can find the equivalent EMF of this 
combination as 

... (3.95) s.,.=[\:1:l]=llV 
2 6 3 

Equation-(3.94) and(3.95) gives the equivalent EMF and internal 
resistance of the equivalent cell which can replace the circuit 
shown in figure-3.128 as shown in figure-3.129. 

teq=llV r =lQ 
___J 1--------\¼---
~ B 

Figure 3.129 

When n identical cells each of emf I; and internal resistance rare 
connected in parallel then from equation-(3.93) we can see that 
the equivalent EMF of the combination remain same as I; and 
internal resistance becomes rln. So if in some application we 
need a battery with low internal resistance then we can make it 
by connecting the available cells in parallel without 
compromising on EMF . 

3.6.5 Battery Grid 

Battery Grid is a combination of several cells connected in series 
and several such series combination of cells in parallel as shown 
in figure-3.130. 

A 

2 

3, 

' ' ' ' ' 

M~~~~---~s r 

Figu_re 3.130 

B 

In above battery grid n identical cells each ofEMF I; and internal 
resistance r are connected in series in a branch and m such 
branches are connected in parallel. In this state equivalent EMF 
of each branch will be nl; and equivalent resistance nr. When 
such m rows are connected in parallel the equivalent EMF will 
remain same as in previous article we've studied that equivalent 
EMF doesn't change when identical cells are connected in 
parallel and the equivalent resistance will become nrlm. Thus 
the equivalent cell of above battery grid is as shown in 
figure-3.131. . 
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A 
' -n!; j req=nrlm B 

Figure 3.131 

Such battery grids are made to reduce the overall internal 
resistance without compromising on·the overall EMF to supply 
required power in specific applkations. 

# Rlustrative Example 3.35 

Two sources of equal EMF are connected in series and have 
different internal resistances r1 andr,(r2 > r1). Find the external 
resistance R at which the potential difference across the 
terminals of one of the sources (which one in parqcular) becomes 
eqnal to zero. 

Solution 

Terminal potential difference across a cell is given as 

V=E-ir 

As the sources are connected in series current for both _the 
sources are equal so terminal potential-difference will be zero 

for a source having higher internal resistance. Thus we can nse 

O=E-Ir2 

Where I is the circuit current which is given as 

2E 
I= . . 

r.+r2 +R 

E=i~ = ( 
2
E ),2 

. 2 R+1j +r2 

=> 2r2=R+r1 +r2 

=> R=r2-r1 

# Rlustrative Example 3.36 

12 cells each having the same EMF are connected in series and 
are kept in a closed box. Some of the cells are wrongly connected. 
This battery is connected in series with an ammeter and two 
cells identical with the others. The current is 3A when the cells 
and battery aid each other and is 2A when the cells and battery 
opp_ose each other. How many cells in the battery are wrongly 
connected? 

Current Efectncify I -----·- ------======.., 
Solution 

Let x cells be connected correctly and y cells are connected 
wrongly. According to the given problem 

x+y=12 ... (3.96) 
If Ebe the EMF ofone cell, then net EMF of series combination 
ofall the cells will be 

(x-y)E 
Let R be the resistance of the circuit which remains constant. 

(i) When the cells aid the battery, the net EMF is given as 
E 1 =(x-y)E+2E 

The circuit cµrrent in this case is given as 

(x-y)E+2E I = .,__..<...<..... __ = 3A 
' R 

... (3.97) 

(ii) When the cells oppose the battery, net EMF is given as 
E2=(x-y)E-2E 

l = (x-y)E-2E =
2
A 

2 R 

Dividing eqnation-(3.97) by (3.98), we get 

(x-y)E+2E 3 

(x-y)E-2E 2 

(x-y)+2 

(x-y)-2 
3 

2 

Solving we get 
x-y=IO 

From eqnation-(3.96) and (3.99), we get 

x=II and y=I 

Thus in the circuit One cell is wrongly connected. 

# Rlustrative Example 3.3 7 

... (3.98) 

· ... (3.99) 

A battery is made by joining m rows ofidentical cells in parallel. 
Each row consists of n cells joined in series. The total number 
of cells available are N = mn. This battery sends a maximum 
current! in a given external circuit of resistance R. Now the cells 
are so arranged in the battery that instead of m rows, n rows are 
joined in parallel and each row consists of m cells joined in 
series. What would be the current in the external circuit now in 
terms of I, m and n. 

Solution 

Let Ebe the EMF of each cell. The equivalent EMF of each row 
will be nE and internal resistance of each row will be nrwhere 
we consider that r is the internal resistance of each cell. 
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Herem rows are joined in parallel. So, the total internal resistance 
of the circuit will be given as 

r =n'=(n2)r 
eq m N 

Total resistance of the circuit is given as 

Current in the circuit is given as 

For current to be maximum, di/ dn = 0 which gives 

d nE 

dn R+(~} 

n2r 
=} R-- =O 

N 

n2r nr 
=} R=-=-

mn m 

=O 

[Asmn=N] 

Hence maximum current in the circuit will flow when the external 
resistance is equal to the internal resistance of the battery so . 
the maximum current is given as 

. ' 

nE mnE 
l=---=--

nr nr 
-+
m m 

2r 
... (3.100) 

____ --- --- ______ .;;35.::.;3C.Jj 

of each row is mr when n such rows are joined io parallel, the 
total internal resistance of battery grid will be mr/n so the total 
resistance of the circuit now is given as 

mr nr mr 
R(= R+- = -+-. 

n m n 

Current in circuit in this case is given as 

Dividing equation-(3.101) by(3.100) gives 

I'= 2mn xi 
(m2 +n2) 

# fllustrative Example 3.38 

... (3.101) 

A galvanometer together with an unlmown resistance in series 
is connected across two identical batteries each of 1.5V. When 
the batteries are connected in series, the galvanometer records 
a current of IA, and when the batteries are in parallel the current 
is 0.6A. What is the internal resistance ofth·e battery? 

Solution 

The respective circuits are shown in figure-3 .132( a) and (b ). 
r r 

1.5V 1.5V 

R· 
G>------'Ws---' 

(a) 

R 
G>--------' 

(b) 

Figure 3.132 , 

If the internal resistance of battery is rthen in first case circuit 
current is s:iven as 

3 
i=--=lA 

R+2r 

In second case EMF o,f each row is mE and internal resistance =} 

R+2r=3 

R=(3-2r) ... (3.102) 
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In second case. as batteries are in parallel equivalent EMF 
remains same at 1.5V and the two internal resistances are in 
parallel so their effective internal resistance is r/2 and the current 

· in external resistance will be · 

E 
i'= 0.6 

R+r./2 

E 
=> 0.6= ·R+r/2 

From equation-(!) substituting the value of R gives 

1.5 . • 
0·6 = (3-2r)"+r/2 

Solving we get 

I 
r=-Q 

3 

# Illustrative Example 3.39 

The potential difference across the terminals of a battery is 8.4V 
when there is a current of 1.5A in ·the battery from th\megative 

to the positive terminal. When the current is3 .5A in the reverse 
direction, the potential difference becomes 9 .4V. 

(a) What is the internal resistance of the battery? 

(.b) What is the emfof the battery? 

. ' 
Solution 

As per given condition we have 

8.4=E~l.5r 

9.4 =E+3.5r 

Solving these two equations gives 

· and 

r=0.2Q 

E=8.7V 

~~- -_--;,'.\\,_ -= : . . • 
~ W<;hJu:f~rericeatwww.physis1&1ilm,com 
' . : '·- .-:' ;,'::". ,,· . ' . ,'_· ', ·.-

. J Age.~/;l;l-•~.l''·G_·_rade11&12,JAi;s, __ .. 17-19Years 
l 8«!\Qn_.;,l;l[EGJR[CCURRENT &,CIRCUITS 
J ,. ' ,,'' . . ·" '" 
j 'I'opic-,,;::ij:cuitAnalysis 

~-- (3.103) 

... (3.104) 

I· M<ldhl~;Nil'.mh:r-l8to 21 , ' 
~J~~-"-~---~---------~ 

In previous articles we'.ve studied that J(rrchhoff's Curren! Law 

is extremelyuseful in solving electrical circuits which is similar 

in application somewhat like n·odal analysis for capacitive 

circuits. There is one m~re very useful law among many ways 

of solving electrical circuits 'Kirr:hhoff's Voltage Law'. However 

with KCL we are able to handle any type of circuit but in some 

specific circuits use ofKVL may reduce the length ofanalysis. 

There are some ways to judge but still its only by practicing 

you can .get an edge of judging by looking at a circuit about 

which law or method is to be used to quickly solve the circuit. 

Kirchhoff's Voltage Law states "In any closed loop of an 

electrical circuit sum of all EMFs is equal to the sum of all 

potential drops across all resistances (or any other devices 
present) in that loop''. 

With the above language it is clear that KVL is applied for a 

closed loop in electrical circuit So for any circuit before applying 

KVL we m\Jst identify· closed loop or loops such that these 

loops cover all the components of the c/rcuit. To understand 

the above stated Kirchhoff's Voltage Law we consider an 

illustration on solving ofa circuit shown in figure-3.133._ 

. SQ C 200 a~------'\<----....,,,1--~ 

+ !PO + 
20V r- + r-_ JOY 

l I-sv, J 
,A'----------,lD~----_JF 

Figure 3.133 

. In above circuit we will calcula\e the currenfthrough each 
resistance in the circuit. To apply KVL in this circuit first we 

identify closed paths which cover all the components of the 

circuit. Simplest way to choose the paths is to select the loops 
which are shown.in circuit in which there are no middle branch 
of the loop like in above case ABCDA and CEFDC are -two 
loops within which there is not any branch of concern. However 

to apply KVL we can also choose the loops ABCDA and 
ABCEFDA and in these loops also all the components are 
covered in.the circuit. 

As next step after identifying the loops in circuit we distribute 
currents in these loops as shown in figure-3.134. We can 
consider these current either clockwise or anticlockwise in these 
loops like we've taken clockwise and named these /

1 
and /

2
• 

The next step is to write KVL equations for the two loops which 
are potential equations for_ going around the loop along the 
currents for all components in.a loop of circuit. 
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B.---s"'n,,__----'fc ___ z"'on,,_ _ _,E_ 

Figure 3.134. 

While writing KVL equations for the loop we start from any one 
point_ in loop and move along current and write potential 
difference for every component and come back to the same 
point. This is written for first loop with currentJ1 starting from 
point A as 

VA +20-511 -10(11-12)-5 = VA 

151,-1012 = 15 

31, -212 =3 

... (3.105) 

: .. (3.106) 

... (3.107) 

Simplifying equation-(3.105) we get equation-(3.106) and it can 
also be directly written by using definition ofKVL as sum of all 
EMFs in a loop is equal to the sum of all the_potential drops 
across all devices of the loop. On RBS of equation-(3.06) we 
can see is the sum of the two EMFs present in the loop which . 
are of20V and 5Vbatteries in opposing mode for currentl1 and 
on LHS of this equation is thetotal potential drop in this loop. 
But while directly writing this equation without using the 
potential equation students must be very careful about the 
sign of every term in the equation. In upcoming some of the 
illustrations we will write the KVL equations directly to develop 
a better understanding of this. 

Similarly we can write the KVL equation for the second loop 
with current 12 starting from point Das 

VD+ 5- IO(J2-J1)-20J2 -10 = VD 

3012-10/1 =-5 

6/2-2/1 =-1 

... (3.108) 

... (3.109) 

... (3.110) 

Equation-(3.109) above is the KVL equation for second loop. 
Now after solving equations-(3 .107) and (3.110) we get the values · 
of 11 and /2 as 

8 
I =-A 

I 7 

3 
12= 14 A 

Thus looking at figure-3.134 we can now write currents in all 

resistors of the circuit as 

355,:I ----------=.4. 
8 

L =J=-A 
5<l I 7 

Above results of current in all resistances we obtained by writing 
KVL equations for loops in circuit and solving these equations. 
To verify the results students can resolve this circuit on their 
on by using KCL also to understand applications of both the 
methods. Next we will take more illustrations to understand 
KVL applications. 

# lllustrative Example 3.40 

Find the current in 6!1 resistance in the circuit shown in 
figure-3.135 using Kirchhoff's Voltage Law. 

Solution 

3Q 

.--1_,,o,,n_----11 ~ 
I 

6Q 

~-------<'t------~ 
1
4.SV 

Figure 3.135 

In the given circuit we circulate currents / 1 and /2 in the two 

loops as shown in figure-3.136. 

3Q 

10n 3V 
,-----',/w-----1 

6Q 

• 4.SV 

Figure 3.136 
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. ,-3-56-,----·"- ---- --------- .. 

Writing KVL equation for 11 

=> 

=> 

+4.5-3/1-6(11-/,)=0 

91, -6/2 =4.5 

61,-412 =3 

Writing KVL equation for /2 

-6(/2-/1)-1012-3=0 

=> 

Solving(3.l l l)-(3.ll2) gives 

12/2 =O 

=> 

From equation-(3 .111) 

=> 

12 =0 

61, =3 

/ 1 =3/6=0.SA 

# lllustrative Example 3.41 

... (3.111) 

... (3.112) 

Two cells of EMF 1.5V and 2.0V and internal resistances 2!1 
and 1!1 respectively, have their negative terminals joined by a 
wire of 6!1 and positive terminals by another 4!1. A third 
resistance of 8!1 is connected to the midpoints of these two 
wires. Find the potential difference at the ends of the third wire. 

Solution 

Figure-3.137 shows the situation describ~ in the question. 
Now we circulate currents i1 and i2 in the two loops as shown in 
figure. 

A I.SY, 2Q 

+• --='---~D 

2Q ~ 3Q 

8Q 
B 

~ 
f----....:;;,i'.------1c 

2Q m 

H 
+• 

2v 1 1n '----JG 

Figure 3.137 

Writing KVL equations for the two loop gives 
2;, + 6(i, + i,)+3i, + 2i, =1.5 

=> 15i1 + 8i2 = 1.5 
and 2i2 +8(i1+i2)+3i2 +i2 =2 
=> 8i1 + 14i2 =2 
Solving equations-(3.113) and (3.114) gives 

5 
i,= 146A 

and 

... (3.ll3) 

... (3.114) 

·· ·· ·· ··- · · · ----C,--u_rr_en_,t_e~,.-c-tri~c-ity~'l 

=> 

Potential difference across 8!1 resistance is given by Ohm's 
law as 

VII}= 8(i1 +i,)= 8 X (23/146)= l.26Y 

# lllustrative Example 3.42 

Find out the potential difference between points x and yin ihe 
figureshown-3.138. 

4Q y 6Q 

L-1 --, -11--~ 
'8µF, x 4µF 

Figure 3.138 

· Solution 

Distributing potentials in circuit as shown in the figure-3.139. 

_...:2:..:4Y-'-l @ 

4Q y 6Q 

'-I --...JI....._____..@ 
8µF x 4µF 

Figure 3,139 

As there is a single loop in the circuit, current is given as 

24 
/= 12 =2A 

By writing the equation of potential drop potential at pointy 
can be given as 

V =24-4(2)= 16V y 

For the node of two capacitors, nodal equation for potential Vx 
is written as 

4(Vx-4)+8(Vx -24) =O 
=> 3V,, =52 
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@:iirrent ·s~-e_:ctri: ... c:ity=======-· ·_-_-_-_· · · 

52 
V=-V 

X 3 

52 . 4 
V-V=--16=-V 

X y 3 3 

# lllustrative Example 3.43 

N sources of current with different EMFs are connected as 
shown in figure-3.140. The EMFs of the sources are proportional 
to their internal resistances given as E = aR, where a is a positive 
constant. Consider the resistances of connecting wires are 
negligible. Find -

(a) The current in the circuit 

(b) The potential difference between points A and B dividing 
the circuit in n and N - n links. 

Figure 3.140 

Solution 

(a) The N sources are connected in series in a single loop so 

# Illustrative Example 3.44 

In the circuit shown in figure-3.141, find the energy stored in 
4µF capacitor in steady state. 

Solution 

40V -
+ 

5Q 4µF 

5Q 

IOQ 

Figure 3.141 

In the given circuit we circnlate currents 11 and 12 in the two 
loops as shown in figure-3.142. As we know that in steady state 
no current flows through the branch of capacitor so we do not 
consider any current in this loop as shown. 

5Q A 4µF 
~..ii;:;--4-----.j B 

40V -~ m 
+ 

- + 

~ l 

@ 
lOQ 

the current in the circuit is given as Figure 3.142 

NE E i= -= _ WritingKVLequationforJ1as 
NR R 

aR 
i=-=a 

R 

(b) Potential difference across points A andB can be given by 

-40-511 -511-10(11-12)= 0 

41,-212=-8 

21,-12=-4 

writing the equation of potential drop from the side ofn sources, Writing KVL equation for /2 as 
we get 

VA-V8 =nE-n(iR) 

~ VA-V8 =n(aR)-n(EIR)R 

YA- V8 =n(aR)-n(EIR)R 

VA-VB=n(aR)-n aR 

VA-V8 =0. 

-10/
2
-10(/2-/1) + 20 = 0 

~ 1,-212=-2 

Solving equation-(3.115) and (3.116) gives 

31, =--{i 

... (3.115) 

... (3.116) 
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,~3-58 ____________ - - .. -

Energy stored in capacitor in steady state is given as 

I 2 
U4µF= 2CV AB 

Writing equation of potential drop from A to B gives 

VA-5(-2)+20 = VB 
=> VB-VA =30V 

I 
=> u.µF=zx4x(30)2µJ 

u.µF = 1800 µJ = 1.8 mJ 

# Illustrative Example 3.45 

In the figure shown-3.143, find ratio ofcharges on 4µF and 2µF 
capacitors in steady state. 

IOV 

+ -

2n 

Solutio11 

4µF 

IQ 

IQ 

2µF 

D 

Figure 3.143 

- 20V 
+ 

In the given circuit we circulate currents J1 in the single loops 
as shown in figure:-3.144. As we know that in steady state no 
current flows through the branch of capacitor so we do not 
consider any current in the branches in which capacitors are 
connected as sliown. 

IOV 
A 

4µF 

+ -

IQ 

IQ 

Figure 3.144 

B 

- 20V 
+ 

Current in the single loop can be directly given as 

10 
I=-=2A 

5 

· · · · ·· ····-------~C-urreni Electricity] 

Writing potential drop equation from A to B gives 

Writing potential drop equation from C to D gives 

Charge on capacitors are now given as 

and 

=> 
q2µF=CV CD 

q1µF=2x 18= 36µC 

q4µF 16 4 
--=-=-
q2µF 36 9 

. # Illustrative Example 3.46 

Find the magnitude and direction of the current flowing through 
theresistanceR in the circuit shown in figure-3.145 iftheEMFs 
of the sources are equal to E 1 = 1.5 V and E

2 
= 3.7 V and the 

resistances are equal to R1 = 10 n, R2 = 20Q, R = 5.0 n. The 
-internal resistance ofthe sources are negligible. 

R 

Figure 3.145 

Solutio11 

The current distribution in the circuit is shown in figure-3.146. 

20Q 3.7V 

CT?n 
L~ --..____,_:, __, 

5.0Q 

Figure 3.146 

Writing KVL equation from currents i
1 

and i
2 

gives 

and 

30il - !Oi, =52 

15i2- !0i1 =- 1.5 

... (3.117) 

... (3.118) 
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Solving (3.117) +(3.118) x 3 gives· 

35i2=0.7 

i2=0.02A 

# Illustrative Example 3.47 

Find the current flowing through battery and charge on capacitor 

in steady state. 

4Q 

Solution 

3Q 

2µF ,, 
" 

6Q 

' 
I 24V 

Figure 3,147 

4Q 

In the given circuit 3!1 and 6!1 resistances can be considered in 
parallel so the circuit can be reduced as shown in figure-3.148 
in which we can find the current in the loop as shown. No 
current flows through capacitor in steady state. 

40 2µF 

2Q 
A n 

+ -
24V 

Figure 3.148 

Current in the loop of circuit is given as 

24 
I= 6 =4A 

B 

4Q 

The potential difference across capacitor will be same as that 
across terminals A andB shown in figure-3.148 because there 
will be zero potential drop across 4W resistance as current in 
this branch is zero in steady state. 

VAB=2/=8V 

Charge on capacitor is given as 

~ 

~ 

q=CVAB 

q=2µFx8V 

q=I6µC 

# Illustrative Example 3.48 

Figure-3.149 shows part of a circuit. Calculate the current 
through 3!1 resistance and also find the potential difference 

Ve-VB? 

~ f-rD __ ~2wQ~----l3f-V--'Er-~Wr--'2.._A'-, 
C IQ W ~ B 

3Q 6Q 

6A 

Figure 3.149 

Solution 

Using KCL we can see that at junction E current in wire DE is 
8A from D to E. Again using KCL at terminal D the current in 3!1 
resistance can be given as 3A towards D. 

Potential difference across points C and B can be given by 
writing equation of potential drop from terminal C to B which is 

given as 
Ve-5 x I+ 12-8 x 2-3-4 x 2= VB 

~ Ve- V8 =5-12+ 16+3+8 

~ Ve-VB=20V 

# Illustrative Example 3.49 

In circuit shown in figure-3.150, find potential difference across 
points A and B and across B and C in steady state. 

3µF 

I 

IOQ 

A 

Solution 

IµF 
~--+---~---111---~ 

llµF . 

B 

13µF 

lµF 20Q 

15Q 
-CJ.fl.-------,!+ >-_---.. c 

!DOV 

Figure 3.150 

In the figure shown we can see that in steady state current 
through all capacitors will be zero so not even a single loop is 
being formed in the circuit in which current can flow so we can 
solve this situation by using nodal analysis for capacitors for 
which we distribute the potentials in circuit as shown in 
figure-3.151. 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



1366 

3µF 
B I 

13µF 

© lµF 

llµF 

I 

10n (@) lµF 20n 
@ 

15!l 
(@)A 

(@) 
___ ___,,,.,,__:::.,::__ __ -:;:1+ >-_---@ .. c 

IOOV 

Figure 3.151 

We write nodal equation for the unknown potential x as 

3(x-100)'+3(x-lO0)+x+x=0 

~ 8x=600 

~ x=15V. 

The required potential differences are given as · 

r:,-V8 =100-75=25V 

V8 -Vc=15-0=15V 

· · ···------ ________ C_u_rr_en_l_E_lec-_ !-ri-r;Itij 

R1 =6!l E1 =6V ·--=-------'-< 

C 

E3 =3V R4 = m 

Figure 3.1S3 

Across resistor R3 we can s~e that the potential difference is 6V 
thus its current can be directly given as 

6 
i1-i2= 4 =_ 1.5A 

Now writing KVL equation for the second loop gives 

5i2 =-5 + 6= IA 

i2 =0:2A 

# Rlustrative Example 3.50 Writing equation of potential drop across capacitor gives 

In the given circuit as shown in figure-3 .152 we use E1 = 6V, Vb - 2i2 - 2 = V
0 

E2 =2V,E3 = 3V,R1 = 6Q,R2=2Q,~ =4Q,R
4 
= 3Q and C=, 5µF. 

lind the current in R3 and. energy stored in the capacitor in ~ Vb - V
0 
= 2i2 + 2 = 2 x 0.2 + 2 = 2.4V 

steady state. 

R, 'I 

E, 
: ;:::c-

' 
'I 

E, 

Figure 3.152 

Solutio11 

In steady state the current through the branch in which capacitor 
is connected is zero and in remaining loops we distribute currents 
as shown in figure-3.153. 

Energy storedin capacitor in steady stale is given as 

# Rlustrative Example 3.51 

In the circuit shown in figure-3.154 find ·the potential 
difference VA - VD. 

2n A C 

IOV~ 
(06n 3!l 4!l . ' 

4V 

B D 
20V 

Figure 3.1S4 
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fcurr~nt 1;1~~'"-ry_' _____ · :.::: .. 

Solution 

Figure-3.155 shows the current distribution in the two loops of 

the circuit. 

2n A 

IOV~ 3Q 
4V 

B 

Figure 3,155 

Writing KVL equation for / 1 gives 

+ 10 -2/,-31,.=0 

10 
11 = S =2A 

Writing KVL equation for /2 gives 

-4/2 -_612-20=0 

20 
1
2
= - 10 =-2A 

C 

D 
20V 

Nowwriting equation of potential drop frompointA toD, gives 

VA-311 +_4+412 = VD 

VA-VD=3J1-4i2 -4 

VA-VD=3(2)-4(-2)-4 

VA-VD =6+ 8-4 

VA-VD=!OV 

# Illustrative Example 3.52 

In the circuit showo in figure-3.156 three ideal sources have 
EMFs E

1 
= IV and E2 = 2.5V and the resistances have the 

values R
1 

= !0Q and R
2 

= 20Q. Find the potential difference 
VA- VB betjveen the plates A andB of the capacitor Cin steady 

state. 

·I ::>-I ---A-l;e-B--l 
E, ___ _,,,,__.J 

R, 

Figure 3.156 

Solution 

As we know that iu steady state no current flows through the 
branch in which capacitor is connected so in above circuit 
current only flows in the outer loop as showo in figure-3 .157. 

E: 
100 L 

C 
N I -1+ M 
; A B 

2.5V 
p 

200 0 

Figure 3.157 

Writing KVL equation for the outer loop gives 

20i + !Oi = 2,5 -1.0 

30i =1.5 

1.5 
i = 30 =0.05A 

Writing equation of potential drop from capacitor terminal A to 

B gives 

VB +20i-2.5+ 1 = VA -

=:> VB- VA= l.5-20i 

r ---.. ·. I 
0

Web 1$f¢i:enceaf www.physicsgalax.y:com 
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Practice Exercise 3. 6 

(i) Find the current in the circuit showo in figure-3.158 

r-¼:~ 
30V~30V 30 

0.3n\+ G+4n __ 0._2Q _____ ....::.:c.:i ,:;:::=-.J 
'.'. 24V 0.60 

_I+ 

40 

m 

Figure 3.158 

[3.92A] 
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!362 

(ii) In the circuit shown in figure-3.159 cellsE,F, GandH 

are ofEMF 2V, IV, 3V and IV respectively and their internal 
resistance are 2!1, 1!1, 3!1 and !!1 respectively. Calculate 

(a) The potential difference between points Band D 

-(b) The potential difference across the terminals of the cells 

GandH. 

~Et--_ ---,,,n 

H~ 2QG f+F 

D - ~C 

Figure 3.159-

[(a) 0.154V (b) 1.615V, 1.384V] 

_ .. =~-=-:=-=~ __ C_u_rr_en_t Electrlcltyj 

(v) Find the charges on 4 µF and 2 µF capacitors in steady 
state in the circuit shown in figure-3 .162. 

2n \~ I 

4µF == 4Q 2Q 4Q =-= 2µF 

., 2Q 

10v' 

Figure 3.162 

[5µC, IOµC] 

(VI"} AB, BC, CD and DA are resistors ofl!1, 1!1, 2!1 and2!1 

respectively connected in series formirig a closed loop. Between 

terminals A and Ca IV cell of internal resistance 2!1 is connected 

with A being positive terminal and between terminals B and D 

another 2V cell of internal resistance 1!1 is connected with B 
(iii) In the circ]!it shown-3.160, all the ammeters are ofzero being positive. Find the current through each resistor of the 
resistance. 

(a) If the switch Sis open, find the reading ofall ammeters 
and the pote~tial difference across the switch 

(b) Ifthe switch Sis closed, find the reading of all ammeters 

and the also find the current through the s'witch. 

20V 4Q 
A, 

A, A, 6V 

2Q 

2Q 

A, 
15V 

A, 
IQ IOV . 

Figure J.160 

[(a) 9.5A, 9.5A, 2A, 5A, 5A, 2A, 12V; (b) 12.5A, 2.5A, !OA, 7A, SA, 

5A, 15A] 

("IV) Find the potential difference between the plates of the 
capacitor Cin the circuit shown in figure-3.161 in steady state. 

The internal resistances of the cells are negligible. 

A B 
30Q 

IV 
C 

20n !Oil 

~-----l>-'4~V----~ 

Figure 3.161 

[IV] 

circuit 

[0.2A, 0.6A, 0.3A, 0.5A] 

(vii) A part of the circuit in a steady state along with the 

currents flowing in the branches is shown in figure-3.163. 

Calculate the energy stored in capacitor C in steady state. 

[0.8ml] 

4V 3Q 

.-j:2Amp 

lAmp 

3Q 

A 5Q 

C=::.4µF 

---13V IQ B 
2Amp 2Q 

3Q 

!Amp 

Figure 3.163 

D 

C 4n 

(viii) A parallel plate capacitor with plates of length I is 

included in a circuit as shown in figure-3.164. The EMF of the 

source is E, its internal resistance is rand the distance between 
the plates is d. An electron with a velocity u files into the 

capacitor, parallel to the plates. What resistance R should be 

connected in parallel with the capacitor so that the electron 

files out of the capacitor at an angle of37° to the plates? Assume 

that circuit is in steady state. Given values of parameters as 

I= 91cm, ~= 3V, r= 2!1, d= (1/3) mm, u = 4 x 107 mis, 
m, =9.1 x 10-31 kgande= 1.6 x J0-19 C. 
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' I ' ' + 
., 

a.=37° :if---------- R r..± 
-

Figure 3.164 

[IOU] 

(ix) Find the current flowing through the resistance R in the 
circuit shown in figure-3. 165. Consider all batteries are ideal. 

R 

Figure 3.165 

(x) In the circuit shown in figure-3.166 the cells are ideal. 
Calculate (a) The current in 30 resistance (b) Current through 
the 8V cell and (c) The steady state charge on the capacitor. 

sn 

- + 

4V 

m 

3V 6µF 

IOU 

.- "'l+--'I'---' 

Figure 3.166 

[(a) 0.168A (b) 0.53A (c) 46.92µC] 

3.8 Thevenin 's Analysis 

KCL and KVL studied in previous articles play an important 
role in solving electrical circuits. Students must try solving 
each circuit given in any illustration or in practice exercises by 
both metliods and understand on your own about which method 
is fastest in solving which specific circuit. Mostly we prefer 

- - -------~ -~-------~] 
KVL for solving single loop circuits or multi loop circuits when 
number of components are large. KCL is preferred when loops 
are more but components are less as in such conditions number 
of variables in application ofKCL will be less which are to be 
calculated. With consistent practice students can excel over 
these methods. 

There is one more important analysis for solving electrical 
circuits which is sometimes more useful over KCL or KVL. This 
is 'Thevenin s Analysis'. This meth,od is useful and quick when 

· current through a specific resistance in a circuit is to be 
calculated. In this analysis except the specific resistance through 
which we are required to calculate the current, rest of the circuit 
we reduce by an equivalent battery with an EMF and an internal 
resistance. To understand the concept superficially first, see 
the circuit given in figure-3.167(a) which is same circuit we 
considered as illustration in article-3.7. If we are required to find 
the current through 200 resistance then rest of the circuit across 
terminals C and Ewe reduce like a single equivalent battery as 
shown in figure-3.167(b). Now in this state the current through 
200 resistance can be directly given as 

+ 

20~r 

I;., 
L =--
zon 20+r., 

... (3.119) 

50 C 20n 

10n + 

+ 
I_5V 

D 

r!OV 
__ .1-. ____ _j_ F 

C 

(a) 

20n 

,. 
(b) 

Figure 3.167 

E 

There are specific ways to determine the equivalent EMF and 
equivalent internal resistance ofthe singe equivalent battery of 
the circuit as shown in figure-3.167(b). This EMF of equivalent 
battery is called 'Thevenin s EMF' and the internal resistance 
of this equivalent battery is called 'Thevenin s Resistnace' of 
rest of the circuit. 

Calculation of Thevenin's EMF : Remove the component of 
the circuit across which we have to reduce rest of the circuit 
and calculate the open circuit potential difference ·across these 
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terminals using KCL or KVL. This open circuit potential 

difference across the terminals is the Thevenin s EMF of the 
circuit. 

Figure-3.168 shows the circuit in figure-3.167(a) after removing 
the 20fl resistance. To find the open circuit potential difrerence 

across terminals C and Ewe consider a current 1
1 
in the loop as 

shown in figure-3.168 as this is the only one loop left in circuit 
so to solve it we write KVL equation for this loop as ·· 

5Q C E 

+ IOQ 110V 

20~,L-_____ _,T_~_sv ____ _,J~ 

., 

D, 

Figure 3.168 

Now we can write potential equation from terminal C to E as 

Vc-(10 x 1)-5 +.10= VE 

Ve-: VE=5V 

""=5V ... (3.120) 

Thus open circuit potential difference across terminals C and E 
is 5V or this the Thevenin's EMF of the circuit across terminals 
CandE. 

Calculation ofThevenin's Resistance: Replace all the batteries 

of the circuit by their internal resistances and calculate the 
resistance of the circuit across the open terminals. This 
resistance is the Thevenin ~ Resistance of the circuit. 

In above illustration as all batteries are considered ideal we 

replace the batteries with conducting wires and redraw the circuit 
as shown in figure-3.169. In this case the resistance inside 

··· -··· ···---·-·····-----,c-u_rr_e_nt"""'· €1eq!ri~ 

Now we can redraw the circuit in figure-3.167(b) as 3.170 given 
below to find the current in 20W resistance as 

5 3 
1wn = --1-0 = 14 A 

20+-
3 

C 20Q E 

' '----'1,.>-----'IVr-;:,-__J 
10 

1;_=5Y r =-Q , ~ 3 

Figure 3,170 

... (3.122) 

We can see that current in 20fl resistance as calculated in 

equation-(3.122) is same as what is calculated in article 3. 7 using 
KVLandin this analysis we do not need to solve for two variable 
currents like we did while solving it using KVL. 

We will take more illustrations on Thevenin's analysis to 
understand its applications better and students can also solve 

the illustrations taken until now by using Thevenin's analysis 
for practice. 

# lllustriltive Example 3.53 

In the circuit shown in figure-3.171, find current in 4flresistance. 

12V JQ 

!BY· 6Q 

X 4Q y 

Figure 3,171 

terminals C and E is the parallel combination of 5fl and 1 on Solution 
resistance which is given as 

5x!O 10 
r,q= 5+10 = 3n ... (3.121) 

Figure 3.169 

Here we can consider (12V, 3fl) cell in parallel combination with 
(18V, 6fl) cell so we can reduce the circuit by replacing the cell 
combination with its equivalent cell and internal resistance as 
shown in figure-3.172. 

Figure 3.172 
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1 Current Electrlclty 

The equivalent EMF of the combination of cells is given as 

12 18 
3 6 I 
I I =l/2=2V 
-+-
5 6 

The equivalent internal resistance of the combination ofcells is 

given as 

3x6 
r =3illPJ6n= - =2n 

,q 3+6 

From the above circuit shown in_ figure-3 .172 the current in 4Q 

resistance is given as 

2 I 
I =-=-A 
"' 6 3 

# lllustrative Example 3. 54 

Fiod current in 6Q resistance and potential difference across 
each cell in circuit shown in figure-3 .173. 

Solution 

60 

Figure 3.173 

40 

1/3 

40 

1/3 

I 

Using the concept of battery grid we can write the equivalent 
EMF and equivalent internal resistance of the combioation of 

above 6 cells as 

!;,,,=J\'s=2X3=6V 

and 
Nr 2x4 8 

r =-=--=-Q 
,q M 3 3 

Terminal potential difference across each cell is given as 

3 12 
V =e-ir=3--x4=3--

"11 13 13 

27 
V"'u=13V 

The given circuit is reduced to the circuit shown io figure-3 .17 4 

across 6Q resistance. 

. ~~ ~-----------=3..:..as:.J1 

6V S/JQ 

[

+ >---------'I_ v...,___., 

'--~-+--~w .... ___ _, 
I 60 

Figure 3,174 

The current through 6Q resistance is given as 

6 
Irn=--s 

6+-
3 

# Illustrative Example 3.55 

In the circuit shown io figure-3.175, find curreot io 4Q resistance 

by usiog Thevenin's Analysis. 

~lOV 

20V 

sn 
so. 

A 40 B 

Figure 3.175 

Solution 

To find the current in 4Q resistance we will replace the whole 
circuit across this resistance by a single equivalent battery 
with equivalent internal resistance. For this we remove the4W 

resistance as shown io figure-3.176. 

lOV 60 
1
10v 

I 

120V 

VA 

G sn 
sn 

A i B 

Figure 3.176 

In above circuit current flows only in one loop which is given· 

by writing its KVL equation as 
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-8/-10+20-8/=0 

=} 16/=10 

5 
J= 8A 

Writing the equation of potential drop from A to B gives 

V + s(~)-20-10= V 
A 8 , B 

VA-VB=30-5=25V 

Thus 25V is the open circuit potential difference across terminals 

A and B which is the equivalent EMF and equivalent internal 

resistance can be obtained by short circuiting all batteries of 

circuit and finding the resistance across terminals A an dB which 
gives 

r=4+6= 10.Q 

Thus the given circuit will be reduced to the circuit shown in 
figure-3.177, 

[ ,_fs_v __ w,~.--'!-~--~ 

A 4Q iJ 

Figure 3.177 

The current in 40 resistance can be given as 

3.9 Understanding Constant Current Sources 

Figure-3. l 78(a) shows a batteryofEMF Vwith a high resistance 

R- in series which is considered as a single system shown by ' . 
dotted lines and across terminals A and B an external resistance 

r is connected such that r << R,. 

r------ • ---- I 
I V . I 

A 1 1 R, r ~--+,,-1, B 

' [ ____________ J 

I 

r 

(a) 

------ ---.,.,-,-----,c:-u-rr-en-,t"'=Ef~ -----··" = 

I, 

(b) 
Figure 3.178 

B 

If we short circuit the terminals A and B as shown in 
figure-3.178(b), the current flowing out of this system is 

1 =.!__ 
s R; ... (3.123) 

In figure-3. l 78(a) the current in external resistance is given as 

V 
J=-

R;+r ... (3.124) 

In above equation ifwe user<< R
1 
then we can write 

V V 
J=--"'-=1 

R;+r R, s 
... (3.125) 

_From above equation-(3.125) we can state that for very low 
value of external resistance to this system the current supplied · 

by this system remain constant thus this system can be 
considered as a device supplying constant current or it can be 
called as a 'Constant Current Source' having internal resistance 

R. An ideal current source is one which has infinite internal 
-resistance which can always supply constant current to any 

external circuit. The symbol used for an ideal current source of 

current supplied I0 is shown in figure-3. l 79(a) and figure-
3.179(b) shows a real current source in which its internal 
resistance is considered to be connected in parallel to an ideal 

current source. This is unlike to the case ofa battery which is a 
constant voltage source and in case of a real battery we consider 
its internal resistance in series to an ideal EMF. 

1, 

--1---{s,---.~-
<•> 

(b) 

Figure 3.179 

To verify and understand the internal resistance of a real current 
source we extend our previous discussion by redrawing the 
figure-3 .178.(b) in form of a current source as shown in 
figure-3.180. 
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r--------. --, 
' V ' I I R, : 

--;-, -<, 
A B A 

' L ____________ ! 

I I 

r 

Figure 3.180 

/ 3 = VIR; 

' ' I ._ I 
' ' ' ' 
' ' :_ ____ R; _____ [ 

r 

B 

R, 
-----i..-------.2 

R, R, 

3 

367<1 

The current supplied by_ the source is Is which will distribute (bl 

between R; and r which are connected in parallel and we know Figure 3. I 81 

that for parallel combination ofresistances current is divided in 

inverse ratio of resistances thus current through external In different electrical circuits whenever resfstances are 

resistance r will be given as connected in either 'Y' or 'A' fashion then these can be 

/-/ -- - - __ ,_ ---
( JI, ) ( V )( R ) V 

- s R,+r - P:, R
1
+r -R,+r --- (3.126) 

Above equation-(3.126) is same as eqnation-(3.125) which 

verifies the qualitative analysis we did for understanding of 

current sources. 

,- . . . 
i Web Refeter1ce atwww.phyliicsg.Iaxy.com 

\ Age Gtou.p- Grade 11 & 12 I Age 17-19 Years 
,. Sectio,,•EIE(7JUC CURR!;lNT &CIRCUITS 
1. Topio-Ci,;cuit¾ialysis 
; Mod1,11eNumber- 22 to 25 

3.10 Star-Delta (Y-ii) Transformation 

- 'Star-Delta' or 'Y-V' transformation is a mathematical technique 
to simplify electrical circuits. Sometimes resistances are 

connected in mixed combinations which are neither in series 
nor in parallel and in such cases using this transformation we 
can simplify the circuit after which it can be solved by using 

series and parallel method. The name 'Y-1'1' or also called 'Star

Delta' ~omes from the shape of circuit in which resistances are 

connected. Figure-3.181 (a) and (b) shows combination of three 
resistances called 'Y' or 'A' ·connections. 

A 

R, 

C 

(a) 

B 

transformed into each other by using relation between 

The relations are established by considering equivalent 

resistances across terminals A, B, C and terminals I, 2, 3 are all 

equal by taking any two terminals and keeping t)lird terminal 

open. 

For the above circuits transformations of' A' to 'Y' we get the 

values of RA, R8 and Re in terms ofR 1, R2 andR3 as 

R = R,R, 
A R, +R, +R, 

R,R, 
R = --'--=----

8 R1 +R2 +R3 

R1R2 R =-~~
c R, +R2 +R, 

--- (3.127) 

... (3.128) 

... (3.129) 

Rearranging above terms, we can calculate the values of R 1, R2 

andR3 in terms ofRA'RB and Re for 'Y' to 'A' transformation. 

-- . (3.130) 

... (3.131) 

--- (3.132) 

To understand the application of this analysis we can take an 

illustration. 
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1368: ~,<...if'_ -· 

2Q ~ sn 

IOQ 
B @) 

I 
sn @ 2Q 

I 

+ -
IOOV s 

Figure 3.182 

Figure-3.182 shows an unbalanced wheatstone bridge of which 
we will calculate the equivalent resistance using '!'J.' to 'Y' 
transformation without using KCL or any other analysis. In this 
circuit we can figure out the 'I!,.' pattern by three resistances 
across terminals A, P and Q. Ifwe find out the corresponding· 
resistances to transform itto 'Y' pattern using equations-(3.127), 
(3.128) and(3.129) then we get 

2xl0 20 
RA= 2+5+10. = 1'7Q 

2x5 10 
Re= 2+5+10 = 17Q 

Ifwe redraw the above circuit transforming' !'J.' to 'Y' across 
terminals A, P and Q then it is shown in figure-3 .183 which can 
now be solved using series and parallel analysis. 

A B .. 

10s n 

u}~ ~ .. ~ 
s4n 
17 

Figure 3.183 

Thus equivalent resistance of this circuit across terminals ,j 
and B is given as 

[

105 84 l -x-· 
17 17 10 10 

R"'= 105+84+17 =3Q 
17 17 

... (3.133) 

The equivalent resistance obtained in above equation-(3.133) 
is same what we've calculated using KCL in article-3 .4.1. In this 
method the only drawback is tedious calculations ofresistances 
used in transformation. To practice more students can try solving 
the above circuit using 'Y' t9 'I:!' transformation using 
equations-(3.130), (3.131) and(3.132) across points A, Band Q 
and verify the same result. 

3.11 Thermal Effects of Current 

When electric current flows in a conductor due to drifting of 
free electrons inside it, these electrons collide with each other 
due to iheir thermal agitation as well as these collide with the 
fixed positive ions in the lattice of the conductor. The kinetic 
energy gained by these free electrons during motion is also 
continuously dissipated due to the opposing force on these 
electrons due to collision with the fixed ions in lattice and 
transformed into heat. This is called 'Joule Heating Effect'. 
Whenever a current flows in a conductor heat is _dissipated in 
conductor and conducted or radiated to surrounding. 

3.11.1 Thermal Power in a Resistor 

When a current I flows through a resistor of resistance R as 
shown in figure-3.184 the potential difference across this resistor 
will be V = IR. Ifwe calculate the work done in transporting a 
charge dq from terminal A to B through the resistance, it is 
given as 

dW=dqV 

Due to continuous flow of current we can write dq = Idt so we 
have 

dW=(Idt)V=l'-Rdt 

This work is done by electric field in continuous flow of current 
through the resistor and is continuously dissipated as heat in 
it. The rate at which this work is done or at which heat is being 
dissipated in this resistor is called '_Thermal Power' produced 
in resistor which is given as 

dW V' 
P,h = dt = 1'-R = R ... (3.134) 

A B 

Figure 3.184 

Equation-(3 .134) gives the expression ofrate of heat produced 
in resistor in terms of current or the potential difference across_ 
the resistor. For a group of N resistor carrying currerit/1 ,12,13 .•• 

we can find the total thermal power produced by summing all 
individual thermal power produced by each resistance of the 
group or by considering the total current IT supplied into the 
terminals of the group and using the expression in 
equation-(3.134) with the equivalent resistance of the group as 

N 

p Total = J:Req = LJ;~ Rl ... (3.135) 
l=I 
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3.11.2 Total Heat Dissipated in Resistor in a given Time 

Dnration 

Equation-(98) gives the thermal power dissipated in a resistor 

through which a cnrrent I flows. If the cnrrent is constant then 

in time duration Al total heat produced in resistor is given as 

H=PR!it ... (3.136) 

If the cnrrent which flows through the resistor is varying with 

time as I= f(t) then for a short elemental duration 'dt' this 

cnrrent can be considered constant and heat produced in 

resistor for this duration 'dt' is given as 

H=PRdt ... (3.137) 

To calculate the total heat produced we can integrate the above 

expression for the'time duration in which heat is to be calculated 

as 

' ' 
H= f I'Rdt = f [f(t)]

2 
Rdt ... (3.138) 

t=O tcccO 

3.11.3 Power Supplied or Absorbed by a Battery 

When current is supplied by a battery then by chemical energy 

inside battery it does continuous work in flow of free electrons 

to maintain the current in circuit. When a charge dq is supplied 

by a battery of EMF I; then work done by the battery is · 

dW=dqc, 

!fa cnrrentlis maintained by the batterythen the rate at which 

continuously work is done by the battery or Power Supplied 

by the Battery is given as 

dW p ---OT 
battery- dt -...,,.. ... (3,139) 

In some cases when a ·cnrrent is supplied into the battery by 

some external source which dominates the EMF of the battery 

then the charges are pushed into the battery and work is done 

on the battery continuously as cnrrent flows in that case the 

expression in equation-(3.139) gives the 'Power Absorbed by 

the Battery' which restores the chemical energy back in battery 

if it is chargeable otherwise it will be dissipated as heat in 

chemicals of the battery. 

Figure-3.185 shows the two cases when a battery supplies power 

and it absorbs power when connected in a circuit. 

p ' = i:r PAb---'--" = i:r .~---,,-.---11 .... '"'_' _' _ ... ___ B .~-,,---~I • ,__-_·-__ " _ ___..B 

/ E I E 

Figure 3,185 

Above are the cases of power supplied cir absorbed by ideal 

battery. Figure-3.l 86(a) shows areal batteryofEMF l:,and internal 

resistance r supplying power to external circuit. In this case 

battery produces a power I;/ and due to its internal resistance 

inside the battery thermal power is also produced which heats 

up the battery. Thus total power supplied by this battery to 

external circuit is given as 

P . ="-Pr supply '-.f 

1 / [ __ ~~~---~~~] ' ~ 
(a) 

-----, 
.:1-., -.--11 ~ 

I I I I 
' ' • ______________ J 

(b) 
Figure 3,186' 

... (3.140) 

Ifwe analyze the situation shown in figure-3.186(b) in which a 

cnrrent I is supplied into a real battery of EMF I; and internal 

resistance r. In this case battery is absorbing power 'ff and a 

thermal power is also being produced inside the battery due to 

its internal resistance. Thus total power consumed by this 

battery is given as 

P ="'+Pr consumed '-.f 
... (3.141) 

3.11.4 Total Energy Conservation in an Electrical Circuit 

In an electrical circuit containing resistances and batteries, there 

are some batteries which supply power and there are some 

which absorb power. By conservation of energy we can state 

that in any electrical circuit total power supplied by some 

batteries is equal to the sum of total power absorbed by some 

other batteries and totai thermal power produced in all 

resistances of the circuit including internal resistances of the 

batteries. 

Figure-3.187 shows an electrical circuit containing four batteries 

and some resistors with directions of currents flowing in the 
resistors and batteries. We can see that batteries with EMFs 1:,1 

and I;. are supplying power and batteries with EMFs I;, and I;, 
are absorbing power from circuit so the power equation for this 

circuit can be written.by conservation of energy as 
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R, 
R, I, 

!;, 
R, 

!;, I, I, 

R, 

I, 

Figure 3.187 

3.11.5 MaximurnPowerTransferTheorem 

When an external resistance is connected to.a battery, it supplies 
power to external resistance which dissipates this energy in 

form of thermal energy to surrounding. The amount of energy 

supplied by the battery to external circuit depends upon the 

value of external resistance also. We will now study the variation 

dP · 
_R =O 
dR 

d ( s'R ) 
· dR (R +r)' =O 

(( R+r)' .l-R.2(R+r)) r;2 ~~--c--'--~ =O 
(R+r)

4 
. 

R2=,2 

R=r 

·-··current Electdcijj 

... (3.145) 

From above expression in equation-(3.145) it is evident that 
maximum power is supplied by the battery to external resistance 
wheo external resistance value is equal to internal resistance of 
the battery. This is called 'Maximum Power Trans/er Theorem'. 

Above relation in equation-(3.145) also indicates that above 
and below internal resistance of battery there can be two values 

of external resistance for which the power supplied by battery 

will be same that can be calculated by using equation-(3.144). 

ofpowersuppliedtoanexternalresistororacircuitbyabattery '3.11.6 Use of Maximum Power Transfer by Thevenin's 
with variation in external resistance. Analysis · 

Figure-3.188 shows a real battery with EMF r; and internal 

resistance rwhich is connected to an external variable resistance 

R. The current supplied by the battery in this case is given as 

To understand the use of maximum power transfer theorem with 
Thevenin 's analysis we take an illustration. Figure-3. 189 shows 

a circuit with one variable resistance R and some other 

l=_r;_ 
R+r 

components. In this circuit we are required to find the value of 
... (3.143) R for which the thermal power produced in this resistor will be 

l1llllOI1lllllL 

R 

A B 

: ~ r I 
L--------1, 

Figure 3.188 

Using the current in circuit, we can calculate the power supplied 
to the external resistance as 1 

P =PR R 

~ ( s )' t,
2 

R p - -- R-
R- R+r - (R+r)2 ... (3.144) 

From equation-(3.144) we can see that the power supplied to 
external resistor varies with value of its resistanceR which first 
increases with R then decreases. We can "find out the maximum 
value of power supplied by using concept of maxima-minima. 
So the power supplied by battery is maximum when 

One way of solving this is· to solve the circuit using KCL or 

KVL with R as variable and i:alculate the current through R in 
terms of Rand then maximize PR with respect to R using concept 

of maxima-minima by equating its derivative to zero; That 

equation will give us the value ofR for which maximum thermal 

power is produced in this. resistor. 

28V . JOY• 
~--'-I+ ,----~----ff+ __ ~ 

30 
60 

R 

- JOY 
+ 

Figure 3.189 ' 
Another way to solve the circuit using Thevenin 's method For 
this we remove the resistance R and redraw the circuit as shown 
in figure-3.190 and-calculate the current I in the loop by KVL 
equation·ofthe loop as 
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! Current Electricity __________ _ 

9/=18 

I=2A 

6fl 

- IOV 
+ 

Figure 3.190 

... (3.146) 

y 

To find the opeo circuit potential difference across terminals X 
and Ywewrite the potential equation fromXto Yas 

-I0+2x6+IO=Vy 

... (3.147) 

lfwe replace all batteries in circuit by straight wires as these are 
considered ideal, the effective resistance betweeo the terminals 
X and Yfor the circuit will be parallel combination of3W and 
6W resistance given as 

3x6 
r = -- =2Q 

eq 3+6. ... (3.148) 

From equations-(3.147) and (3.148) we can redraw the Theveoin 's 
equivalent circuit as shown in figure-3.191. 

X 

R 

y 

Figure 3.191 

Now we can directly state by maximum power transfer theorem 
that maximum thermal power will be produced in R wheI) R = 2Q. 
Ifwe carefully see then to solve this specific question we do 
not need to solve for the equivalent EMF of this circuit as we 
only need the value of internal resistance of the equivalent 
battery as we've studied that for external"resistance equal to 
the internal resistance of source the power transferred to external 
resistance will be maximum. 

# Illustrative Example 3. 5 6 

_-_--_-_-_-_-_-=--_3_fil_ 

6fl 

3fl m 

20V 

Figure 3.192 

Solutio11 

The 6Q and 3Q resistances are in parallel. So their combined 
resistance is given as 

1 I 1 I 
-=-+-=-
R 6 3 2 

R=2Q 

Now the circuit is reduced as shown in figure-3.193. 

sn 

20V 

Figure 3,193 

Curreot supplied by the battery is given as 

20 
i= 3+2+5 =2A 

The potential difference across the combination of 6Q and 3Q 
resistance is given as 

V=2X2=4V 

Now total heat produced across all the resistances are giveo as 
Hm =i2Rt=(2)2x3 x2 =24J 

v2 (4)2 16 
H =-t=-x2=-J 

ID R 6 3 

v2 (4)2 32 
H = -t = - x 2 = - J 

m R 3 3 

and H,,o=i2Rt=(2)2x Sx 2=40J 

# Illustrative Example 3.57 

Calculate the cost of heating 4.6 kg of water for 25°C to the 

In the circuit shown in figure-3.192, find the heat developed boiling point, assuming that no energy is wasted. Electrical 
across each resistance in 2s. energy costs 25 paisa per kWh. 
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Solution 

We know that heat required is given by 

H=msT 

Here we use m=4.6kg,s= 1 andT=(I00-25)=75°C 

H=(4.6 x 103)(1)(75)cal 

Total electrical energy supplied is given as 

W=JH=4.2 x (4.6 x 103)(1)(75)J 

W= (4.2)(4.6x10
3
)(75) kWh 

60x60xl03 

W=0.4kWh 

Total cost is given as 

C=0.4 x 25= !Opaisa 

# Illustrative Example 3.58 · 

A battery has an open circuit potential difference of 6V between 
its terminals. When a load resistance of 601.1 is connected across 
the battery, the total power dissipated by the battery is 0.4W. 
What should be the load resistance R, so that maximum power 
will be dissipated in R. Calculate this power. What is the total 
power supplied by the battery when such a load is connected? 

Solution 

Figure-3 .194 shows the situation described in question. Here r 
is the internal resistance of the battery and E its EMF. 

E 

Figure 3.194 

Power supplied by the battery in this case is given as 

E2 
P=--

R+r 

Substituting the values gives 

(6)2 
0.4=--

60+r 

r=30.!.1 

· - - - -- ···----·:c----C-u-rre~n-t_!,_te'~ 

Maximum power is dissipated in the circuit when external 
resistance is equal to net internal resistance which gives 

R=r 

R=30.!.1 

Total power supplied by the battery under this condition is 
given as 

PTotru =0.6W 

Out of this 0.6W halfofthe power is dissipated in Rand halfis 
dissipated in r. Therefore, maximum power dissipated in R is 
0.3W. 

# lllustrative-Example 3.59 

Two wires of same mass having ratio oflengths 1 : 2, density 
1 : 3 andresistivity2: I. These are connected one by one to the 
same voltage supply. The rate of heat dissipation in the first 
wire is found to be 1 OW. Find the rate ofheat dissipation in the 
second wire. 

Solution 

Across a given voltage source power dissipated in a resistance 
is given as 

Given that 

and 

v2 
p =-

th R 

Pth, = R2 

P,h2 R, 

/1 ld1 1 p1 2 
- = -· - = - and - = -
12 2' d2 3 p2 1 

m1=m2 

d/1A1 = d,f,_A2 

~ = d2l2 
A2 d1l1 

Pth, = Pi2 IA2 

Pth~ P11i/ A1 

Pth, 10 5 
Pth =-=-=-W 

2 2 6 3 
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!Current Electricity 

# lllustrative Example 3. 60 

A current passing through a resistance R decreases uniformly 
to zero in a time internal Tand a total charge q passes through 

resistance. Find the total heat produced in resistance in this 
process. 

Solutio11 

Figure-3.195 shows the variation ofcurrent falling linearlywith 

time as described in the question. Here we consider at t = 0, 

i = i0 and after time t = T current in circuit becomes i = 0. 

t=O 
t= T 

Figure 3.195 

As total charge q passes through the circuit, we use 
' 

T 

q = f idt = .!.;0T 
0 2 

. 2q 
I=-
0 T 

Thus current in circuit as a function of time is given as 
' 

Total heat produced from Oto Tis given as 

T T42R( t)2 
H=fi2Rdt=f~ 1-- dt 

o o T T 

_ 4q2R[t+!__c]T 
H- ·r2 3T2 T 

0 

H=-- T+--T 4q2R[ T ] 
T 2 3 

4q2R 
H=--

3 T 

··-- --~fl 
# /[[ustrative Example 3. 61 

A bulb is marked 220\1, I OOW. What ~11 be the current in the 
filament when connected to200V? 

Solution 

Resistance of the given bulb can be calculated as 

V' 
R= p=484Q 

Thus current through the bulb when it is connected across a 
200V supply is given as 

# /Uustrative Example 3. 62 

A 500W heater is designed to operate at 200V potential 
difference. !fit is connected across 160V line, find the heat it 

will produce in 20 minute. 

Solution 

The resistance ofheater coil is given as 

v2 (200)2 40000 · 
R= - = -- = -- =son 

P 500 500 

When connected across 160V supply, the power consumed by 

heater will be given as 

v2 (160)2 160xl60 
P'=-=--=----

R 80 80 
P'=320W 

Total heat produced in 20 minute (1200s) is given as 

H=P't 

H=320 x 1200 

H=384000=384kJ 

# Illustrative Example 3. 63 

In the_ circuit shown in figure-3. 196, find the value ofresistance 
R at which the power transferred to this resistance will be 
maximum E .. m 

m· 

lOV A R B 

Figure 3.196 
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Solution 

' After removing the resistance R the circuit is shown in 
figure-3.197. The internal resistance across A andB for the circuit 

. is given as \ 

4x6 
rAB= 4+6 +5 =2.4+5=7.4Q 

E
20V 

" 
60 

Jov=> 

r., "'ov~~A_,. f B 

5!1 

Figure 3.197 

~·~ 
~ 

. For maximum power to be transferred to R using maximum power 
transfer theorem, the value of R should be equal to the internal 
resistance of the circuit which is given as 

R=7.4Q 

#Illustrative Example ~.64 

A storage battery with EMF E = 2.6V loaded with and external 
resistance produces a current J = LOA In this case the potential 
difference between the terminals of the storage battery equals 
V = 2.0V. Find the thermal power generated in the battery and 
the power supplied by the battery. 

Solution 

When a current is drawn from the battery, its poteotial difference 
across the terminals decreases which is given as 

2.0=2.6-Ir 

r=0.6Q 

If external resistance is R, we use 

2.6 
R+r= -

1
- =2.6Q 

=> R=2.6-0.6 =2.0Q 

The thermal power generated in the battery is given as 

P,h = P. r= 12 x 0.6 = 0.6W 

Total electrical power supplied by the battery is given as 

P=I x 2 = 2W 

# Illustrative Example 3. 65 

In the circuit shown in figurec3.198, for what value of R the 
power dissipated in it will be maximum . 

R, 

R, 

• 

Figure 3.198 

Solution 

Using maximum power transfer theorem, power dissipated in R 
will be maximum when it is equal to the internal resistance of the 
circuit across the·resistance terminals. Using Thevenin's 
analysis we can reduced the above circuit as shown· in 
figure-3 .199 with internal resistance 3R,J2. 

Q 
Figure_ 3.199 

Thus maximll)ll power will be dissipated in the resistance R 
when it is given as 

3Ro R=-
2 

# Illustrative Example 3. 66 

The walls of a closed cubical box of edge 60cm are made of 
material of thickness I mm and thermal conductivity 
4 x l 0--4 cal s-1cm-10C-1. The interior of the box is maintained 
I 000 °C above the outside temperature by a heater placed inside 
the box and connected across 400V DC supply. Calculate the 
resistance of the heater. 

Solution 

The amount of heat transmitted per second through the walls 
of closed cubical box is given by steady conduction rate which 
is given_ as 

Q KA(T2 -1;) 
t d 
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Substituting the values we have 

Q (4xl0-4)(6x50x50)(!00) 

0.1 

Q =6000cal 
t 

This heat loss must be compensated by the electric current 
fowling through the coil which is given as 

v2 
H=--cal 

Rx4.2 

v2 
R=---

Hx4.2 

Here we use V = 400V and H = 6000cal 

A00x400 
R= 6000x4.2 6·35fl 

# Illustrative Example 3.67 

The figure-3.200 shows a part of certain circuit, find 

(a) Power dissipated in 5fl resistance 

(b) Potential difference Ve- VB 

(c) Which battery is being charged 

C IQ 2Q 4Q 2A B 

~r3Vc-,-,w;.--+e=---i 

sn 6n 

4A 

Figure 3.200 

Solution 

(a) By KCL.at the two junctions we can see that the current 
flowing through resistance 5fl is I IA. Thus power dissipated 
in this is given as 

P=i2R 

P=(11)2x5=605W 

(b) Writing the equation of potential drop from point C to B 
gives 

VB+8V+3V+l2V-12V-5V= Ve 

=:, VB+IIV-5V=Ve 

(c) As in both batteries cnrrent is flowing into the positive 
terminals of the batteries thus both batteries are being charged. 

. - -- ·--- . 3"75] 
·····--·---·-- --=:..J. 

# Illustrative Example 3. 68 

Find the power supplied or supplied by each battery in the 
circuit shown in figure-3.20 I. 

sn 

IOQ 

Solution 

15V 
~--~+'"----

30V IOQ 
+ -

m 

~--~---- + 

IOV 

Figure 3.201 

To solve the circuit we distribute potentials at different junctions 
of the circuit as shown in figure-3.202. 

@) 15V 
r---.,+ r_---

sn 

30V 0 IOQ 
+ -

IOQ sn 

~---,=,---~ + 
® 

Figure 3.202 

Writing KCL equation for x gives 

x x-10 x+30 x+5 
-+--+--+-- =O 
5 10 10 5 

2x+x-lO+x+30+2x+l0 
10 =O 

&=-30 

x=-5V 

IOV 

Cnrrent through the batteries and power supplied by batteries 
is given as 

X x+30 
I =-+--=-1+2.5=1.5A 

IOV 5 10 
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and 

P,uppiod JOY= cl= 10 X 1.5 = 15W 

25 
I,ov= 10 =2.5A 

P suppled ,ov = ef =30 X 2.5 =75W 

I,sv=O 

P 15v = 0 

# ll/ustrative Example 3. 69 

Solution 

[

I-DY ' , SQ 

~n 

AfB. 20V 

4Q => 

,,. 
Figure 3.204 

Here r AB is given as-

Current Electr/c:M 

r-1'~ 
~ 

How a battery grid can be made by using 24 cells of!Q internal 
resistance which can deliver maximum power to a load of! on => 
resistance. 

'AB= 20.n JPJ [611 JSJ 411 

'AB=20QJPJ 1011 

20xl0 · 20 
rAB= 20+10 = 3Q => 

Solution 
By maximum power transfer theorem for resistanceR 

·Ina battery grid with N cells in series andM rows in parallel the 

equivalent EMF and equivalent internal resistance is given as we use 
20 

R=-Q 
3 

Nr 
req·= M 

N(l) 
TotalcellsNM=24; M = IO=>N= lOM 

IfM= l;N=24, 

=> 

IfM=2;N=l2 

10M2=24 

M = .J2A " 1.55 

~=241;,r~=24Q 

P=(~:~r xl0=4.98~ 

~ = 12s,r"" =611 · 

(
12~)

2 

P= l6 xlO =5.621;2 

Thus forM= 2 &N= 12, power supplied by grid will be maximum. 

# Illustrative Example 3. 70 

In the circuit shown in figure-3.203, for what value ofR will the 

power consumed by this resis,tance will be maximum. 

JOY 6Q 

20n 4Q 

A R B 20V 

Figure 3~203 

Web Refurehce:it)!IWW.physicsgajazy.com 

Age Group~ Blj;h School Physics J Age 17-19 Years 
Section-EEqQl'l'UC CURRENT &.CIRCUITS 

• Topic • The,#ralEffect of Current 

Module Numbe~·" 1 to 5 

Practice Exercise 3. 7 

(i) In the circuit shown in figure-3.205 find the power 
supplied by the two batteries, 

2Q m 

3Q --
JV 

Figure 3.205 

[14W - IW] 

(ii) A 20V battery with an internal resistance of 511 is 

connected to a resistor of xn. If an additional 611 resistor is 
connected across the battery, find the value of x so that external 
power supplied by battery remains the same, 

[x - 7.5QJ 

(iii) Two identical batteries each of emf E = 2V and internal 
resistance r = I .n are available to produce heat in an external 
resistance by passing a current through it. What is the maximum 
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power that can be developed across an external resistance R 
using these batteries. 

_ [2W] 

(iv) How would you connect 24 cells in series and/or parallel 
combination, each of internal resistance IQ, so as to get maximum 
output across a load resistance of I on. 
[2 rows of cells, each containing 12 cells in series must be connected in 
parallel.] 

(v) A circuit shown in the figure-3.206 has resistances 200 
and 300. At what value of resistanceR, will the thermal power 
generated in it be practically independent of small variations of 
that resistance? The voltage between points A and B is 
supposed to be constant in this case. 

Figure 3.206 

[12n] 

. (,i) How much has a filament diameter decreased due to 
evaporation if the maintenance of the previous temperature 
reqnired an increase of voltage by T\ = 1.0%. The amount of 
heat transferred from the filament to surrounding space is 
assumed to be proportional to the filament surface area. 

[2%] 

(vii) An electric toaster uses nichrome for its heating element. 
When a negligible small current passes through it Its resistance 
at room temperature 27.0°C is found to be 75.30. When the 
toaster is connected to a 230V supply, the current settles, after 
a few seconds, to a steady value of2.68A. What is the steady · 
temperature of the nichrome element? The temperature 
coefficient of resistance of nichrome averaged over the 
temperaturerange invo]ved, is J.70 X ]0-4 °C-1• 

[850°C] 

(viii) What amount of heat will be generated in a coil of 
resistance R due to a charge q passing through it ifthe current 

in coil decreases to zero halving its value every M seconds. 

I q' R ln(2) 
[2-A-, -J 

fix) A conductor has a temperature independent resistance 

Rand a total heat capacity C. At the moment t= 0 it is connected 

to a DC voltage source of EMF V. Find the time dependence of 

the conductor's temperature T assuming the thermal power 

dissipated into surrounding space to vary as q = k(T - Tr), 

where kis a constant, T0 is the surrounding temperature which 

is considered to be equal to conductor.'s initial temperature. 

(x) A fuse oflead wire has an area ofcross-section 0.2 mm2• 

On short-circuiting, the current in the fuse wire reaches 30A. 

How long after the short-circuiting, will the fuse begin to melt? 

For lead, take its specific heat 0.032 cal g-1 ( 0 C)-1 ,"melting point 

327°C, density 11.34 g/cm3 and the resistivity= 22 x 10-- 0-cm. 

The initial temperature of wire is 20°C. Neglect heat losses. 

[0.095s] 

3.12 Transient Analysis of RC Circuits 

Figure-3.207 shows a capacitor connected across a battery via 

a switch. We've studied that on closing the switch for a short 

interval of time current flows and charge on capacitor plates 

increases to q = Cl; and then current in circuit becomes zero. 

This state is called steady state of circuit. The state of circuit 

just after closing the switch and before it attains the steady 

state is called 'Transient State' and the duration for which the 

current flows in the circuit until steady state is attained is called 

'Transient Duration'. 

C 

L_ __ +,:i ,-

s 

q 

C ___ _, 
+~ -~ 

L_ _ _i+ -

(a) 

(b) 

Figure 3.207 

s 
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Figure-3.207(b) shows the variation of charge with time on 

capacitor plates after closing the switch at t = 0. We can see that 

before t = 0 when the switch was open charge on capacitor was 

zero and on closing the switch at t = 0 within almost no time 

charge suddenly rises to the steady state value q = Cl; . 

The charging of capacitor is very quick because connecting 

wires are perfect conductors. Figure-3.208(a) shows a circuit in 

which along with a capacitor of capacitance C, a resistor of 

resistance R is connected in series across the battery of EMF I; 
via a switch. 

Now when we close the switch at I= 0 again a current flows in 

circuit which charges the capacitor but due to the presence of 

resistance charging is not as fast as it was in case of figure-

3.208 and charge on capacitor gradnally inc.eases and finally 

attains the same steady state value q = Cl; and current in circuit 

becomes zero as in steady state potential difference across 

capacitor becomes equal to that ofbattery EMF. Figure-3.208(b) 

shows the gradual variation in charge on capacitor plates from 

0 to Cs- In this figure transient period is also indicated after · 

which circuit attains steady state. 

C R 

~--'-I+ Fl ~--~/--~ 

I; 

(a) 

~--+q"-iC/--q_.:,_ __ ,,Ril-----, 

~--+ F-----,. _ _J 

I; 

(b) 

Figure 3.208 

In case shown in figure-3.207 after closing the switch current 

flows for a very short duration whereas in case shown in 

figure-3.208 current lasts for a longer duration and qualitatively 

we can also state that on increasing the value of resistance R 
the transient duration in which capacitor receives its full charge 

increases. 

Current Electrtciti] 

3.12.1 Analysis of Charging ofa Capacitor in RC circuit 

When a capacitor is charged through a resistance by a battery 
as shown in figure-3.208(a) we can ~nalyze the charge on 
capacitor and circuit current as a function of time by using 
KVL. When the switch is closed at t = 0 a current starts flowing 
in circuit and at any instant t = t if current in circuit is i and 
charge on capacitor plates at this instant is q then the KVL 
equation for this loop of circuit is written as 

+I;-~ -iR=O 

=> 
. Cl;-q ,=--

RC 
... (3.149) 

The current in circuit supplies charge on capacitor which can 
be written as rate of variation ofcharge on capacitor so we have 

=> 

dq Cl;-q 
dt =~ 

dq dt 
Cl;-q = RC 

Integrating the above equation within limits of I= 0 tot= t for 
charge on capacitor plate increases from q = 0 to q = q, we get 

=> 

=> 

J
, dq 

1
, dt 

,Cl;-q = ,RC 

[-ln(Cl;-q)]l = }c [1]; 

t 
[ln(Cs-q)-ln(O;)]= - RC 

m(ct;qJ = -;c 
( Ct;q J = e-;c 

_, 
(Cs-q) = Cl;e Re 

... (3.150) 

Above equation-(3.150) gives the charge on capacitor plates as 
a function of time during Transient state. We can see from this 
equation that charge increases exponentially as shown in 
figure-3 .209 and at t ~ co charge on capacitor becomes q = Cl;. 
This indicates that transient duration is infinite and capacitor 
attains steady state after infinite time from the time of closing 
the switch. Theoretically its correct but practically it is not 
considered. 
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q 

Cl; -------------------------

t=,=RC 

Figure 3,209 

In above equation-(3.150) at time t = RC if we calculate the 

charge on capacitor plates, it is given as 

q,=es(i-;) 

q =cs(i--1 
-) 

' 2.718 

= Cs(l-0.37)=0.63(s ... (3.151) 

The time duration t = RC seconds is an important duration in 

analysis of RC circuits and it is called 'Time Constant' ofa RC 
circuit and it is denoted by symbol 't'. Time constant of a given 

RC circuit is defined as "The time duration in which the 
capacitor of RC circuit charged upto 63% of its steady state 
value" 

Ifwe calculate the charge on capacitor after t = 5, = 5RC then 
from equation-(3 .151) we get 

q = (s(J-e-5)=0.99 Cs ... (3,152) 

From above equation-(3.152) it is clearly seen that in duration 

five times the time constant charge on capacitor rises to 99% of 
steady state value and theoretically remaining I% charge it will 
attain in infinite duration. 

So for practical purposes we can wait maximum upto five times 
the time constant duration and consider that steady state is 

almost attained so in general for practical purposes for a given 
RC circuit transient duration can be taken as 5RC seconds. 

When the switch is closed current flows to charge the capacitor 
which can be obtained by differentiating equation-(3, 150) as 

i= dq = 5.e ;c 
dt R 

... (3.153) 

Above current is also varying exponentially. Variation of current 
with time in charging of a capacitor in RC circuit is shown in 
figure-3.210. 

l 
R 

t=O 

Figure 3.210 

From above equation-(3.153) we can see that current just after 
closing the switch at t = 0 is given as 

. s 
1= -

R ... (3,154) 

Above current is called 'Charging Current of a Capacitor in 
RC Circuit'. Using this expression of current we can calculate 

the potential difference across resistor at any instant of time 
which is given as 

... (3.155) 

3.12.2 Heat Produced iu Charging of a Capacitor iu RC circuit 

We can also calculate the total heat dissipated in the resistor 
during charging of capacitor by integrating the heat produced 

in resistor for an elemental duration 'dt' and integrating it within 

limits from O to oo as theoretically charging lasts for infinite time 
which is given as 

... (3.156) 

Total heat produced upto steady state can also be calculated 
by the traditional method which we have already calculated in 
previous chapter in article-2.2.4 as 

H = Work done by battery 

- Energy absorbed by Capacitor 

cc} H= cs' - .!.cs' = .!.cs' 
2 2 

... (3.157) 

As already discussed in article-2.2.4 the result obtained for 
heat produced in charging ofa capacitor was same as obtained 
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in above equations-(3.156) and (3.157). This signifies thatthe 
heat produced in charging of a capacitor does not depend on 
the resistance connected in circuit. 

If a resistor is connected in circuit then heat is dissipated in that 
resistor and if no resistor is connected then it is due to the 
resistance of the connecting wire which is distributed across 
the circuit. 

3.12.3 Discharging of a Capacitor through a Resistor 

When a capacitor is charged by a potential difference V and 
disconnected from the voltage source, the charge and potential 
difference across it is maintained until it is reconnected in some 
closed circuit. Figure-3.21 l(a) shows a charged isolated 
capacitor of capacitance C with charge Q of which the two 
terminals are.connected via an open switch S. · 

A B !:: 
~~~-- ._ __ ....,_ 

+Q "-Q 

L_ ___ ___.~ ____ _j 

s 

(a) 

-

(b) 

Figure 3.211 

When the switch is closed as shown in figure-3.21 l{b), due to 
short circuiting the plates, the charge on one plate at high 
potential will flow toward the lower potential plate and capacitor 
will get discharged. As wires are considered perfectly 
conducting ·discharging of capacitor will be very quick. Figure-
3 .212 shows the time variation of the charge on capacitor as 
switch is closed at I= 0. 

q 

Q 

Figure 3.212 

- - ·-·-· ______ C_u_rr_e_n_t -E,-e-ct-rlc_ity_j 

Figure-3.213(a) shows a charged capacitor of capacitance C 

with charge Q connected to a switch through a resistor of 

·resistance R. 

A C B 

r--+------l+Q~ 

R 

(a) 

A R B ~__,,_ _ __, L-__ ...__ 

+q 7 r-q 

R 

(b) 

Figure 3.213 

t=O 
~ 

· When the switch is closed the charge on capacitor plates starts 
discharging but at a slow pace due to presence ofresistance. If 
we consider that switch was closed at t = 0 then at a general 
instant of time t= tif currentin circuit is i and charge on capacitor 
plates is q as shown in figure-3.213(b) then to analyze the circuit 
we can write the potential equation of the loop as 

-iR+.'L =O 
C 

... (3.158) 

As during discharge the charge on capacitor plates decreases 
so the potential difference across capacitor also decreases, the 
current in circuit also decreases with time so· we use 

. . dq q 
1=--=-

dt RC 

dq dt 
-=--
q ].iC 

We can integrate above expression from the time of closing the 
switch t = 0 to an intermediate inst,mt t = t as shown in 
figure-3 .213 (b ). 
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1 
[ln(q)-ln(Q)]= -RC[t-0] 

' q= QeTc ... (3.159) 

Equation-(3.159) gives the charge on capacitor plates as a 

function of time during discharging of capacitor. The variation 

of charge during discharging of capacitor through a resistance 
is shown in fignre-3.214. 

q 

Figure 3.214 

We can calculate the discharge in above RC circuit as a function 
of time by differentiating the equation-(3 .159) which is given as 

dq Q _, 
i=-=--e•c 

dt RC 
... (3.160) 

The current also decays exponentially till capacitor is fully 

discharged. Just after closing the switch at t = 0 the discharge 
current is given by above equation as 

. Q ,=-
RC 

... (3.161) 

The variation of discharge current as a function of time is shown 
in figure-3.215. 

Figure 3.21S 

3.12.4 Initial and Steady State Behaviour of Uncharged 
Capacitor in RC Circuits 

In previous chapter of Capacitance we have already discussed 

the analysis of solving capacitive circuits in steady state and in 
previous article we analyzed RC circuits during transient state. 
For many cases it is essential to understand the behaviour of 
capacitors in circuit just after closing the circuit and in steady 
state. We will discuss the same for two states of capacitor ifit is 
initially uncharged or charged when connected in a circuit. 

For a simple RC circuit shown in fignre-3.216(a) we've discussed 

that on closing the switch at t = 0 the current in circuit is 
calculated as expressed in equation-(3.153) which is given as 

dq I; -' i=-=-eRC 
dt R 

Fignre-3.216(a) and (b). ln above equation we've also discussed 
that just after closing the switch at t= 0 circuit current is cjR as 

ifno capacitor is connect in circuit or we can consider that at 

t = 0 capacitor of the circuit is behaving like a short circuit or 

just a straight wire as shown in fignre-3.216(b). 

A C B R 

~----'a+~ 
I; s 

(a) 

A B R 

L_ ___ _.:q+'e=---...... _j 

I I; 
At t=o+ 

(b) 

Figure 3.216 

This can be generalized for all RC circuits that just· after 

switching on a circuit containing resistors and capacitors all 
the uncharged capacitors of the circuit behave like a short circuit 

or at an initial instant we can replace all uncharged capacitors 

of the circuit by a straight conducting wire and solve the circuit 
for any parameter of the circuit. We can understand it with the 

help ofan illustration in better way. Fignre-3.217(a) shows a 
circuit contairiing some resistors and capacitors. In this case 
we are required to find the current in resistor ofresistance 2R 
just after closing the switch S. 

"R A C B 

2R 

(a) 
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R A r; B 

" 
I, 

I 2R I, 

-±j 
~ R 

(b) 

Figure 3.217 

In above circuit when we close the switch, to calculate the 

current in resistor ofresistance 2Rjust after closing the switch 

we redraw the circuit after replacing all capacitors which are 

initially uncharged by straight wires as shown in figure-3.21 ?(b). 

This circuit can now be solved by series parallel method as the 
resistance 2R is in parallel with the resistance R to the right side 
ofit and this group is connected in series with the resistance R 
to the left of it. Thus equivalent resistance across battery in 
this circuit is given·as 

Rx2R SR 
R =R+--=-

"l R+2R 3 
... (3.162) 

The current supplied by battery in this state is given as 

... (3.63) 

Thiscurrentisdividedin the two resistances ZR andR in parallel 
which is divided in inverse ratio as discussed in article-3.2.5. 
Thus current through the resistance 2R just after closing the 

switch can be given as 

... (3.64) 

Once the switch is closed capacitor starts receiving the charge 
and its transient period starts. After full charging of capacitor in 
its steady state current through the branch of circuit in which 

capacitor is connect becomes zero so it behaves like open circuit 
in steady state. There can be current in other branches of the 
circuit if.remaining branches are forming a closed loop with a 

battery like in above circuit shown in figure-3.217(a) if we wish 
to determine the current through the same resistance 2R after 
steady state is attained then we can redraw the circuit with 
capacitor as open circuit as shown in figure-3.218 and calculate 
the current through 2R which can be directly calculate as current 
flows only in left loop !~ft with a total resistance R + 2R = 3R 
across the battery so it is given as 

... (3.165) 

C_!Jrrent Electrtcity 1 

R A 

2R. 

Figure _3.218 

Thus as a thumb rule students can remember that in RC circuits 
uncharged capacitors behave like short circuit just after closing 

the switch and behave like open circuit after a long time in their 

steady state as shown and explained in figure-3.219(a) and (bj 

A 

A 

C 

C 
I 

B 
att=O+ 

A .. B 

(a) 

B 
at t-+ oo 

A B 
' .. ~ -

(b) 
Figure 3.219 

Steady State 

3.12.5 Initial and Steady State Behaviour of Initially Charged 
Capacitor in RC Circuits 

In article-3.12.3 while discussing aliout discharging of a capacitor 

we've seen that for a simple RC circuit during discharge the 
current is calculated as expressed in equation-(3 .160) which is 
given as 

dq Q --'-i= -= --e RC 
dt RC 

Figure-3.220( a) shows the same situation ofa charged capacitor 

of capacitance Cwith charge Q on its plates when shotted bya 

· resistor of resistance R by closing the switch then just after 
closing the switch current in circuit is i= QIRC as calculated in 
equation-(3.161) which can also be written as 

i= R~=(Q~C)=(;) ... (3.166) 

A C B 

c--+-------<+Q ~s 

R 

(a) 
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R 

(b) 
Figure 3,220 

Expression in above current shows that just after closing the 

switch the capacitor is behaving like a batteryofEMF Ee= Q!C 
to supply a current through resistor at the initial moment only 
as shown in figure-3.220(b). At t ~ O when circuit attains steady 

state we can see from above equation that current becomes 

zero that implies in steady state even charged capacitors also 
behave like open circuits. 

This concept can be generalized as all charged capacitors of a 
given RC circuit can be considered as a battery of EMF equal to 
their initial potential difference for a moment just after closing 
the circuit. Figure-3.221 (a) shows an illustration. In this circuit 

we are required to find the current in resistance 3R just after 

closing the switch and after a long time when steady state is 

attained. 

JR 
I 

R R 

" 
+Q,,-Q 

" " 2C C 

(a) 

,1; ® 3R <El!9 +I"-

R R 

' 
0 " Q 

E1=-
C 

(b) 
Figure 3.221 

As discussed above just after closing the switch we replace the 
charged capacitor by a battery with EMF Q/C and short circuit 

the uncharged capacitor and redraw the circuit as shown in 

figure-3.22l(b). 

_ ---- _·:_·_ -- -- 383] 

To solve the circuit shown in figure-3.22l(b) we distribute the 

potentials in circuit parts as shown and write KCL equation for 

calculating the value of unknown potentialx which is written as 

=> 

X-S X x-(~) 
--+-+-~~=o 

R R 3R 

Q 
7x= 3s+ C 

3 Q 
x= 7s+7C • . -- (3.167) 

Using the above value ofx which is valid only for the moment 

just after closing the switch we can calculate the current in 
resistance 3R given as 

=> 

=> 

x-(%) 
J3R = 3R 

3Cs-6Q 
J3R = 21RC --- (3.168) 

In above circuit we can see that in steady state when both the 
capacitors are replaced by open circuit no closed loop is left in 

the circuit so no current will flow anywhere in the circuit so 
steady state current in resistance 3R will be zero. 

Thus as a thumb rule students can remember that in RC circuits 
charged capacitors behave like a battery ofEMF equal to initial 

potential difference across the capacitors just after closing the 
switch and behave like open circuit after a long time in their 

steady state as shown and explained in figure-3.222(a) and (b) 

c att=O+ Ec=QIC B 
..... 1,----11 t--1 _ __,jl..... ... ..... 1-------11 f---~-

+Q -Q 

(a) 

A C B att-+oo 

~·--+Qe1lt--l_--=-Q-·- ... 

(b) 

Figure 3,222 

B -Steady State 

3.12.6 Analysis of Advance RC Circuits using Thevenin's 
Method 

For simple RC circuits with one capacitor and one resistor we've 
analyzed charging and discharging transients in previous article. 
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Circuits involving multiple resistors in charging and discharging 

of RC Circuits are called advance RC circuits. For transient 
analysis of such circuits either we solve the circuit using KCL 

or KVL for all the branches of circuit or we replace the circuit 

across the capacitor byThevenin's equivalent battery. We will 

consider an illustration to understand both the methods for 

dq dt 
Cs-3q = 5RC 

In above equation-(3.172) after separating the variables we can 

integrate the expression from time t = 0 to the intermediate instant 

t = t when charge attained by capacitor plates is q which is 

analysis of such circuits. Figure-3.223 shows a circuit in which , given as 

the switch is closed at t = 0 and we are required to determine the 

J, dq s·· dt charge oncapacitor as a function of time. 

A 

2R R :;::c 

B 

Figure 3.223 

In above circuit on closing the switch at a general instant of 
time t= t we apply KVL for which we first consider currents 11 
and /2 in the two loops with charge on capacitor plates at this 

time to be q as shown in figure-3.224. The charge on capacitor 
is deposited by the current /2 in this loop so we can use 

2R 

dq 
12= dt 

S_ ,l; R 
+1 -

Figure 3.224 

... (3.169) 

Now we can write KVL equations for the two loops as 

and 

+ s-Ji(2R)-(/1-/2)R =0 

s 
3/1-I2=Ji. ... (3.170) 

... (3.171) 

From the above equations-(3.170) and (3.171) we eliminate current 
11 and substitute 12 from equation-(3.169) we get 

Cs-3q dq 
12 = 5RC dt ... (3_.172) 

,.o Cs-3q = ,.o 5RC 

--ln(Cs-3q) = -[t]' [ 
I ]' I 

. 3 0 5RC 0 

3 
[In (Cs-3q)-ln(Cs)] =- - [t-0] 
. 5RC . 

(
Cs-3q) =-~ 

In Cs 5RC 

Cs-3q _-1!... 
~-~ =e SRC 

Cs 

... (3.173) 

Equation-(3.173) gives the charge on.capacitor as a function of 

time. Same equation can also be obtained by using KCL on 
above circuit which students are required to solve on their own 
and verify that they are getting the same equation using KCL. 

Use ofKCL or KVL is relatively a lengthy analysis for advance 

RC circuits. Simpler method is by using Thevenin's equivalent 

battery which we've studied in article-3.8. In the circuit shown 
in figure-3.223 ifwe reduce the circuitacross the capacitor by 

Thevenin's equivalent battery then it can be redrawn as shown 
infigure-3.225. 

A 

Figure 3.225 

Above circuit is a simple RC circuit in which the charge as a 
function of time on capacitor can be directly given by. 
equation-(3 .150) written for the above circuit as 

... (3.174) 
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!Current Electrlc-ity-- -· - · - · -- ---

To calculate equivalent Theveuin's battery EMF, we remove 

the capacitor from terminals A and B and redraw the circuit as 

shown in figure-3.226. 

__ __, 1; 
+ -

R 

A 

B 

Figure 3,226 

In above circuit current flows only in left loop which is i = 'Ej3R 
due to which the open circuit potential difference across the 

terminals A andB is given as 

~ =V-V:=iR=(l)R=5_ 
"'iliAB 3R 3 

... (3.175) 

To calculate the Thevenin's internal resistance of this circuit 

across terminals A and B, we replace the battery by a straight 

wire as it is considered as ideal battery and redraw the circuit as 

shown in figure-3.227 for which the resistance across A and B is 

calculated as 

... (3.176) 

R 

A 

2 R 

B 

Figure 3.227 

3851 

3.12. 7 Leaky Capacitor 

When a capacitor is filled with a dielectric which has some low 
conductivity then such a capacitor cannot sustain charge on 
its plates as due to poor conductivity of the medium between 

the plates charge from one plate of capacitor will flow toward 
the other plate aud gradually gets neutralised. Such a capacitor 

is called 'Leaky Capacitor' and the current which flows 
internally in the medium between the plates of capacitor by 

which its charge discharges is called 'Leakage Current'. 

!fa capacitorof plate area A and plate separation dis filled with 
a medium which has a dielectric constant k and resistivity p 
then the capacitance and resistance of such a capacitor as shown 

in figure-3.228 across its terminalsX and Yisgiven as 

k E0 A pd 
C= -d- and R= A 

area =A 

x--'' y 
k,p 

Figure 3.228 

When the capacitor is connected to a battery of emf Vas shown 
in figure then a steady current flows through the capacitor due 
to the resistance of the medium. This steady current is given as 

V VA 
[=-=-

R pd 
... (3.178) 

The charge on the capacitor plates is due to the constant voltage 

V applied across its plates by the battery and it is given as 
Q=CV ... (3.179) 

!fat t = 0 the switch is opened then the charge of capacitor will 

Nowfromequatioris-(3.175) and(3.176)wesubstitutethevalues start discharging through the medium between the plates by 

of Eth and r th in equation-( 132) to get the charge as a function of leakage current for which the time constant of capacitor is given 

time which is given as as 

1 ( " ) q= 3c~ 1-eTRc ... (3.177) 

Above equation-(3.177) is same as equation-(3.173) which 

verifies the result and the use ofThevenin's method for analysis 

ofadvance RC circuits. Further we will take more illustrations 

to uuderstand the applications of different RC circuits. 

... (3.180) 

From eqnation-(3 .180) it is clear that the time constant ofa leaky 
capacitor does not depend on the dimensions of a capacitor. It 
only depends upon the nature of leakage material used in it 

The leakage current as a function of time can be calculated by 

using equation-(3.160) which is given as 
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... (3.181) 

L_ __ :!:.+1..::.----~,_,_ _ __J 

V S 

Figure 3.229 

# Illustrative Exumple 3. 71 

Find the time constant for the circuit shown in figure for charging 
the capacitor. 

2V R 

R 

Figure 3.2~0 

Solution 

To.find the time constant of the circuit we repl~ce the circ.uit 
across the capacitor by an equivalent battery using Thevenin 's 
analysis for which the circuit is redrawn as shown in figure-231. 

2V R 

R 

R 

Figure ~.231 

The equivalent internal resistance of the circuit can be obtained 
by short circuiting all the batteries and finding the resistance 
across terminals A and B, which is given as 

~--

'AB= [2RIPIRJ ISIR 

= 2RxR +R 
'AB 2R+R 

2R 5R 
r =-+R=-
AB 3 3 

·- --·-··· --C-urr_e_n_t_E_le_ct_tj_cL-wl --------------=-==-==:. .. al .. 

Thus time constant of this circuit is given as 

5RC ,=--
3 

In this case we don't need to calculate the EMF of the equivalent 
battery as we are only asked to calculate the time constant. 

# ntustrative Example 3, 72 

Find the charge stored in the capacitor in steady state in the 
circuit shown below. 

II 

sn 

' 
m ' 24V 

Figure 3.232 

Solution 

In above circuit current will only flow ih the lower loop as in 
steady state no current will flow through capacitor so the ":ITTent 
is given as 

24 
i=--=3A 

5+3 

The potential difference across the capacitor is equal to that 
across the 5Q resistance so we use 

Vc=iR=3x5=15V 

Thus steady state charge on capacitor plates is given as 

q = CV=(2 x 15) µC=30µC 

# ntustrative Example 3. 73 

Find the charges on 6µ1: and 4µF capacitors in the circuit shown· 
in figure-2.233 in steady state. 

3µF 4Q · 5V 

t' I w I 11 1 
~~ 

JQ JOY 6Q 

Figure 3.233 

Solution 

. Figure-3.234 shows the potential distirbution in the circuit as in 
steady state no current flows anywhere in.the loop so consider 
resistances as short circuit for this case. 
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Figure 3.234 

__ -- - ------387] 

The current in left loop of circuit is given as 

I=2A 

Open circuit potential difference across terminals A and B is 
given by writing equation of potential drop from A toB as 

VA-3x2=VB 

We now write nodal equation for x which gives 

3(x- 15)+ 6(x- 10)+2x+4(x-5 -0)= 0 

!5x= 125 

Now charge as a function of time on capacitor plates can be 
... (3.182) calculated by using equation-(110) which is given as 

q c = CV(! - e-tlR") 

25 
x=-V 

3 
qc= 24(1- e-111"j µC ... (3.183) 

Charge on 6mF capacitor is given as # Illustrative Example 3. 75 

%µF=6(10-
2
1)=10µc 

Charge on 4mF capacitor is given as 

· · · (3.184) (a) What is the steady state potential of point a with respect to 
point bin figure-3.237 wben switch Sis open? 

... (3.185) 

# Illustrative Example 3. 74 

In the circuit shown in figure-3.235, find charge on capacitor as 
a function of time t ifat t = o: switch is closed. 

Solution 

sn 

!SY 3Q 

3Q 

A 

T 4µF 

V'.~B 
tn 
Figure 3.235 

To do the transient analysis of the circuit we replace the circuit 
across the capacitor by an equivalent battery using Thevenin 's 
analysis for which the circuit is redrawn as shown in figure-3.236 
with internal resistance across A and B are given by replacing 
batteries of circuit by straight wires of zero resistance. 

m 

m 

In 
6x3 

rAB = 6+3 +30. 

r,1.8 =2Q+3Q=SQ 

Figure 3.236 

6.oon 

3.00µF 

V= 18V 

" 
Figure 3.237 

6.00µF 

b 

3.oon 

(b) Which point, a orb, is at the higher potential? 

(c) What is the final potential of point b with respect to ground 
when switch S is closed ? 

(d) How much does the charge on each capacitor change when 
Sis closed? 

Solution 

(a) When switch Sis open no currentwould be flowing in any 
branch in steady state so we have v. = 18 V and Vb = 0 as no 
potential drop occurs at any resistor 

v. -Vb =18V 

(b) As Va - Vb=+ ve. Hence Va> Vb 

(c) When switch is closed a current flows through two resistors 
from the terminal at 18V to ground which is given as 

18-0 
i=--=2A 

6+3 
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Now the potential at point b can be given by Ohm's law as 

Vb-0 = iR=2 x 3 

(d) Initially when switch is open then capacitor charges are 

as a single resistance of2n and fur the single loop KVL equation 
for current is given as 

.+6-21+ 10-6[=0 

8/=16 

given as ~ 
16 

I= 8 =2A 

and 

V3µF= V 611 = 18V 

q3µF=54µC 

q6µF=JOSµC 

Finally when switch is closed capacitor charges are given as 

~ 

and 

V6µF= V 611 =iR=2x 6= 12V 

q6µF=72µC 

v3µF= v,,;=6V 
q3µF=18µC 

Change in charges is given as 

~q=qrq;=-36µCon both capacitors. 

#I~lustrative Example 3. 76 

In the circuit shown in figure-3.238, find the current in 6Q 
resistance just after closing the switch S. 

Figure 3,238 

. Solution 

Just after closing the switch all the uncharged capacitors of the 
circuit behave like short circuit so the circuit can be redra":'ll at 
an instant just after closing the switcli as shown in figure-3.239. 

4Q 

Figure 3.239 

The two 4Q resistances are in parallel which can be considered 

# Illustrative Example 3. 77 

In the circuit shown in figure-3.240 switch Sis closed at time t= 

0. Find the current through different wires and charge stored on 
the capacitor at any time t. 

r 6R 

R 3R 

V 

:::;:: C 

Figure 3.240 

Solution 

Here first we use Thevenin's analysis to find the equivalent 
battery across the capacitor in circuit. Equivalent resistance 
across capacitor ~fter short circuiting the battery is given as 

R. = R+ (6R)(3R) =3R 
' 6R+3R 

· The time constant of the above circuit is given as 

tc=R;<J=3RC· 

Open circuit potential difference across the capacitor terminals 
can be given as the potential diffen;nce across the resistance 
3R which is giv~- as 

E= (I...)(3R) 
9R . 

V 
E=-

3 

Now the charge on the capacitor at any time t and the charging 
current through the capacitor can be given as 

and 

1 . 
q = CE(l-e-rl3RCj=-CV(l-e-tl3RCj 

3 

. dq V -t/3RC ,=-=-e 
dt 9R 

.• .. (3.186) 
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/ 

I 

Jn the circuit loops we consider instantaneo1}$ current;, and ;2 
as shown in figure-3.24t 

/ 6R ~---.---~-----~C 

u R u 3R 

Figure 3.241 

Now we write KVL equation for the outer loop of circuit as 
-6il-3i,11+ V=O 

V· 
=:, 2i1 + i2 = 

3
R ... (3.187) 

Writing KCL equation for the current in circuit, we have 

. . . V -t/3RC 
1=1-i=-e 

I 2 9R ... (3J88) 

Solving equations-(3.186), (3 .187) and (3.188), we have 

and 

V 2. 
i =---, 
2 9R 3 

. V 2V -t/3RC '=----e 2 9R 27R 

, V V -t/3RC ,=-+--e 
9R 27R 

# Illustrative Example 3. 78 

· In the circuit shown in figure-3.242 capacitor is charged with 
50µC charge. Find the current in 4Q resistance just after switch 
Sis closed. 

2Q 20V 

Figure 3.242 

Solution 

Potential difference across 5µF capacitor initially is given as 

their initial potential difference so using this we can distribute 
the potentials in the above circuit as shown in figure-3.243. 

att=o+ 

~ is1--v __ @~x--12Mn---, 

_ 5µF 
4Q 

s 
- + 

0 2Q @ 20V 

Figure 3,243 

Writing KCL equation for x gives 

. x-20 x x-5 
--+-+--=0 

2 4 2 

=:, 2x-40+x+2x-10 =0 
=:, 5x=50 

x=!OV 

@ 

Thus current through 4W resistance is given as 

X \0 
I4n = 4 = 4 =2.5A 

# Rlustrative Example 3. 79 

In the circuit shown in figure-3.244, the battery is an ideal one 
with emf V. The capacitor is initially uncharged The switch Sis 
closed at time t=O. 

(a) Find the charge Q on the capacitor at time t 

(b) Find the current in branch AB at time just after closing the 
switch. 

r 
A R 

R c== 

R B 

Figure 3.244 

Solution 

(a) In steady state potential difference across capacitor is 
V = .i = 50 =lOV given as 

SµF C 5 

As we know that just after closing the switch all the .charged 
capacitors of the circuit behaves like a batteryofEMF equal to 

V 
V=c 2 
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Above is,the open circuit potential difference across capacitor 

which is the EMF of equivalent battery as analyzed in Thevenin's 

analysis. 

To determine the equivalent internal resistance of the circuit we 
short circuit all the batteries of the circuit and find the internal 
resistance across the capacitor which is given as 

' ' 

3R 
R=i . 2 

The time constant of this circuit can be given as 

3RC 
,=CR""= -2-

Thus charge on capacitor as a function of time can be given as 

q = CV c(l-e·th) 

q= ½c;(l-e ,~c) 
(b) At t = O+ capacitor behaves· as a short circuit so the 

resistance acrqss the battery just after closing- the ,switch is 

given as 

3R 
R =-

net 2 

Current supplied by the battery just after ~losing the swi)ch is 

given as 

V 2V 
i= 31?./2 = 3R 

Current through the branch AB will be halfofthe total current 

given as 

'1 2V V 
;AB= 2 3R = 3R 

# 1/lustrative Example 3.80 

In the circuit shown-3.245, a time varying voltage V= 2000/volt 
is applied where t is in second. At time t = 5ms, determine the 

current through the resistor R = 4n and through the capacitor 
C=300µF. 

Figure 3.245 

' ' 

' \ 

Current through.th·e resistor is given as 

V 10 
i = - = - =2.5A 
R R 4 • 

Instantaneous charge on capacitor is given as 

q,".' CV=(300 x lo-') (2000t)=0.6t 

The current through the capacitor is given as 

# lllustrative_ Example 3.81 

The capacitor C1 in.the figure-3 .246 initially carries a charge q .
When the switch S

1 
andS2 are closed, capacitor C1 is connected 

to a resisior R and a second capacitor C2, which initially does 
not carry any charge. 

(a) Find the charges on the capacitors in steady state and the 

current through R just after closing the switch. 

(b) Wh_at is heat lost ii\ the resistqr- after a long time.of closing 

the switch. 

Solution 

r-----7, ~[c-, . . . . . R 

c, 
s, 

FJgure 3.246 

, ' ' 

(a) In final steady state the potential difference across 
capacitors will lie equal so after distribution of charges fin~! 
charges on the two capacitors will be given as 

q, ~ ( c, :c
2

} 0 

and 

Just after closing the switch capacitor C2 behaves like a straight 
wire of zero resistance and C1 behaves like a battery of EMF q,J 
C I so the current in circuit at this instant is given as 

. q, ,= RC 
I 

·, - (b) Initial and final energies stored in capacitors are given as 

Solution 

At t=5ms,V=IOV 
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!Current Electricity 

and 

• '. 2 

U=.!_~ 
1 2 Ci +C2 

Heat lost in the resistor is the total loss in :electrostatic energy 
of capacitors which is given as 

H=U.-U=!h_ C2 2 [ ] 
• . 1 2 c,cc, +C2 ) 

# lllustrative Example 3. 82 

The charge on the capacitor in the circuit shown in figure-3.247 
is initially zero. Find tlie charge on the capacitor as a function of 
time I if the switch is closed at t= 0. Resistance ofall resistors in 
the circuit is R. 

~ ,-------,,,1--~ 

R, 

R, R, 

Figure 3.247 

Solution 

After closing the switch we analyie the circuitusingThevenin's 
analysis. To calculate the equivalent internal resistance across 
the capacitor we short circuit the battery'and find that R3 is 
short circuited and will be of no use now and remaining two 
capacitors are in parallel so equivale11t internal resistance of 
Thevenin 's battery is R/2. 

Steady state potential difference (which is same as open circuit 
potential difference) across the capacitor is E/2 so the charge 
on capacitor as a function of time can be directly given as 

q= c(~)(l-e~''') 

CE( 
2

' )· q=z J-e CR 

# Illustrative Example 3. 83 

The capacitor shown in figure-3.248 has been charged to a 
potential difference of Vvolt,_ so that it carries a charge CV with 
both the switches S

1 
andS2 remaining open. Switch S1 is closed 

391 I 
at t= O.Att= R1C switchS1 is opened andS2 is closed. Find the 
charge on the capacitor at I= 2R IC+ R2C. 

Solution 

~-------'-l+"f.=----~ g 

,. 

s, 

. 
s, 

Figure 3,248 

R, 

R, 

When S
1 

is closed ans S2 open, capacitor will discharge through 
the resistance R

1
• At time t= R1C, onetime constant, charge will 

remains q 
1 
= CV/e. When S1 is open and S2 closed, charge will 

increase ( or may decrease also) from CV/e to CE exponentially. 
Time constant for this would be (R1 C + R,C). Charge as function 
of time would be, 

q =qi+ (qf-,q,) (J -e-'1,) 

CV.( CV) q= 7+ CE-7 (1-e-11') 

Aftertotal time 2R
1
C+ R2Cor t=R1C+R2C, onetime constant 

in above equation, charge will remain 

=> ( I) VC q= EC 1-- +-
e e2 

.. --------------------~ 
~ Weh Referen~e:atwww-physic&galp;y.com 
' . I Age. Group: ;High School Physics '\ Age 17-19 Years 
\ Section-EI..ECT'RICCURRENT&CIRCUITS 
!, Topic-Therma!EffectofCurrent 
( ModuleNuniber-16to33 
L,·----~----------------' 

Practice Exercise 3.8 

(i) 

[24µC] 

Find the steady state charge stored in the capacitor. 

2µF m 
~--1"1------~ 

" 

4Q 

6Q • '-------,,I----' 
JOY 

) Figure 3.249 
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(ii) In the circuit shown in figure-3.250, find the steady state (v) 

-· · -·-·- --·-··---~C-u-. rr-e-nt-8-.. -./:trl-. , 7
· cliy) 

In the full owing R-C circuit, the capacitor is in the steady 

charges on both the capacitors. 

I0V 

,J '; 
i 

4Q : 
20V 

~,_ _ _,2n"----

~ I.. 
:EF >----.wc---_.,J 

6Q 

Figure 3,250 

[4µC] 

(iii) Three capacitors C1 = 3µF, C2 = 6µF and 

C3 = 6µF have equal charge q = 30µC each. C1 and C2 are 

connected in series as shown in figure-3.251. If C3 is connected 

across the series combination by connecting A with C and B 

with D and if resistance of connecting wires is I on, calculate 

initial current.in the circuit just after connections are made and 

also total amount ofheat generated after connections areinade. 

[IA, 75µ/] 

A·~,--'..l+11-
c, 

+,._-__ B 

c, 

c·-----~+,,_-'-----D 
c, 

Figure 3.251 

(iv) Determine the current through the battery in the circuit 

shown in figure-3.252 

(a) Immediately after the switch Sis closed 

(b) After a long time after the switch Sis closed 

E 
I ' 

~· 
R, II C .. , 

II 

R, R, 

Figure 3,252 

[(a) EIR1; (b) El(R 1 + R,)] 

state. The initiai separation of the capacitor plates is x0• If at 

t = 0, the separation between the plates starts changing so that 

a constant current flows through R. Find the velocity of the 

moving plates as a function of time. The area of each plate of 

capacitor is A. 

c= 
E 

Figure 3.2S3 

('
i/soAJ 
iR-E 

[ [(ileo_A)1+_!_]2 l 
, E-iR x0 

(\1") In the circuit shown in figure-3.254 a capacitor of 

capacitance 5µF is connected to a source of constant emf of 

200V. Then the switch was shifted to contact 2 from contact 1. 

Find the amount ofheat generated in the 400!2 resistance. 

[44.4 ml] 

2µF 

,---.j::>---

s '2 

_1L/ so~n. 

.,1--~ 
200V 

Figure 3.254 

400Q 

(vii) Calculate the charge on capacitor A in the circuit shown 

in figure-3.255 in steady state. 

3pF 
.-------1,f----,,--~ 

4n 6Q 

I A 
>---''--!. ,1---j f---~--~ 

2V, In 2µF 

Figure 3.255 

[36µC] 
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(viii) In the circuit shown in figure-3.256 E 1 = 2E2 = 20V, 

R1 = R,_ = !0knand C= lµF. Find thecurr~tthroughR1,R,_ and 
Cwhen 

(a) S has been kept connected to A for a long time 

(b) The switch is suddenly shifted to B. 

R, 

s 
•A B -----· l R, C 

£ 1 E2 

Figure 3.256 

[(a) lmA, lmA, O; (b) 2mA, lmA, 3mAJ 

(ix) A capacitor of capacitance C1 = 0.1 Fis charged by a 

battery of EMF E 1 = 100 V and internal resistance r 1 = IQ by 

putting switch Sin position 1 as shown in figure-3.257. 

+~~ ::::J'' 100\/ ~ri l 

R \ 
' O.IF 99Q ~2 

Ez · r
2 

T 
+ i- ... "' I 
50V IQ 

· Figure 3.257 

(a) Calculate heat generated across R = 99Q resistor during 

charging of capacitor. 

(b) Now the switch is thrown to position 2 at instant t = 0, 
calculate current I(t) through the circuit, consisting of capacitor 
and battery ofEMF E2 = 50V and internal resistance r2 = IQ. 

(c) Calculate heat generated in 50V battery during flow of 

current through this battery. 

[(a) 495J (b) ½•-'"0
, (c) l.25J] 

(x) An isolated parallel plate capacitor has circular plates of 
radius 4.0 cm. If the gap is filled with a partially conducting 
material of dielectric constant k and conductivity 
5.0 x 10-14 n-1m-1• When, the capacitor is charged to a surface 

charge densityofl5µC/cm2, the initial current between the plates 
is l.0µA? 

(a) Determine the value.of dielectric constant k. 

(b) If the total heat produced is 7500J, determine the 
separation of the capacitor plates. 

[(a) 4.25 (b) 5mm] 

(xi) A circuit consists of a source of a constant EMF E and a 

resistance R and a capacitor with capacitance C connected in 

series. The internal resistance of the source is negligible. At a 

moment t = 0, the capacitance of the capacitor is abruptly 

decreased 11-fold. Find the current flowing through the circuit 
as a function of time t. 

3.13 Electrical Measurements 

For practical pnrposes it is very important to measure parameters 
in branches of an electrical circnits like current, potential 
difference across different points, resistance, power etc by using 

various equipments and gadgets. Accuracy of such devices is 

a critical factor in industrial applications. Many times some 

specific types of circuits are used in measurement of circuit 
parameters with good precision and accuracy. Different devices 

may have errors and have different accuracy for different range 
of measurements. In this section we will study some specific 

devices and set of experiments used commonly in measurement 
ofelectrical parameters. · 

3.13.1 Galvanometer 

A galvanometer is the most common type of deflection type 

meter used for measuring direction and magnitude of current 

which gives the measurement of current by deflection of its 

needle conoected to a specific rotary arrangement which rotates 
when a current is passed through it. There are two types of 
galvanometers - Unidirectional and Bidirectional. Figure-3.258 
shows the industrial image of these galvanometers which are 

used in laboratories. Unidirectional galvanometer has coloured 

terminal with red and black colours with red indicates the high 

potential connection and black indicates the low potential 

connections and it has a unidirectional scale as shown with 
zero on left side and maximum current which it can read on the 

right side of scale like the galvanometer shown in figure-3.258(a) 

is a unidirectional galvanometer of range 5mA. Another type of 
galvanometer shown in figure-3.258(b) is a bidirectional 
galvanometer which has zero at center of scale and maximum 

current which it can read on both sides of scale. Both the 
terminals of a bidirectional galvanometer are identical black in 
colour which can be connected in either ways in a circuit as 

depending upon direction of current needle will deflect on that 

side. Thus unidirectional galvanometer can only measure the 
magnitude of current whereas bidirectional galvanometer can 
measure both magnitude and direction of current in the branch 
of circuit in which these are connected. 
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(a) (b) 

Figure 3.25.8 

Detailed working ofa galvanometer we will study in next chapter 
of Magnetic Field and applications. In this section we need to 
discuss the uses and applications ofa galvanometer. There are 
two important characteristics of a galvanometer which are useful 
in its applications and uses. One is the internal resistance of 
galvanometer also called as its 'Coil Resistance' which is denoted 
by R and other is the full deflecti6n current of galvanometer g 
also called as 'Range of Galvanometer' which is denoted by I,. 
Generally the resistance of a common galvanometer is in the 
range of 50 - 10011 and its range is in mA. An efficient 
galvanometer generalymeasures current at low order in mA on 
a precalibrated scale-over which iis needle rotates. Circuit 
symbol of galvanometer is shown in figure-3.259. 

A G "B . 0 . 
Figure 3.259 

3.13.2 Ammeter 

Ammeter is also a deflection_type meter used to measure current 
in electrical circuits. Current is measured in units of Ampere and 
from the name of unit this name of this device is derivecl as 
AMpere METER or 'Ammeter'. Basic difference between an 
ammeter and galvanometer is the range 'of measurement. 
Galvanometer is a fundamental instrument to measure current 

• -- -- ---··-·--.-·""'W,·'[1 
__ 9urrent _ElectQc~y~ 

3.13.3 Conversion of a Galvanometer into an Ammeter 

A galvanometer can ·be converted into an ammeter of desired 
range of current measurement by connecting a very small 
resistance across the terminals of galvanometer. As a 
galvanometer is a very small range device for current 
measurement so to measure a large current we need to bypass 
the excess current beyond the range of full deflection current of 
galvanometer. This excess current is bypassed through a very 
low_resistimce in parallel to galvanometer which is called 'Shunt 
Resistance'. 

We will now understand the conversion of a galvanometer of 
coil resistance R and full deflection current I to an ammeter of 
. J g 
specified range JR where JR>> I Et In the desired ammeter we 
want it to deflect full scale when a current JR is passed through 
it. Actually we are using a galvanometer which deflects full 
scale at a current I so we must bypass the excess current g 
(J,R - I) which is done by connecting a very low resistance in 

g . 
parallel to the galvanometer as shown m figure-3.261. 

l ----------- I 

! (JR-lg) Rs ! 
L 0 

I I 
' ' ' ~-A~· ....,_. _ _,/'\-----'--l-i __.B__.._ 

' .lg Rg I 
-------------------- I 

Figure 3.261 

As the current is divided in inverse ratio ofresistances in.parallel 
combination we.use 

in short range ofmA whereas ammeter is used for large range of => 
current measurement from ~croampere to several ampere. Very 

R -R (~J "'R (
1
•) s g / -/ ' / R g R 

... (3.189) 

low range ammeters are constructed specifically and not in 
scope now and high range ammeters are constructed by 
modifying a galvanometer. A common. ammeter is shown in 
figure-3.260 which has specific terminals for connections to 
high and low potential ends in a circuit indicated by red and 
black in colour. To measure current in any branch of circuit we 
can cut the branch and place the ammeter in series of that branch 
of circuit. 

Figure 3 .260 

Above equation-(3.189) gives the value of shunt resistance 
required t9 be connected across the galvanometer to convert it 
into an ammeter ofrange/R. In figure-3.261 dotted line represent 
the enclosure in which the assembly of galvanometer and shunt 
resistance is kept and the scale behind the needle of 
galvanometer is changed to measure current.in range from Oto 
JR. Upcomh1g illustrations will help in further understanding of 
conver_sion ofa galv~nometer into ammeter. 

3.13.4 Voltmeter 

Voltmeter is also a deflection type meter used to measure 
potential difference across two points in an electrical circuit. As 
potential difference is also called·as voltage in commercial terms, 
the name of this device is derived as voltage meter or voltmeter. 
This is also constructed bymodifying a galvanometer. A common 
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voltmeter is shown in figure-3.262. It has two terminals marked 
in red and black in colour which are to be connected to high and 
low potential terminals across which potential difference is to 
be measured by the voltmeter. 

Figure 3.262 

3.13.5 Conversion of a Galvanometer into a Voltmeter 

A galvanometer can be converted into a voltmeter of desired 
range of voltage measurement by connecting a very high 
resistance in series with the galvanometer. As a galvanometer 
is a very small range device for current measurement so when a 
potential difference is connected across it a current flows 
through it because of its coil resistance R . The current through 

g . 
Rg due to potential difference is generalymuch higher than full 
deflection current of galvanometer which may damage the 
device. To reduce the current we connect a high resistance Rh 
in series with the galvanometer as shown in figure-3.263. The 
high resistance connected is having an appropriate value such 
that exactly current/• flows through it when a potential difference 
VR is connected across it. VR is the desired range of voltmeter 
to be constructed. 

~----- -----------, 

...... , .. 1-~-,0) .... ----\~\r~--~-f ... ,_ 
¼ ¼ 

.G 

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

Figure 3.263 

When-a_potential difference VR is connected across the terminals 
A and Ba current 1• 'flows through it and it deflects the needle 
to full scale. If the scale behind the needle is changed to one 
which is calibrated for measurement of voltages in volt in range 
from O to VR then on applying potential difference VR across 
terminals A and B needle shows the reading VR by full deflection. 
For figure-3.263 we have by Ohm's law 

1.= ( R,~R,,J 

=> 
v, 

R =--R 
h J g 

g 

... (3.190) 

Equation-(3.l90) gives the value of high resistance which is 
required to convert a galvanometer ofcoil resistanceRg and full 
deflection current 1• into a voltmeter of range VR. Further 
illustrations will help in understanding of conversion of a 
galvanometer into voltmeter. 

3,13.6 Errors in Deflection Type Measurement devices 

Any measurement device which is deflection type whether 
galvanometer, ammeter or voltmeter when connected in an 
electrical circuit, these draw some current and power from the 
circuit to produce torque on the needle which is deflected. Due 
to drawing of some current from the circuit actual parameters of 
the circuit which are to be measured changes hence always 
there will be some error in reading of deflection type meters so 
these are not preferred to be used in sensitive experiment. We 
can understand this with an illustration shown in figure-3.264. 

I R ----------~----------
• RA 

·---------~ 
Figure 3,264 

If an ammeter is inserted in a branch of circuit wh_ere current 1 
was flowing which was to be measured then after insertion of 
ammeter its resistance also came in series of that branch due to 

. which the actual current which was to be measured get altered 
and this new current will pass through the ammeter and 
measured. 

Similarly seethe figure-3.265 in which the potential difrerence 
across a resistance of lOOQ through which a constant current 
SA current is flowing is to be measured by using a voltmeter of 
resistance 500000. acros.s it. As it is very high resistance it may 
not afrect the overall current but the current is divided in 
resistance and voltmeter in inverse ratio of their resistance so 
now the current which will be drawn ·by the voltmeter will be 
given as 

SA 100n 

fy= 5x( . JOO )s:O.OIA 
. 50000+100 

.... R, 

0.0001A V 

4.99A . ~----SA lOOn 

Figure 3.26S 

Thus the current which will flow through the I OOQ resistance is 
(5-0.01) =4.99A thus the potential difference which was to be 
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measured is changed after connection of voltmeter and the 
measured value will be iR =4.99 x 100=499V. In this case error 

is small because voltmeter resistance we considered is very 

high. Ifit is less then error will be more. Thats why deflection 

type meters always affect the circuit and change the values of 

circuit parameters to be measured and always have errors in 

their readings. For an ideal ammeter its internal resistance is 

considered to be zero and for an ideal voltmeter its internal 

resistance is considered to be infinite for accurate measurements. 

# lllustrative Example 3. 84 

What shunt resistance is required to make the 1.00mA, 20!1 

galvanometer into an ammeter with a range of0 to 50.0mA? 

Solution 

Here the full deflection current and galvanometer resistance 

and range of ammeter are given as 

i, =1.00mA=Hr3A 

RG=20:n, 

iR =50.0 x 10-3A 

Substituting in equation-(136) gives 

Rs =0.408!1. 

# R/ustrative Example 3. 85 

An electric circuit is shown in figure-3.266. Calculate the 
potential difference across the· resistor of 400!1, as will be 

measured by the voltmeter V ofresistance 400!1. 

V 

4000 

1000 1000 200Q 

1000 

l0V 

' 
Figure 3 .266 

Solution 

Due to resistance of voltmeter which is in parallel with 400!1 _ 
resistance the branch resistance wiU be 200!1 and this makes 
the circuit as a balanced wheatstone bridge. Thus the middle 
branch of I oon resistance can be removed and the circuit will 
be modified as shown in figure-3.267. 

V 

4000 

1000 2000 

1000 

l0V 

" 
Figure 3.267 

The potential difference across the 200!1 resistance which is 
read by the voltmeter is given as 

200 
V=JOx 200+100 6.67V 

# lllustrative Example 3.86 

An ammeter and a voltmeter are connected in series to a battery 
with an e.m.£ £ = 6.0V. When a certain resistance is connected 
in parallel with the voltmeter, the reading of the latter decrease· 
T] = 2.0 times, whereas the readings of the ammeter increase the 
same number of times. Find the voltmeter readings after the 
connection of the resistance. 

E 

Figure 3,268 

Solution 

We consider that the initial readings of ammeter is I and that of 

voltmeter is V. When R' is connected in parallel with the 
voltmeter then we consider I' is the reading of ammeter and V1' 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



""!c-u-rren-t ~El_ec_trl~ci~·ty---- • -- -,-· 

is that of voltmeter. As it is given that/'= 11/ and V' = -~ if / 1 is. 
11 

the current entering voltmeter then we use 

For the whole circuit we can write 

E=I'R.+(l'-l1)R 

E=l'RA+ V' 

------- --a-s1-1 

S 10-3 

--=--
S+G 10 

s 
S+IOO 10000 

I 
S= 99.99 n 

Current in the shunt resistance is-given as 

i= 10-0.001 =9.999A 

E-V' 
R=--

A J' 

When no resistance is connected, 
E=IRA+V 

... (3.191) Power dissipated in the shunt is given as 

I 
P=i2 S=(9.999)2x --

- 99.99 

E-V 
=> RA=-1- ... (3.192) 

From equations-(3.193) and (3.194). 

I E-V I E-11V' 
-=-- => I' E-V' 11 E-V' 

=> E-V'= 11E-112V' 

=> V'(112- l) = 11(£- l) 

11-I 
=> V'=--E 

112 -1 . 

Substituting the values we have 

(2-1)6.0 6 
V'=~~-=-=2V 

22 -1 3 

# lllustrative Example 3.87 

A galvanometer having a coil resistance of I OO!lgives a full 

scale deflection when a current of one milli-ampere is passed 

through it. What is the value ofresistance which can convert 

this galvanometer into ammeter giving a full scale deflection for 

a current of! OA? A resistance of the required value is available 

but it will get burnt if the energy dissipated in it is greater than 

one watt. Can it be used for the above described conversion of 

the galvanometer? When this modified galvanometer is 

connected across the terminals of battery, it shown a current 

4A the current drops to IA, when the resistance of 1.50 is 

connected in series with modified galvanometer. Find the EMF 

and internal resistance ofbattery. 

Solution 

In this case a shunt resistance S should be connected in parallel 

with galvanometer so we have 

P=0.9999W 

This is less than one watt so.the above shunt can be safely 

used. 

We consider E be the EMF and r be the internal resistance of 
-the cell. If R be the combined resistance of shunted 

galvanometer, then we use 

I I 9999 
-=-+-.-
R 100 100 

=> R =O.l!l 

The current is given as 

and 

E 
i=-

R+r 

E 
4=---

0.0l+r 

E 
I= -0.-0-l+_r_+_l._5 

Solving equations-(3.193) and (3.194), we get 

E=2V 

and r=0.50 

# lllustrative Example 3.88 

... (3.193) 

... (3.194) 

A battery of emf I .4V and internal resistance zn is connected 

to a resistance· of I oon resistance through an ammeter. The 

resistance of ammeter is 4/30. A voltmeter has also been 
connected to find the potential difference across the resistor. 

(a) Draw the circuit diagram. 

(b) The ammeter reads 0.02A. What is the resistance of 

voltmeter. 

(c) the voltmeter reads I.I OV. What is the error in the reading? 
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Solution 

(a) The circuit diagram is shown in figure-3269 

L4V' 
~-----+'-! fC-'-----~ 

r=2!1 

100n 

±n 
3 

'--~---'lllr--~-+--./A 

Figure 3.269 

(b) Here we consider that R be the resistaoce of voltmeter and 
the voltmeter is cpnnected in parallel with IO0Q resistaoce. 

The effective resistaoce with voltmeter will be 
R'= IO0R/(100+ R) 

Total resistance of the circuit is given as 
.. . 

2 
4 JOOR 

R,= +3+ (l00+R) 

10 l00R I000+310R 
R,= 3+ (IOO+R) = 3(100+R) 

Current in the circuit is given as 

1.4 
i= ~{1_0_0_0+_3_l_O_R~} 

3(100+R) 

(l.4){3(100 + R)) 
~- 0.02 = 1000+310R 

~ R=200Q 

(c) Equivalent resistance R', of voltmeter (R = 2000) and.100 
ohm resistor is given as 

I I I 2+1 3 
---+------
R' I 00 200 200 200 

200 
R'=-Q 

3 

Potential difference across voltmeter is given as 

200 .4 
V'=iR'=0.02 x -

3
- = 

3 
=l.33V 

Error in voltmeter reading is given as 

-6.V= l.33-I.10=0.23V 

current Elec!!l~~ · 

# lllustrative Example 3. 89 

A battery ofEMF SV aod internal resistaoce 200 is connected 
with aresistaoceR1 = son aod aresistanceR2 =400. A voltmeter 
ofresistaoce 1 000Q is used to measure the potential difference 

across R1, What percentage error is made in the reading. 

Solution 

The circuit is shown in figure-3.270. 

V)-----.V>---~ 
1000n 

R, = 40!2 

5V 20Q 

Figure 3.270 

When voltameter is not connected the current in the circuit is 
given as 

E 
i=---

r+R, +R2 

5 5 I 
i=----=-=~A 

20+50+40 110 22 

Potential difference across resistance R1 is given as 
V1 =ixR1 

1 
V = -x50 =2.27V 

I 22 

When the voltmeter is connected across R1 then the voltmeter 
resistance is taken, in parallel with R1 thus total resistance is of 
this part of circuit is given as 

1000x50 
R'= 1000+50 =47.620 

Current in the circuit is given as 

5 5 
i'= -----=---A 

20+40+47.62 107:62 

Potential difference measured by voltmeter 

. 5 
V2= --x47.62 =221V 

107.62 

Percentage error in reading is given as 

e= 2.27-2.2lx!OO =2.6%. 
2.27 . 
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3.13. 7 Multimeter 

An electronic device which combines several measurement 

function in it is called a 'Multimeter'. Generally as a single 

device multimeter can measure voltage, current and resistance 
and the range of measurement can also be varied by using a 

range knob in it. Earlier it is also called a VOM (Volt-Ohm

Milliammeter) as multimeters are directly used to measure all 

three' circuit properties and it is a handheld device which 

electricians generally used fur quick fuult finding in an electrical 

or electronic circnit. Multimeters are available in analog and 

digital form as shown in figure-3.27l(a) and (b). In most cases 

now a days digital multimeter is preferred but still for detection 

'' 3990 

3.13.8 Meter Bridge 

Meter Bridge is an experimental setup used to measure unknown 
resistances. This setup is based on the concept ofbalancing of 
Wheatstone bridge. Figure-3.272 shows the setup of meter 

bridge. In this setup A, Band Care thick metal strips mounted 

on a wooden platform. Between terminals P and Q a straight 
resistance wire oflength lm is connected as shown parallel to 

which a calibrated millimeter scale is fixed. Between the gap of 

strips A and B a resistance box of standard resistances is 

connected which is denoted here by Rk and in the gap between 

strips B and C the unknown resistance Ruk which is to be 
measured is connected. 

oflow frequency variation of a circuit parameters still analog To the strip B one terminal of a bidirectional galvanometer is 

multimetersarepreferred. connected of which other terminal a solid metal piece called 

Analog Multimeter 

(a) 

k~~ '. , __ ,_ ,,-_ 
'.:.c_· ._. ____ _ 

Digital Multimeter 

(b) 

Figure 3.271 

'Jockey' which is used to connect this terminal of galvanometer 

on the resistance wire PQ. Jockey makes a sliding contact on 
this wire at point Musing which x can.be varied. The whole 

setup is powered by a battery along with a switch across 
terminals P and Q as shown. 

I, 

i: 
H 

A 

•R.B. 

B 

Rut '·j • • 

I' il.-1~-------~'-""---------tth M 

100-I' 
!! 

p·,----x·------><+--~ Q 

o 10 w •-•mm mm~ 100 

lit rum1bumndhu1o1,fn~11 m1foi1tiurlwitrrr1h~1lll&ijr;11mnhwfi1w;lma,uil 

Figure 3.272 

To measure the unknown resistance Ruk we select a standard 

resistance Rk in resistance box and close the switch and touch 

the jockey some where close to middle of the wirePQ. By this 
galvanometer which is acting like the middle branch of 
wheatstone bridge shows some deflection. In· this state the 
equivalent circuit diagram of the above experimental setup is 

shown in figure-3.272. We can seeiftheratioRJx> R,,/(100-x) 
then galvanometer shows deflection in one direction and if this 

ratio RJx < R,,/(100 - x) then it shows deflection in other 
direction. By continuously" sliding the jockey on the wire PQ 
we can find a position M for which galvanometer shows null 
deflection which will happen when the ~ridge is balanced wider 
the condition given as 

R, - II,,, 
X (\00-x) 

... (3.195) 
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R, 

X 100-x 

.__ __ _,,+ 1-1 .C....-~..,..--~ 
E S 

Figure 3,273 

Solving equatioo-(3.195) we can calculate the value of nnknown 

resistanc~ .as 

(
100-x) R =R --

"" k X 
... (3.196) 

In resistance box we can change the standard resistance Rk and 
repeat the experiment and calculate the average of all the values 

of Ruk obtained in this way. 

3.13.9 Potentiomeer 

As already <jiscussed that deflection type measurement meters 

always draw some current from the circuit to which these are 

connected so the measurement accuracy is not good. 

Potentiometer is an exeperimental setup used to measure 

potential difference across any two ierminals of a circuit at a 
good level of accuracy as it does not draw any current from the 
·circuit. 

Figure-3.274 shows the experimental setup of potentiometer. It 

consists of two circuits - Primary and Secondary. The upper 
part of the potentiometer setup is the 'Primary Circuit' which 

is also called as known par,µneters circuits. This circuit coosists 

of an battery of EMF Ep, a rheostat of variable resistance Rh 
and an ammeter connected in series with a l Om long wire called 

potentiometer wire AB ofresistance RP. 

Ep R, + - A 

Primruy 
_Circuit 

A M B 

X 
J 

S=nda,y 

X + - y Circuit . 

E_, 

Figure 3.274 

From the primary circuit we can calculate the current in 

potentiometer wire which is given as 

Ep 
I=-~

P R, +Rp 
... (197) 

.=:":---Current ElecWcli[j 

We can calculate the potential drop across the potentiometer 
wire AB nsing this current as 

V AB=lpRp 

=> ... (198) 
EPRP V = ~'-'.-

AB R, +Rp 

With the above value of potential drop we can calculate the 

potential drop per unit length of the potentiometer wire oflength 
L. This is called 'Potential Gradient' of the potentiometer wire 

measured in units of'volt/m' and it is calculated as 

;\.= V AB = E,Rp 
L L(R,+Rp) 

... (199) 

In secondary circuit we connect the unknown potential 

difference or any EMF to be measured across terminals% and Y · 
as shown. Using a potentiometer we can measure EMFs or 
open circuit potential differences also as at the point of 
measurement potentiometer does not draw any current whereas 
using a voltmeter we cannot measure EMF of a source as it 

requires some current to flow through it for its measurement. 

In figure-3.274 we connected au unknown EMF Euk to be 
measured with its high potential side to the left side of 

potentiometer wire where high potential terminal of primary 
circuit battery is connected. Other terminal Y of the unknown 

EMF is attached with a galvanometer of which other terminal is 
connected to a jockey to make a sliding contact with the 

potentiometer wire at pointM. 

When the distance AM is x then the potential drop form the 

side of primary circuit on potentiometer wire is given as 

... (3.200) 

For the above potential drop point A will be at higher potential 
and point M will be at lower potential. When jockey is touched 

at point M then in secondary circuit loop AXYMA current will 
flow be clcok wise direction if Euk > ;\.x and it will be in 
anticlockwise direction if Euk < AX and rio current will flow in 

this loop if Euk = AX and galvanometer will show null deflection. 
Thus ifat x = 11 galvanometer shows null deflection then we 

can determine the value of unknown EMF as 

... (3.201) 

Here the length AM= 11 at which null deflection is obtained in 

galvanometer for the unknown EMF Euk is called 'Balancing 
length of the given measurement' which is different for different 
potential differences or EMFs to be measured. If from primary 

circuit the potential 'gradient is known then any unknown 
potential difference can be measured on a potentiometer using 

equation-(3.201). 
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The maximum potential difference which can be measured using 
a potentiometer is V AB beyond which unknown EMF can't be 

measured by the potentiometer. This is called the 'Range of 
Potentiometer'. 

3.13.10 Comparison of1\vo EMFs using Potentiometer 

· · - --------~-4-o~1 1 
-----------'-'-'-'-

=> . .. (3205) 

Figure-3.275 shows the potentiometer ~etup used for 3.13.11 Measurement oflnternal Resistance of a Battery 
comparison of two EMFs. In secondary circuit we connect two using a Potentiometer 
EMFs with a toggle switch Tthrongh which either EMF can be 
connected to galvanometer. 

Ep R,, 
~---+ e_---w.-----{ A l-----

A M B 

X J 

E, 

+~· 
T 

G 

L/i + -
Figure 3.275 

In above setup first we put the toggle switch in position I and 

find the balancing length on potentiometer wire for EMF E
1 

then we put the toggle switch in position 2 and again find the 

balancing length for EMF E2• If the respective lengths are 11 
and 12 then we have 

... (3.202) 

... (3.203) 

Dividing the above two equations-(3.202) and (3.203), we get 

E, !J._ 
E, I, 

... (3.204) 

Using above equation-(3.204) we can compare the two EMFs 

and for this relation we even don'.t need the value of potential 
gradient but we need to make sure that for the whole duration 
of experiment the current in primary circuit remain constant to 

keep potential gradient constant on potentiometer wire. 

Sometimes during experiment when it takes longer duration then 
the cell of primary circuit gets discharged and current in primary 
circuit decreases. For obtaining equation-(3.204) it is essential 
to keep a watch on ammeter of primary circuit and if current 

decreases then reduce the resistance of rheostat slightly to 
keep the current at same value. 

Ifone of the two cells used in secondary circuit_ are taken as a 
standard cell then byequation-(3.204) we can calculate the EMF 
of the other unknown cell without even knowing the potential 

gradient. If E 1 = Estd and E2 = E"'- then we use 

Figure-3.276 shows the potentiometer setup for measurement 
of internal resist_ance of a battery. In secondary circuit across 
terminals X and Y we connect the battery ofEMF E and internal 
resistance r and across the battery we connect an external 

resistance R along with a switch Sin open state. In this situation 
we find the balancing length, say it is obtained as I I then we 

have 

E=')JI ... (3.206) 

E, R, + - A 

A M B 

x=/1 J 

X E r y 
+ -

s 
R 

Figure 3.276 

As at null deflection no current flows through the secondary 

circuit no potential drop occurs at internal resistance of the 

battery so balancing length is for the EMF of the battery. Now 

we close the switch S due to which a current flows in the loop 

as shown in figure-3.277. This current is given as 

E 
[=--

(r+R) 
... (3.207) 

E, R, + - A 

A M B 

x=/2 
J 

X E r y 

+ G -

R s 

Figure 3.277 
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In closed state of switch S the potential difference across 

terminals X and Ywill be IR which is given as· 

ER 
VX'{=IR=, (r+R) ... (3.208) 

Now we calculate the balancing length of this potential 

difference across terminals X and Y, say this is obtained as 1
2 

then we have 

ER 

Current EleclJci~ 
across the potentiometer wire is called range of a potentiometer. 

Any unknown EMF which has magnitude more than V AB cannot 

be measured using it. 

3.13.13 Post Office Box 

PO Box is an experimental setup to measure unkno,wn resistance 

to a good level ofaccuracy. It is called 'Post Office Box' because 

in old times it was used to measure the resistance of telegraphic 

wires between city post offices to the break point of wire between 

cities to a good level of accuracy and by measuring resistance 

(r+R) ='ic/2 

Dividing equations-(3.206) and (3.209), we get 

R+r =!;_ 

· ·· (3.209) the distance of break point could be accurately determined so 

that a team of engineers can be sent to the exact location of 

break point for repairing of wires. 

R 11 

... (3.210) 

Using equation-(3 .210) we can calculate the internal resistance 

of a battery using potentiometer experimentally. 

3.13.12 Sensitivity and Range ofa Potentiometer 

Sensitivity of any instrument gives an idea about how small a 

physical quantity which can be measured by that instrument 

with a good level of accuracy. In a potentiometer we find the 

null deflection point in galvanometer by touching jockey at 

different points of potentiometer wire. If we displace jockey by 

very small displacements and by this galvanometer needle 

deflects significantly then we say "its s~nsitivity is high. It 

happens when potential gradient of potentiometer wire is high. 

For very small value of potential gradient in a potentiometer the 

galvanometer needle does not deflect even for decent 

displacement of jockey. In such a state potentiometer is said tq 
have low sensitivity. From equation-(3.199) we can state that 

on increasing length of potetiometer wire keeping other factors 

constant its sensitivity decreases and on the other hand ifEMF 

of cell in primary circuit is increased, this increases the sensitivity 
of the potentiometer. 

Range of potentiometer is the maximum unknown EMF or 

potential difference which can be measured by using this. We 

know in a potentiometer the• unknown EMF is measured by 

balancing it across the potentiometer wire AB so the range ofa 

potentiometer is the potential drop across potentiometer wire 

AB. Thus equation-(198) whicli gives the potential difference 

PO Box works on the principal of Wheatstone bridge with a 

bidirectional galvanometer as its middle branch. Figure-3.278 

shows a wheatstone bridge with resistance branches named P, 

Q, R and S. Here P, Q and R are standard resistance boxes for 

which any value ofr~sistance can be chosen for these branches 

and in place of S we connect the unknown resistance to be 

measured. 

p 

A 

R 

'-------'-I+ -
E 

Q 

s 

Figure 3,278 

B 

A 

To start understanding the working of PO Box let us first imagine 

the value of unknown resistance which is to be measured. -Say 

Sis equal to 4.73Q and we want to determine this value by 

using setup of PO Box. 

To start the expe!iment we setup P= I0Q and Q = J0Q in the 

resistance boxes connected in these two branches. As we've 

chosen P = Q, by balancing con_dition of Wheatstone bridge 

we know that galvanometer in above circuit will show null 

deflection when R = S but we don't know the value of S so we 

start increasil).g the resistance step by step in the resistance 

box connected in branch R starting from IQ with an incremental 

step of IQ. So when weincreaseR as.lQ,2Q, 3Q ... the needle 

in galvanometer will deflect toward mtll deflection as R is getting 
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closer to value of Shut as the value of R is changed from 4.Q to 

5.Q galvanometer needle will cross over the null point from one 
side to another. This is the point where we note down that 
value of S lies between 4.Q and 5.Q because between these two 
somewhere null deflection exist for value of R. 

As a next step we change the resistance of branch P and make 
it equal to 100.Q so that P/Q = I 0. In this state null deflection 

occurs when R = 10 S= 47.3.Q but while doing experiment we 
don't know the value of Sbut we know that it lies somewhere 
between 4.Q and 5.Q so for null deflection value of R must be 
between 40.Q and 5.0.Q. Now we start changing the value of R 
from 40.Q in steps of 1.0. When we change Ras 41.Q, 42.Q, 

43.Q ... then needle of galvanometer crosses over the null point 

when R changes from 47.Q to 48.Q which indicates that value of 
Swill lie somewhere between4.7.Q and4.8.Q. 

In next step we change the resistance of branch P to I 000.Q so 
thatP/Q= 100 and null deflection is obtained when R = 100S. 
We now start increasing the value of R from 470.Q in steps of 

J.Q and now when R becomes equal to 473.Q null deflection is 
obtained which indicates that value of S= R/100 = 4. 73.Q. 

In above illustration we obtained the value of U)lknown 
resistance with accuracyupto to decimal places. It can be further 

increased but if we use P = 10000.Q then due to such high 
resistance current in circuit will go down to such a level at 
which to detect it a highly sensitive galvanometer is required or 
a very high voltage source is required which sometimes make 

the setup impractical so in general using PO Box we calculate 
the unknown resistance upto two decimal places only. 

Figure-3.279 shows the industrial picture of PO Box and 
figure-3 .280 shows the arrangement of resistances in a PO Box 
with plug keys to select the desired resistances in branches P, 

Q and R. Unknown resistance is connected across terminals B 
and D, battery is connected. across terminals A and B and 
galvanometer across terminals C and Das shown in figure. 

Figure 3.279 

-- - . -··-·· -·-~-
. -403 -··· .... --· . ·-- ··-- _J 

. E 

+I - 0-. 
A le 

J!__ + + 0 '* ~ 0 0 
p Q 

4i 
J k, 

* *. ,@- * 0 * 0 

f R 4i 

* * -@- 0 0 0 -@-

s 

D 

Figure 3.280 

# Rlustrative Example 3.90 

In the meter bridge circuit shown in figure-3.281 find the length 
AC at null deflection in galvanometer. 

m 

Solutio11 

E 

Figure 3.281 

In a meter bridge null deflection occurs at balancing state of 
Wheatstone bridge for which we use 

5 2 
X 75-X 

5(75-x) =2x 
7x=5 X 75 

5x75 
x= -- = 53 57cm 7 . 

# Illustrative Example 3. 9 I 

A resistance box, a battery and a galvanometerofresistance G 
are connected in series. If the galvanometer is shunted by 
resistance of S, find the change in resistance in the box required 
to maintain the current from the battery unchanged. 
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Solution 

As per given condition net resistance should remain unchanged 

so we have 

GS 
R+G=R'+-

G+S 

GS .G2 

R'-R=G---=-
G+S G+S 

# lllustrative Example 3.92 

In the circuit of meter bridge shown in figure-3.282, if null 

deflection is obtained at 40 cm length of the wire as shown find 

_ the value of unknown resistance. 

20Q R 

40cm 

IOOV lOQ 

Figure 3.282 

Solution -

In a meter bridge null deflection occurs at balancing state of 

Wheatstone bridge for which we use 

20 R 
40 60 

- 60 
R= -= 30Q 

2 

# Illustrative Example 3.93 

Figure-3.283 shows a potentiometer used to determine the 

internal resistance of a I .SY cell. The balance point of the cell in 

open circuit 76.3cm. When a resistor of9.5Q is used in tlie 

external circuit of cell as shown, the balance point shifts to 

64.8cm. Determine the internal resistance of the cell. 

,. · · - - - --- ------ -~C-urr_en_t_E~f-ect_r_ic~itf] 

2V 

A+-. --~-------,Cc-__ __.9 

LSV 

s 
9.sn 

Figure 3.283 

Solution 

As we know the internal resistance of cell is given by the 
equation-(154) as · 

r=R(l, ~lz) 
Substituting the values we have 

= 9.sx(76.3-64.8) 
r 64.8 

r=l.68Q 

# lllustrative Example 3.94 

The wire AB used in a balancing circuit shown in figure-3.284 is 
40cm long. At what distance from point A the free end of the 
galvanometer should be connected on AB so that the 
galvanometer shows zero deflection? 

BQ 12Q 

A B 

Figure 3.284 

Solution 

Fornull deflection the Wheatstone bridge must be balanced so 
we use 

8 l 

12 40-l 

l=16cm 
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# Illustrative Example 3.95 

Figure-3.285 shows a 200cm potentiometer wire AB with 
resistaoce 15n. Find the potential gradient of this potentiometer 
and also find the balancing length for a 3V cell. 

---"j::2V _____ ....\5MQ~--~ 

AI------------J.C ___ ......jB 
1m 

'-------1 ._ __ _, G 

JV 

Figure 3.285 

Solution 

Current in primary circuit ofabove potetiometer is given as 

20 
i= -=IA 

20 

Potential difference across wire AB is given as 

VAB=iRAB= 15V 

Potential gradient on wire is given as 

V AB 15 
:i.= T = 

200 
=o.015Wcm 

If 11 is the balancing length we use 

3 
3=i.l ~I= -- =40cm 

I I 0.075 

# lllustrative Example 3. 96 

A potentiometer wire oflength I 00cm has a resistance of! on. It 
is connected in series with a resistance and a cell of emf2V and 

of negligible internal resistance. A source of emf I Om V is 
balanced against a length of 40cm of the potentiometer wire. 
What is the value of external resistance? 

Solution 

Figure-3.286 shows the situation described in the question. 

.2V ~-~-~, 
R 

a·L---------b 

ci ,!OmV ~-
Figure 3.286 

At balancing point we can write 

(R:lO)Rcb =IOmV 

R = (~)x10 =4n cb 100 

Substituting in above equation, we get 

R=790n 

# lllustrative Example 3.97 

Figure-3.287 shows a potentiometer with length of wire Im and 

resistance I on. In this system find length PC when 

galvanometer shows null deflection. 

2V !SQ 

p•~====l====$'.C _ _!tO~QLlQ 

l.2Q I.SY 

O.JQ 

Figure 3.287 

Solution 

Current in primary circuit ofabove potentiometer is given as 

Potential gradient in wire is given as 

VPQ 
;l.=-= 

100 

2/25x!O I 
100 = 125 V/cm 

In secondary circuit potential difference across points P and C 
is given as 

Vpc=0.3 x I =0.3V 

If balancing length for Vpc on wire is I then we use 

Vpc=1J 

- Vpc -~ 
~ I - i. - 11125 

Vpc= 125 x 0.3 =37.5cm 
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# lllustrative Example 3.98 

The potentiometer wireAB is 600cm long. · 

(a) At what distance from A should the jockey J touch the wire 
to get zero deflection in the galvanometer. 

lb) If the jockey touches the wire ~f ~ distance 560 cm from A, 
what will be the current through the galvanometer. 

E r 

R-15r 
· A>----w.---~-~B 

< 

Figure 3.288 

Solution 

. E 
(a) To get nu!) deflectfon in galvanometer V AJ= 2 
Potential gradient in the potentiometer wire is given as 

Ifbalancing length for the cell ofEMF E/2 is I then we have 

(_E )(!Sr)(/) _ E 
15r+r 600 2 

. [ ' 

/=320cm 

lb) Resistanceof560 cm length of wire is 

_ II.'= (15r)cs~) 
. 600 . 

Now the circuit is shown in figure-3.289 

' r 

'k 

l4r r • 

;, 

Y'I f--w.--+-{i@--
•E12 r 

Figure 3.289 

... --=-----~-------c-. u_rr_en ___ t _E:_le_ct_rlc-ity=·~ 

Writing KVL equation in upper loop we have 

E-l4r(i1-i,)-i{-i{=0 

Writing KVL equation in lower loop we haye 

Solving above two equations gives 

. 3E 
,,= 22r 

# Rlustrative Example 3.99 

.•. (3.211) 

. .. (3.212) 

< • 

.A voltmeter ofresistance R1 and an ammeter ofresistance R2 
are connected in series across a battery of negligible internal 
resistance. When a resistance R is connected in parallel to 
voltmeter, reading of ammeter increases three tim~ while that 
of voltmeter reduces to one third. FindR1 andR2 in terms ofR. 

Solution 

LetEbethe emf of the batteryanqcircuitis shown in figure-3.290. 
In the first case, let i beihe current in the circuit, then 

... (3.213) 

L-_ _, Al--<>---, v)-i,-.....J 

R2 ' . RI', 

Figure 3.290 

In the second, case main current increases three times while 
· currentthrough voltmeterwillreducetoi/3. Hence, therernaining 
3i-i/3 = 8i/3 passes through Ras shown in figure-3.291. 

E 
A~--+--~1-;--------~G 

' , 'r, 

3i 

j 

C 3 D B A V F 
R, 8i R, 

3 

R 

Figure 3.291 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



@urrent EJeciiicTt;i- · 

Here the potential difference across voltmeter is given as 

Using KVL in loop ABFGA in above circmt we have 

Solving above equations, we have 

=> 

R, 
R =-

2 3 

SR 
R =-

2 3 

-··· - ----·---------------~ 
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Practice Exercise 3. 9 

(i) How can we make a galvanometer with G = 200 and 

i
8 
= 1.0mAintoa voltmeterwithamaximumrangeof!OV? 

[99800] 

(ii) A cell of EMF 3.4V and internal resistance 30 is 

connected to an anuneter having resistance 20 and to an external 

--- _- __ - --407J 

occurs in the galvanometer. Find the unknown resistance R. 

100 R 

E ~ ~ C 

Figure 3.292 

[150] 

(iv) A thin uniform wire AB of length Im, an unknown 

resistance X and a resistance of 120 are connected by thick 

conducting strips, as shown in the figure. A battery and a 

galvanometer (with a sliding jockey connected to it) are also 

available. Connections·are to be make to measure the unknown 

resistance%. Using the principle of Wheatstone bridge answer 

the following questions 

(a) Are there positive and negative terminals on the 

galvanometer? 

(b) Draw the figure in and· show the battery and the 

galvanometer (with jockey) connected at appropriate points in 

the circuit. 

(c) After appropriate connections are made, it is found that 

no deflection takes place in the galvanometer wl)en the sliding 

jockey touches the wire at a distance of 60cm from A. Obtain the 

value of the resistance X 

e ,J 
C D 

.Figure 3.293 

-[(a) No (b) ~ (c) 80] 

~D 

resistance of I 000. When a voltmeter is connected across the 

1000 resistance the anuneter reading is 0.04A. Find the voltage (v) A micrometer has a resistance of 1000 and full scale 

read by the voltmeter and its resistance. Had the voltmeter 

been an ideal one, what would have been its reading? 

[4000, 3.2V, 3.238Vl 

(iii) The resistance wire AB in the balancing setup shown in 

figure-3.292 is 10 cm long. When AC= 40 cm, no deflection 

deflection current of 50µA. How can it be made to work as an 

ammeter ofrange 5mA? 

[By connecting IQ resistance in parallel with itJ 

(vi) The emf E and the internal_ resistance r of the battery 

shown in figure-3.294 are 4.3V and 1.00 respectively. The 
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external resistance R is 500. The resistances of the ammeter 

and voltmeter are 2.00 and 2000 respectively. 

(a) Find the readings of the two meters. 

(b) The switch is thrown to the other side. What will be the 

readings of the two meters now? 

E r 

R 

L_--(yr).----__J 

Figure 3.294 

[(a) O.!A, 4.0V; (b) 0.08A, 4.2V] 

(vii") An ammeter and a voltmeter are connected in series to a 

battery with an emf E = 6.0V. When a certain resistance is 

connected in parallel with the voltmeter, the reading of the latter 
decreases two times, whereas the readings of the ammeter 
increase the same number of times. Find the voltmeter readings 
after the connection of the resistance. 

[2V] 

. .... ----------~----c~· u-rr--en-t -e,-e-ct-rlc-ity~a 

(viii) In the circuit shown in figure-3.295 V1 and V2 are two 

voltmeters ofresistances 30000 and 20000 respectively. In 

addition R1 = 20000, Ri = 30000 and E = 200V. 

(a) Find the reading of voltmeters V
1 

and V
2 

when 

(i) Switch Sis open 

(ii) Switch Sis closed 

(b) Current through S, when it is closed 

E 

Vi>----'V, 

s 

Figure 3.295 

[(a) (i) 120V, 80V; (ii) !DOV, IOOV; (b) _!_A] 
60 

R, 
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Discussion Question 
Q3-1 A nonideal battery is connected to a resistor. Is work 
done by the battery equal to the thermal energy developed in 
the resistor? Does your answer change if the battery is ideal? 

Q3-2 Is Ohm's law applicable to all conductors of electricity? 

Q3-3 When a current is established in a wire, the free electrons 
drift in the direction opposite to the current. Does the number 
of free electrons ih the wire continuously decrease? 

Q3-4 A primary and a secondary cell have the same EMF 
which of these will provided higher value of the maximum 
currentthat can be drawn? Explain briefly. 

Q3-5 A large hollow metallic sphere A is charged positively to 
a potential of 100 volt and a small sphereB to a potential of50 
volt. Now B is placed inside A and they are connected by a 
wire. In which direction will the charge flow ? 

Q3-6 A storage battery is to be charged from a D.C. supply. 
Should the positive or the negative terminal of the battery be 
connected to the positive side of the line? Explain. 

Q3-14 There are two wires of the same metal of same area of 
cross section but having lengths in the ratio 2 : I. If same p.d. 
is applied across their ends, what will be the ratio of current in 

them? 

Q3-15 When a current passes through a resistor, its 
temperature increases. Is it an adiabatic process? 

Q3-16. A proton beam is going from east to west. Is there an 
electric current? If yes, in what direction? 

Q3-17 If a constant potential difference is applied across a 
bulb, the current slightly decreases as time passes and then 

becomes constant. Explain. 

Q3-18 As temperature increases, the viscosity of liquids 
decreases considerably. Will this decrease the resistance ofan 
electrolyte as the temperature increases ? 

Q3-19 Does a conductor become charged when a current is 
passed through it_? 

Q3-20 Is the formula V = iR true for non-ohmic resistance 

Q3-7 Can Ohm's law be used to calculate currents in various also? 
parts of a complicated circuit. Ifnot which law is then used? 

Q3-8 Can the potential difference across a battery be greater 
than it emf? 

Q3-9 A fan with copper winding in its motor consumes less 

power as compared to an otherwise similar fan having aluminium 
winding. Explain. 

Q3-10 Do the electrodes in an electrolytic cell have fixed 
polarity like a battery· ? 

Q3-11 If the current flowing in a copper wire be allowed to 
flow in another copper wire of double the radius, then what will 
be the effect on the drift velocity of the electrons? If the same 
current be allowed to flow in an iron wire of the same thickness, 
then? 

Q3-12 A steady current is flowing in a cylindrical conductor. 
Is there any electric field within the conductor? 

Q3-13 The thermal energy developed in a current-carrying 
resistor is given by U = i2 Rt and also by U =Vit. Should we say 
that U is proportional to i2 or to i? 

Q3-21 A given piece of wire oflength I, cross sectional area 
and resistance R is stretched uniformly to a wire oflength 21. 
What is the new resistance? 

Q3-22 In an electrolyte, the positive ions move from left to 

right and the negative ions from right to left. Is there a net 
current? If yes, in what direction? 

Q3-23 When the resistance connected in series with a cell is 
halved, the current is not exactly doubled but slightly less, 
why? 

Q3-24 Why do the light of a car dim when the starter is 

operated? 

Q3-25 Tthe drift speed is defined as va= M//!Jwhere Mis the 
distance drifted in a long time !J.t. Why don't we define the drift 
speed as the limit of !J.1//!J as /!J ~ 0? 

Q3-26 Is work done by a battery always equal to the thermal 
energy developed in electrical circuits ? What happens· if a 
capacitor is connected in the circuit? 

* * * * * 
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Conceptual MCQs Single Option Correct 
3-1 A capacitor of capacitance C is connected to two voltmeters 

A and B. A is ideal, having infinite resistance, while B has 

resistance R. The capacitor is charged and then the switch Sis 
closed. The readings of A and B will be equal : 

s 

Figure 3,296 

(A) at all times (B) aftertimeRC 
(C) aftertimeRCln2 (D) only after a very long time 

3-2 In a RC circuit, the time required for the charge on a capacitor 

to build up to a given fraction of its steady state value, is 
independent of: . 

(A) The value of the applied EMF to the circuit 
(B) The value of C 
(C) The value of R 
(D) None of the above 

3-3 A capacitor is charged up to a potneital V
0

• It is then 

connected to ~ resistance R and a battery of emf E. Two possible 
graphs of potential difference across capacitor with time are 

shown. What is the most reasonable explanation of these 
graphs? 

V V 

v, 

v, 

Figure 3.297 

(A) The first graph shows what happens when the capacitor 
has potential difference less than E initially and the second 
shows what happens when it has potential difference greater 
than E initially: 

(B) The first graph shows what happens when the capacitors 
has potential difference greater than E initially and the second 

shows what happens when it has a less than E potential initially. 
(C) The first graph is the correct qualitative shape for any 
initial potential across capacitor, but the second is not possible 

(D) The second graph is the correct qualitative shape for any 
initial potential difference across capacitor, but the first is not 
possible. 

3-4 Through an electrolyte an electrical current is due to drift 

of: 

(A) Free electrons 

(B) Positive and negative ions 

(C) Free electrons and holes 

(D) Protons 

3-5 An ammeter an a voltmeter are joined in series to a cell. 

Their readings are A and Vrespectively. Ifaresistance is now 

joined in parallel with the voltmeter : 

(A) Both A and Vwill increase 

(B) Both A and V will decrease 

(C) A will decreaase, V will increase 

(D) A will increase," V will decrease 

3~ A voltmeter and an ammeter are joined, in series to an ideal 

cell, giving reading V and A respectively. If a resistance equal 

to the resistance of the ammeter is now joined in parallel to the 
ammeter then : 

(A) Vwill not change 

(B) V will incr~ase 

(C) A will become exactlyhalfofits initial value. 

(D) A will become slightly less than double ofits initial value 

3-7 In the circuit shown in figure-3.298, the total resistance 

between points A and Bis R0• The value of resistance R is 

(A) R0 

(C) Ro 
2 

:: 
!! n, 

Figure 3.298 

3-8 A uniform wire ofresistance 4Q is bent into the form ofa 

circle ofradius r. A specimen of the same wire is connected 

along the diameter of the circle. What is the equivalent · 
resistance across the ends of this wire? 

(A) _4_Q 
(4+1t) 

_2_Q 
(CJ (2+1t) 

3 Q 
(B) (3+1t) 

I Q 
(D) (l+1t) 
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3-9 All bul1ls in the circuit showu in figure-3.299 are identical. 
Which bulb glows most brightly? 

(A) B 
(C) D 

L---( D}-___J 

Figure 3.299 

(B) A 
(D) C 

3-10 SwitchS is closed at time t= 0. Which one of the following 
statements is correct? 

r, 

s 

R 
Figure 3.300 

(A) Current in the resistance R increases if £ 1r2 > E,(R + r 1) 

(B) Current in the resistance R increases ifE1r 2 <E,(R + r 1) 

(C) Current in the resistance R decreases if £ 1r2 > E,(R + r 1) 

(D) Current in the resistance R decreases if £ 1r2 = E,(R + r 1) 

3-11 In the circuit here, the steady state voltage across capacitor 
C is a fraction of the battery EMF. The fraction is decided by: 

(A) R1 only 
·cq R1 and R3 only 

Figure 3,301 

(B) R1 and R2 only 
(D) R1,R2 andR3 

3-12 Two capacitors C1 and C2 = 2C1 are connected in a 
circuit with a switch between them as showu in the figure-
3.302. Initially the switch is open and C1 holds charge Q. The 
switch is closed. In steady state, the charge on the two 
capacitors will be given as : 

(A) Q,2Q 
(C) 3Q/2,3Q 

J' . 
L >---------' 

c,=2C, 

Figure 3.302 

(B) Q/3,2Q/3 
(D) 2Q/3, 4Q/3 

-- -_· - -- -- -- ':::Jt:il 
3-13 When a potential difference is applied across a conductor, 
the free electrons in the conductor are set into motion. Two 
velocities are associated with the moving electron-the drift 
velocity and average velocity. The fact is that the two are : 
(A) Entirelydifferent 
(B) Same 
(C) Same in some conductors and different in others 
(D) None of the above 

3-14 A metallic block has no potential difference applied across 
it, then the mean velocity of free electrons is: 
(A) Proportional to T 

(B) Proportional to .Jr 
(C) Zero 
(D) Finite but independent of temperature 

3-15 The temperature of a metal wire rises when an electric 
current passes through it because : 
(A) Collision of metal atoms with each other releases heat 
energy 
(B) Collision of conduction electrqns with each other releases 
heat energy 
(C) When the conduction electrons fall from higher energy 
level to a lower energy level heat energy is released 
(D) Collision of conduction electrons with the atoms of the 
metal gives them energy which appears as heat 

3-16 A steady current is passing through a linear conductor of 
non-uniform cross-section. The net quantity of charge crossing 
any cross-section per second is. 
(A) Independent of area of cross-section 
(B) Directly proportional to the length of conductor 
(C) Directly proportional to the area of cross-section 
(D) Inversely proportional to the length of conductor 

3-17 What is immaterial for an electric fuse: 
(A) Its specific resistance (B) Its radius 
(C) Its length (D) Current flowing through it 

3-1 B Constantain wire is used for making standard resistance 
because it has : 
(A) Low specific resistance 
(B) High specific resistance 
(C) Negligible temperature coefficient ofresistauce 
(D) High melting point 

3-19 A capacitor of capacitance C is charged to a constant 
potential difference V and then connected in series with an 
open key and a pure resistor R. At time I= 0, the key is closed. 
IfJis current at time t= 0, a plotoflog/ against tis showu as in 
the graph (I). Later one one of the parameters, i.e. V, Rand C is 
changed, keeping the other two constant and graph (2) is 
recorded. Then 
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(A) C is reduced 
(C) R is reduced 

(I) 
(2) 

Figure 3.303 

(B) C is increased 
(D) R is increased 

3-20 When cells are arranged in parallel 
(A) The current capacity decreases 
(B) The current capacity increases 
(C) The equivalent EMF increases 
(D) The equivalent EMF decreases 

3-21 A standard 40W tubelight is in parallel with a room heater 
both connected to a suitable supply line. What will happen 
when the light is switched of: 
(A) The heater output will be larger 
(B) It will be smaller 
(C) It will remain the same 
(D) None of the above 

3-22 In a circuit containing two unequal resistors connected 
in parallel : 
(A) The current is the same in both the resistors 
(B) A large current flows through the large resistor 
(C) The voltage drop across both the resistances is the same 
(D) The small resistance has smaller conductance 

3-23 Two wires A an dB of the same material, having radii in the 
ratio I : 2 and carry currents in the ratio 4: I. The ratio of drift 
speed of electrons in A and Bis : 
(A) 16: I (B) 1: 16 
(C)l:4 (0)4:1 

3-24 If n, e, t and mare representing electron density, charge 
relaxation time. and mass of an electron respectively, then the 
re·sistance of a wire of length / and cross-sectional area A is 
given by 

ml mtA 
(A) 

ne2tA 
(B) 

ne 2
/ 

J 

ne2tA ,A 
(C) -- (D)!!!:__ 

ml mt/ 

... ~: .. ~=----·:~61W~ 
3-25 IfR 1 and R2 are respectivelythe filament resistances ofa 
200W bulb and a I 00W bulb designed to _operate on the same 
voltage. 

(A) R1 is two times R2 
(C) R

2 
is four times R 1 

(B) R2 is two times R1 

(D) RI is four times R2 

3-26 When a current flows in a conductor, the order of 
magnitude of drift velocity of electrons through it is : 
(A) 1010 cm/s (B) !04 cm/s 
(C) 10-2 cm/s (D) 10-1 cm1s 

3-27 A piece of wire is cut into four equal parts and the pieces 
are bundled together side by side to from a thicker wire. 
Compared with that of the original wire, the resistance of the 
bundle is: 
(A) Thesame 
(C) 1/8 as much 

(B) 1/4 as much 
(D) 1/16 as much 

3-28 A cylindrical copper rod is reformed to twice its original 

length with no change in volume. The resistance between its 
ends before the change was R. Now its resistance will be : 
(A) 8R (B) 6R 
(C) 4R (D) 2R 

3-29 Variation of current and voliage in a conductor has been 
shown in figure-3.304. The resistance of the conductor is. 

(A) 4Q 
(C) 3Q 

/(A) 

5 __ J ___ J ___ ~---~---~---~-
: : I I I ' I 

4 ---'---+---~--..:---~----!-
: I I I I I 

3 --~---}.---~---!-.---:--- ·-· : : : : : 
2 --;---r---T-- 1 ---~--~--

--~-- ---~---! ___ L ___ L_ 
I I I I I 

0 lL:+---+--+---1----+--l-.. 
2 3 4 5 6 V(volt) 

Figure 3.304 

(B) 2Q 

(D) 1n 

3-30 A charged capacitor is discharged through a resistance. 
The time constant of the circuit is 11 · Then the value of time 
constant for the power dissipated through the resistance will 
be: 
(A) 11 
(C) 11/2 

(B) 211 
(D) Zero 

3-31 A capacitor of capacitance C is charged by a battery of 
EMF E and internal resistancer. Aresistance2ris also connected 
in series with the capacitor. The amount ofheat liberated inside 
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the battery by the time capacitor is charged to 50% of its steady 

state va:lue is given as : 

(A) ~E1C 
8 

E1C 
(CJ 12 

E1C 
(B) 6 

(D) E
2
C 

24 

3-32 For the circuit shown in the figure-3 .305, find the charge 
stored on capacitor in steady state : 

RC E 
(A) R+Ro 

(CJ Zero 

E 

E 

E, 

R 

C 

R, 

Figure 3.305 

RC 
(B) -(E-E0 ) 

Ro 

RC 
(D) --(E-E0) 

R+Jlo 

3-33 The switch shown in the figure-3.306 is closed at I= 0. 

The charge on the capacitor as a function of time is given as 

R 

(A) CV(I -e-t!R") 

(CJ CV (I - e-lt!RC) 

R • R 

.. " 
Figure 3.306 

(B) 3CV(l - e-t!RC) . 
(D) CV( I - e-t13R") 

3-34 A capacitor C is connected to two equal resistances as 
shown in the figure-3.307. Consider the following statements. 

R 

R =~c 

Figure 3.307 

• * 

.... -·····-····- .. ---4-,13"".1 

(i) At the time of charging of capacitor time constant of the 

circuit is 2RC 

(ii) At the time of discharging of the capacitor the time constant 

of the circuit is RC 
(iii) At the time of discharging of the capacitor the time constant 

of the circuit is ZRC 
(iv) At the time of charging of capacitor the time constant of 
the circuit is RC 
(A) Statement (i) and (ii) only are correct 
(B) Statements (ii) and (iii) only are correct 

(CJ Statements (iii) and (iv) only are correct 

(D) Statement (i) and (iii) only are correct 

3-35 In the circuit diagram, the current through the battery 

immediately after the switch Sis closed is given as : 

(A) Zero 

El-I ----/-=S~--. 
c, 

c, 
R, 

R, 

R, 

Figure 3.308 

3-36 In the circuit shown, switch Sis closed att=O. Leti1 and 
i2 be the current at any finite time I, then the ratio i/i2 is 

3C 2R 

C R 

i----.-' -"s _ __, 
V 

(A) Constant 
(B) Increases with time 

(CJ Decreases with time 

Figure 3.309 

(D) First increases and then decreases 

• • • 
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Numerical MCQs Single Options Correct 
3-1 A lµF capacitor is connected in the circuit shown below. 
The EMF of the cell is 3V and internal resistance is 0.50. The 
resistors R

1 
and R2 have values 40 and· 10 respectively. The 

charge on the capacitor in steady state is : 

131-v ___ o.,,.s,-n __ __ 
~--<I 

(A) I µC 
(CJ 1.33 µC 

lµF 

" II 

R, 

Figure 3.310 

(B) 2µC 
(D) zero 

3-2 In the circuit shown in figure-3.311, the switch is shifted 
from position I to 2 at time t = 0. The switch was initially in 
position I for a long time. The graph between charge on capacitor 
C and time tis best represented as 

(A) 

(CJ 

q 

c~ 

q 

3CI; ---------------

,..,.--- ... , 
,2 

Figure 3,311 

q 

2CI; -----------------

(B) 

q 

(D) 

3-3 The capacitor shown in figure-3.312-(a) is charged to steady 
state by connecting switch S to contact a. If switch Sis thrown 
to contact b at time I= 0, which of the curves in figure-3 .312-(b) 
represents the magnitude of the current through the resistor R 
as a function of time? 

I 

R ] 
(a) 

Figure 3 .312 

(A) A 
(CJ C 

(B) B 
(D) D 

3-4 The deflection in a galvanometer fulls from 50 divisions to 
20 divisions, when a 120 shunt is applied. The galvanometer 
resistance is 
(A) 180. 

(CJ 300 

(B) 240 
(D) 360 

3-5 In conversion ofa galvanometer to ammeter if2% of the 
main current is to be passed through the galvanometer of· 
resistance G, the resistance of shunt required is: 

G 
(A) 49 

(C) 49G 

G 
(B) 50 

(D) 50G 

3-6 If the length of the filament ofa heater is reduced by 10% 
the power of the heater will : 
(A) Increse by about 9% 
(CJ Increase by about I 9% 

(B) Increase by about 11 % 
(D) Decrease by about I 0% 

3-7 A 2.0V potentiometer is used to determine the internal 
resistance ofa I.SY cell. The balance point of the cell in the 
open circuit is obtained at 75cm. When· a resistor of 100 is 
connected across the cell, the balance point shifts to 60cm. The 
internal resistance of the cell is: · 
(A) I.SQ 

(CJ 3.50 
(B) 2.s a 
(D) 4.50 

3-8 The drift velocity of free electrons in a conductor is v, 
when a current i is flowing in it, Ifboth the radius and current 
are doubled, then the drift velocity will be : 
(A) v (B) v/2 
(CJ v/4 (D) v/8 

3-9 A galvanometer is to be converted into an ammeter or 
voltmeter. In which of the following cases the resistance of the 
device is greatest? 
(A) An ammeterofrange IOA (B) A voltmeter ofrange 5V 
(CJ An ammeter of range SA (D) A voltmeter of range I 0V 
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3-10 In the given circuit the current flowing through the 
resistance 2On is O.3A, while the ammeter reads O.8A. What is 
the value of R 1? 

(A) 3On 
(C) son 

Figure 3.313 

(B) 40n 
(DJ 60n 

3-11 Two batteries one of the emf3V, internal resistance In 
and the other of emf l SV, internal resistance in are connected 
in series with a resistanceR as shown. If the potential difference 
between points a and b is zero, the resistance R is : 

(Al sn 
(C) 3n 

a b 

3V,m 1sv,m 

R 

Figure 3.314 

· (BJ 7n 
(DJ 1n 

3-12 A part ofa circuit is shown in figure-3.31 S. Here reading 
of ammeter is SA and voltmeter is IOOV. If voltmeter resistance is 
2SOOn, then the resistance R is approximately. 

(A) 2On 
(C) 10On 

--Q)1----,------'l:R1----~--
'----, V >-------' 

Figure 3.315 

(BJ 10n 
(DJ 20on 

3-13 Two resistances are connected in two gaps of a metre 
bridge. The balance point is 20cm from the zero end. A resistance 
of !Sn is connected in series with the smaller of the two. The 
null point shifts to 40cm. Then value of the smaller resistance 
IS: 

(A) 3n 
(C) 9n 

(BJ 6n 
(DJ 12n 

3-14 In the given circuit, the voltmeter reads SV. The resistance 
of the voltmeter is : 

(A) 200r.l 

CC) 10n 

IOOQ 

IOV 

--· . -- ----- 41 tfj 

son 

Figure 3.316 

(BJ 10On 
(DJ son 

3-15 The wire of potentiometer has resistance 4n and length 
Im. It is connected to a cell of EMF 2V and internal resistance 
In. Ifa cell ofEMF 1.2V is balanced byit, the balancing length 
will be: 
(A) 90cm 
(C) SOcm 

(B) 60cm 
(D) 7Scm 

3-16 Two identical batteries, each of EMF 2V and internal 
resistance r = In are connected as shown. the maximum power 
that can be developed across R using these batteries is : 

(A) 3.2W 
(C) 2W 

m ,. 

m ,. 

R 

Figure 3.317 

(B) 8.2W 
(D) 4W 

3-17 The potential difference between points A and Bin the 
circuit shown in figure-3.318, will be: 

(A) IV 
(C) -3V 

25Q 

!SQ 

A IOV, 2.5Q 

B sv,2.m 

Figure 3,318 

(B) 2V 
(D) None of these 
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3-18 Find the ratio ofcurrents as measured by ammeter in two 
cases when the key is open and when the key is closed : 

R 2R 

k 

2R R. 

A I-----<>-~ 

Figure 3.319 

(A) 9/8 
(C) 8/9 

(B) 10/11 
(D) None of the above 

3-19 A galvanometer has a resistance of36630. A shunt Sis 
connected across it such that (1/34) of the total current passes 
through the galvanometer. Then the value of the shunt is : 
(A) 2220 (B) 1 ll 0 
(C) llO (D) 220 

3-20 Each resistor shown in figure.3.320 in the infinite ladder 
network is of resistance 10. The effective resistance in between 
A and Bis 

Figure 3.320 

(A) Less than 10 
(B) 10 
(C) More than 10 but less than 30 
(D) 30 

3-21 Each wire shown in figure-3.321 is ofresistance R. The 
equivalent resistance between the diagonally opposite terminal 
point A andB is: 

A 

(A) R 

(C) 2R 

R 

R 

Figure 3.321 

3R 
(B) 2 

R 
(D) -

2 

B 

· ~-_:__=~==---------.--C-urr_e_n_t _E~leqt• 

3-22 Two cells A andB ofEMF 1.3V and 1.5V respectively are 
arranged as shown in figure-3 .322. The voltmeter connected in 
circuit is ideal and it reads 1.45V. Which cell has the higher 
internal resistance and how many times that of the other? 

+--------{v 

L.. ____ E::.c, cc-----~ 

n'' 

(A) r1 =2r2 

(C) r2 =2r1 

_Figure 3.322 

(B) r1 = 3r2 
(D) r2 = 3r1 

3-23 A student connects an ammeter A and a voltmeter V to 
measure a resistanceR as shown in figure-3.323. If the voltmeter 
reads 20V and the ammeter reads 4A, then R is : 

(A) Equal to 50 
(B) Greater than 50 
(C) Less than 50 

Figure 3.323 

(D) Greater or less than 50 depending,upon the direction of 
current 

3-24 In the circuit shown, the voltage drop across the 150 
resistor is 30V having the polarity as indicated. The ratio of 
potential difference across 50 resistor and resistance R is : 

(A) 2/7 
(C) 517 

2A 
~--""M---G 

SA B SQ C A'~---.:W:.-f-__;;,;;;._'4----+-,F 

+ 
!SQ R 

Figure 3.324 

(B) 0.4 
(D) 1 

3A 

H 

3-25 A source ofEMF E = l OV and having negligible internal 
resistance is connected to a variable resistance. Toe resistance 
varies as shown in figure-3.325. The total charge that has passed 
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through the resistor R during the time interval from t I to t2 is : 

(A) 40ln4 

(C) 20ln2 

R 

40!1>----

t1=10s t2 =30s 

Figure 3.325 

(B) 301n3 

(D) 10 ln2 

3-26 1n order to increase the resistance of a given wire of 

uniform cross section to four times its value, a fraction of its 
length is stretched uniformly till the full length of the wire 

becomes LS times the original length. What is the value of this 

fraction? 

1 
(A) 4 

(C) 16 

1 
(B) 8 

1 
(D) -

6 

3-27 The figure-3.326, shows a meter bridge circuit, with AB= 

lcv.Jcm,X= 12Q andR = 18Q and the jockey Jin the position of 

(A) lOOmA 
(C) IA 

··--------· --· 417j 

9!1, 10 mA 
r----ll' >---

A 

O.l!l 0.9!1 

B C 

Figure 3,327 

(B) 900mA 
(D) I.IA 

3-29 A battery of emf E0 = 12V is connected across a 4m long 
uniform wire having resistance 4n/m. Two cell of small EMFs 
1;1 = 2V and I;, = 4V having internal resistance 2Q and 6n 
respectively are connected as shown in the figure-3.328. If 
galvanometer shows no deflection at the point N, the distance 
ofpointNfrom the point A is equal to: 

Af-------~Nr--~B 

Figure 3.328 

null deflection balance. If R is now changed to 8Q, through 5 
what distance will J have to be moved to obtain the balance (/\) 3m 

again? 

(A) 10cm 

(C) 30cm 

+ -

X 
J 

Figure 3.326 

(B) 20cm 

(D) 40cm 

3-28 A milliannneter ofrange 10 mA and resistance 9Q is joined 

in a circuit as shown. The meter gives full-scale deflection for 

current I when A and B are used as its terminals with current 

3 
(C) -m 

2 
(D) None of these 

3-30 In the circuit shown, when keys K1 and K, both are closed, 
the ammeter reads / 0• But when K1 is open and K2 is closed the 
annneter reads IrJ2. Assuming that ammeter resistance is much 

less than R,. the values ofr andR1 are 

lO0Q 

R,~ lO0Q 

r----{A >----~ 
E,r 

Figure 3.329 

enters at A and leaves at B and C is left open. The value of (A) 2sn, son (Bl 2sn, won 
(D) 0,50Q current /is : (C) 0, IO0Q 
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3-31 In the circuit shown in figure-3.330 ammeter and voltmeter 
are ideal. IfE=4V,R=9Qandr= IQ, then reading of ammeter 
and voltmeter are : 

(A) 1A,3V 
(C) 3A,4V 

,-------,,--{V 

R R 

Figure 3,330 

(B) 2A,3V 
(D) 4A,4V 

R 

3-32 In the circuit shown in figure-3.331, the potential difference 
between points A and Bis : 

(A) 20 V 
7 

(C) IOV 
7 

8rl B 60 

40 A 3!l 

~~----1'f----~ 
··10v 

Figure 3,331 

(B) 40 V 
7 

(D) Zero 

3·33 figure-3.332 shows a potentiometer arrangement with 
RAB= IOQ and rheostat of variable resistance x. For x = 0 null 
deflection point is found at 20cm from A. For unknown value of 
x null deflection point was at 30cm from A, then the value ofx 
is: 

(A) IOQ 
(C) 2Q 

E 

C Af---------'¥-------'s 

E, 
G 

m 

Figure 3,332 

(B) SQ 

Col 1 Q 

3-34 All resistances shown in circuit are2Q each. The current 
in the resistance between D and Eis : 

(A) SA 
(C) IA 

A.-----~w.-----~B 

Ci--.cw,~-~D'-------w.-----,E 

IOV l_._ 
F'--:,,;.,..---"G,\-----"1.,_--"'H 

Figure 3,333 

(B) 2.5A 
(D) 7.SA 

3-35 Iri the circuit shown in figure-3.334, the resistance of 
voltmeter is 6kn. The voltmeter reading will be : 

(A) (N 

(C) 4V 

IOV 

2kfl 3kfl 

Figure 3.334 

(B) Sv. 

(D) 3V 

3-36 A circuit consists of a source of EMF I; and internal 
resistance r, two capacitors each of capacitance C and two 
resistors, each of value R. The voltage across either capacitor 
is: 

r 

c~c 

R 

Figure 3.335 

(A) 
l;R l;R 

2(R+r) (B) (R+r) 

(C) 
l;(R + r) 

(D) zero 
2R 

3-37 The charge on a capacitorofcapacitance IOµF connected 
as shown in the figure-3.336 is: 

(A) 20µC 
(C) !OµC 

E·,~ 
2V 

Figure 3.336 

(B) ISµC 
(D) zero 
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3-38 A 4µF capacitor, a resistance of2.5MQ is in series with 

12V battery. Find the time after which the potential difference 

across the capacitor is 3 times th~ potential difference across 
the resistor : 

(A) 13.86s 

(CJ 7s 

(B) 6.93s 

(D) 14s 

3-39 In an RC circuit while charging, the graph ofln(i) versus 

time is as shown hythedotted line in the figure-3.337, where i 

is the current. When the value of the resistance is doubled, 

which of the solid cu,ve best represents the variation ofln(i) 

versus time : 

(A) p 

(CJ R 

ln(1) 

Figure 3.337 

(B) Q 

(D) s 

3-40 A circuit is connected as shown in the figure-3.33 8 with 

the switch S open. When the switch is closed, the total amount 

of charge that flows from y to x : 

(A) 0 

(CJ 27µC 

y 

9V 

6Q 

Figure 3.338 

(B) 54µC 

(D) 81 µC 

3-41 A parallel plate capacitor C with plates of unit area and 

separation dis filled with a liquid of dielectric constant k = 2. 

The level ofliquid is d/3 initially between the plates. Suppose 

the liquid level decreases at a constant speed v, the time constant 

of the circuit as a function of time tis: 

(A) 6 Eo R 
5d+3vt 

(CJ 6EoR 
5d-3vt 

_ ____ ~--·:=:------4-1-s I 

Figure 3.339 

(15d +9vt) Eo R 
(B) 2d 2 -3dvt-9v2t1 

(D) 
(15d -9vt) Eo R 

2d2 +3dvt-9v2t1 

3-42 What is equivalent time constant of RC circuit shown in 

fignre-3.340? 

R 

R R 

R R 

C 
R 

R 

Figure 3.340 

(A) I.5RC (B) 3RC 

(D) 
RC 

(CJ 2RC 
2 

3-43 In the circuit shown in fignre-3.341, find the steady state 

charge on capacitor C1• 

(A) 2µC 

(CJ 4µC 

r3µF !OV 

8VLf-3-Q-'------ 2Q 

C2 -3µF 

Figure 3.341 

(B) 3µC 
(D). zero 
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r=--,-.,~------- ··- ·- .... 
(420 .'.c.;i "'' "-•• _ • ______ ·-----· 

3-44 If key K1 is closed in circuit shown in figure-3.342 and 
galvanometer doesn't give deflection at anytime, then value of 
Cis: 

(A) 3µF 
(C) 4µF 

"r-/.---' 
. K, 

Figure 3.342 

(B) 9µF 
(D) I µF 

3-45 The circuit shown in figure-3.343 is closed at t = 0. 
Calculate the total amount of heat generated in R

2 
during the 

time capacitor gets fully charged: 

(A) 200 µJ 
. 3 

(C) 800 µJ 
3 . 

.,s __ _,
1

2._o_v __ _ 

2Q 

R, 

2Q 

R, 

2Q 

Figure 3.343 

(B) 400 µJ 
3 

(D) _400µ1 

--·· -------·-~c-.~-~-t~E~~-~-·1=1,-1 
3-47 In the circuit shown in figure-3.345 the capacitor of 
capacitance C is charged to a potential difference V. The current 
in the circuit just after the closing of switch Sis : 

2C(S -~ 

1 
1 ,v.. 

IC 
2R 

Figure 3.345 

V 3V 
(A) 

3R 
(B) 

R 

(C) 
V 

2R 
(D) zero 

3-48 A capacitor of capacitance 6µF and initial charge l 60µC 
is connected with a switch S and resistors as shown in 
figure-3.346. If switch is closed at t= 0, then the currenithrough 

· resistor of 4fl att = I 6µs is 

s 
80 cl 4Q 

-
Figure 3.346 

(A) 
10 

(B) 20 A -A 
e 3e 

(C) 
10 
-A 
3e 

(D) zero 

3-46 In the circuit shown in figure-3.344 ifbatteryis ideal;then 3-49 Two resistances are joined in parallel of which equivalent 
time after which current inll:i becomes (1/e)timethat of maximum resistance is l .2fl. One of the resistance wire is broken and the 

current through it is:_ effective resistance becomes 2n. then the resistance of the 

(A) 18 µs 
(C) 6 µs 

--
E 

R
2
-2Q :!:: 6µF . 

Figure 3.344 

(B) 12 µs 
(D) 2 µs 

wire that got broken was : 

(A) 3/5fl 

(CJ 6/sn 
(B) m 
(D) 3fl 

3-50 A technician has onlytwo resistance coils. By using them 

singly, in series or in parallel, he is able to obtain the the 

resistance 3fl, 40, 12n and l 6fl. The resistance of two coils 
are: 

(A) 6n and 10n 

(C) 7n and 9fl 
(B) 4n and 12n 

(D) 4n and 16n 
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(Current Electrlclty . ___ _ 

3-51 A !Om long wire ofresistance 20Q is connected in series 

with batteryofEMF 3V and negligible internal resistance and a 

resistance of IO n. The potential gradient along the wire is : 

(A) 0.02V/m (B) O.IV/m 

(C) 02V/m (D) 12V/m 

3-52 The potential gradient along the length ofa uniform wire 

is I OV /m. B and Care two points at 30cm and 60cm point on a 

metre scale fitted along with the wire. The potential difference 

between B and C will be : 

(A) 3V 

(C) N 

(B) 0.4V 
(D) 4V 

3-53 A torch bulb rated as 4.5 W, 1.5 Vis connected as shown 

in fig. the e.m.f. of the cell, needed to make the bulb glow at full 

intensity is : 

(A) 4.5V 

(C) 2.67V 

m 

E, r= 2.61 n 

Figure 3.347 

(B) 1.5V 

(D) 13.5V 

3-54 In the circuit shown in figure-3.348 when the switch is 

closed, the initial current through the IQ resistor just after 

closing the switch is 

(A) 2A 

(C) 3A 

m 

-- ill == 
12vL"'s---'L.....---w.--~ 

Figure 3.348 

(B) 4A 

(D) 6A 

m 

3-55 In the circuit shown in figure-3.349, the potential difference 
across the capacitor is IOV. Each resistance is of3Q. The cell is 

ideal. The EMF of the cell is : 

(A) 14V 
(C) 18V 

R 

R 

R 

C=3µF 

" . " 
R 

R 

,E ,. 
Figure 3.349 

(B) 16V 
(D) 24V 

R 

3-56 The potential difference VA - VB between points A and B 
for the circuit segment shown in figure-3.350 at the given instant 
is: 

(A) 12V 
(C) (N 

9µC 

~, .... 
3f"........,11V ?f} =1 I; ~B 

A lµC 

Figure 3.350 

(B) -12V 
(D) -6V 

3-57 In the circuit shown in figure-3.351 the capacitors are 
initially uncharged. The current through resistor PQjust after 
closing the switch is : 

' 

2F,' 

6il 

(A) 2AfromPto Q 

(C) 6A from P to Q 

" 

s Ii 2n 
• 

ov 

p 

4µF 
sn 6Q 

Q 

Figure 3.3S1. · 

(B) 2A from Q to P 
(D) Zero 

3-58 For the circuit shown in the figure-3.352, calculate the 
charge on capacitor in steady state ? 

m 

(A) 4µC 
(C) lµC 

Figure 3.352 

(B) 6µC 
(D) Zero 

JV 

710v 
sn 
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3-59 A capacitor of capacitance 2µF is charged to a potential 
difference of5V. Now the _charging battery is disconnected and 
the capacitor is connected in parallel to a resistor of 50. and 
another unknown resistor ofresistance Ras shown in·fignre-

3 .353. if the total heat produced in 50. resistance is IOµJ, then 

the unknown resistance R is equal to : . 

. (A) 100. 
(C) (l0(3)Q 

2µF 
.-------,"1-----, ,, 

sn 

R 

Figure 3.3S3 

(B) 150. 

(D) 7.50. 

3-60 In the circuit shown in figure-3.354 switch Sis thrown at 
position-! at t= 0. When the current in theresistoris !A switch 

is then shifted to position-2. The total heat generated in the 
circuit after switch is shifted to position-2 is 

(A) Zero 

(C) 100µ) 

1,-----~ 
5V 

Figure 3.354 

(B) 625µ) 

(D) None of the above 

3-61 Consider a capacitor charging circuit. Let Q1 be the charge 

given to the capacitor in time interval of 20ms and Q2 be the 

charge given in the next time interval of20ms. Let IOµC charge 
be deposited in a time interval t I and the next IOµC charge is 
deposited in the next time interval 12• Then: 
(A) Q1>Q2,t1>t2 (B) Q1>Q2,t1 <t2 
(C) Q, < Qz, 1, > 12 (D) Qt< Qz, 1, < 12 

3-62 In the circuit shown in figure-3.355, the current in 10. 
resistance and charge stored in the capacitor are· 

we f w : ,uj f ~, +, 
3Q 

Figure 3.355 

* • 

(A) 4A,6µC 
(C) 4A, 12µC 

Current Eiectt!ttt9] 

(B) 7A, 12µC 
(D) 7A,6µC 

3-63 Two cells, two resistors and two c:apacitors are connected 

as shown in figure-3.356. The charge on 2µF capacitor is: 

3µF 
,---,------,"1----,---, ,, 

-- 4Q 
l8V sn __ 15V 

m 

(A) 30µC 

(C) 25µC 

m 
'----'---,"I------'-----< 

2,lF 

Figure 3,356 

(B) 20µC 
(D) 48µC 

3-64 A capacitor C1 is charged to a potential Vand connected 
to another capacitor in series with a resistor R as shown. It is 

· observed that heat H1 is dissipated across resistance R, till the 

circuit reaches steady state. Same process is repeated using 
resistance of 2R. If H2 is heat dissipated in this case then, 

c, 

c, 
Figure 3.357 

Hz =1 H 
(A) (B) _2 =4 

H, Hi 

Hz H 
(C) -=- (D)-2 =2 

H, 4 H, 

3-65 A charged capacitor is allowed to discharge through a 
resistor by closing the key at the instant t = 0. At the instant 
t = In( 4) µs, the reading of the ammeter falls half the initial value. 
The resistance of the ammeter is equal to 

(A) 0.50. 
(C) 2Q 

* • • 

C= 0.5F 

l-
~-----1 A )------w.---~ 

m 
Figure 3,358 

(B) IQ 

(D) 40. 
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!Current Ele<,lrl9lty . ~-- ~= -·=-= _ .... 
· Advance MCQs with One or More Options Correct 

3-1 In the circuit shown, which of the following statement(s) 
is/are correct? 

+ 
&=18V -

3Q 

6Q 

S~3µF 

c, 6µF 

Figure 3,359 

(A) When Sis open, charge on C1 is 36µC 

(B) When Sis open, charge on C2 is 3 6 µC 
(C) When Sis closed, the charges on C1 and C2 do not change 
(D) When Sis closed, charges on both C1 and C2 will change 

3-2 In the circnit shown, capacitor is initially uncharged tilJ the 

switch is turned on at time I= 0. Then 

1 
2kQ 

IOµF 

-'L.)2V 

Figure 3.360 

(A) at I= 0, current supplied by battery is 4mA . 

(B) at t = 0, cnrrent in R3 is 2mA 
(C) in the steady state current supplied by battery is 3mA 
(D) in the steady state current in R3 is zero 

3-3 The electric field strength in the capacitor shown in circuit 
below in steady state is E = 50V/cm. The distance between the· 

plates of the capacitor C is 0.5mm, square plates are of area 
100cm2, the resistance R = 50. and the internal resistance of 

battery is r= 0. 10.. 

'I!----~ 

~ ..... -----l.,f------

R 

Figure 3.361 

(A) the emfofthe battery is 2.55V 
(B) the attractive force between the plates is 2.2 x I 0-4N 

(approx) 
(C) the charge on the plates is42.25 x I o-10 C 
(D) the current through the battery in steady state is 0.5A 

3-4 Two heater designed for the same voltage Vhave different 

power ratings. When connected individually across a source 
of voltage V, theyproduceH amount ofheateach in time 11 and 

12 respectively. When-used together across the same source, 
they produce H amount of heat in time I : 

(A) If they are in series, t = t1 + 12 
(B) If they are in series, 1= 2(11 + 1:,) 

(C) 

(D) 

l1l2 
If they are in paralJel, I= -( --) 

l1 +l2 

t t 
If they are in paralle, I= 1 2 

, 2(11+12) 

3-5 Two cells of emf £ 1 = 6V and £ 2 = 5V are joined in parallel 
with same polarity on same side, without any external load. if 
their internal resistances are r

1 
= 20. and r2 = 30. respectively, 

then 
(A) Terminal potential difference across any cell is less then 5V 
(B) Terminal potential difference across any cell is 5.6V 

(C) Current through the cells is 0.2A 
(D) Current through the cells is zero if E 1 = £2 

3-6 Three ammeters A, B and C ofresistances RA' R8 and Re 
respectively are joined as shown. When some potential 

difference is applied across the terminals T1 and T2 their readings 

are JA,/8 and Jc respectively. Then: 

Figure 3.362 

(D) 1. 
le 

3-7 Three voltmeters all having different resistances, are joined 
as shown in figure-3.363. When some potential difference is 
applied across A andB, their radings are VI' V2 and V3• Then 

V, I---< V, 

A B 

Figure 3.363 

(A) v1 = v2 (B) VI ;,e V2 
(C) V1 + V2 = V3 (D) V1 + V2 > V3 
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. 3-8 Two conductors mad~ of the same material have length L 
and 2L but have equal resistances. The two are connected in 
series in a circuit in which current is flowing. Which ·of the 
following is/are correct? 
(A) The potential difference across the two conductors is the 
same 
(B) The drift speed is largerin- the conductor oflength L 
(C) The electric field in the first conductor is twice that in the 
second 
(D) The electric field in the second conductor is twice that in 
the first 

3~9 In the part of circuit shown in figure-3.364 

A E r B 

2~ 2V 
Figure 3,364 

(A) Currentwill flow from A toB 
(B) Current may flow A to B 
(C) CurrentmayflowfromBtoA 
(D) The direction of current will d~end on E 

3-10 In the potentiometer experiment shown in figure-3 .365, 
_the null point length is /. Choose the correct options given 

below 

E, J. 

E, 
,----J,-----,--1_G 

s 

Figure 3,365 

(A) If jokey J2 is shifted towards right, I will increase 
(B) if value of E 1 is increased, I is decreased 
(C) If value of E2 is increased, I is increased 
(D) If switch Sis closed, I will decrease 

3-11 In the circuit shown in figure-3.3(\6, reading ofammeter 
mil 

R S, ~~w.--, 
A>---< 

R 

~s, 

E r 

Figure 3.366 

(A) Increase if S1 is closed 
(C) Increases if S2 is closed 

(B) Decrease if S1 is closed 
(D) Decrease if S2 is closed 

3-12 In the circuit shown in figure-3.367 itis given that V,,-V. 
. = 2V. Choose the correct options. 

••----~W~--___,,,__,,~ 
a "C b 

Figure 3,367 

(A) Curreiit in the wire is 6A 
(B) Direction ofcurrent is from a to b 
(C) Va - V, = 12 volt 
(D) V,,- v. = 12 volt 

3-13· Each resistance of the network shown in figure-3.368 is 
r. Net resistance between terminals 

7 
(A) aandbis 3r 

(C) band dis r 

a 

C 

Figure 3.368 

(B) a andc is r 

. r 
(D) bandd1s 2 

3-14 A capacitor of 2F (theoretical value) capacitance is 
charged by a battery of 6V. The charging battery is disconnected 
and circuit is made as. shown. If the switch is closed at t = O. 

Which of the following options is/are correct 

In 

2Q 

Figure J.369 

(A) At time t= 0 current in the circuit is 2A 
(B) At time t = 6 ln(2) second potential difference across 
capacitor is 3V. 
(C) Attime t= 6 ln(2) second, potential difference across IQ 
resistance is IV 

(D) At time t = 6 ln(2) second potential difference across 2n 
resistance is 2V 

/ 
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! Current El~tricity · 

3-15 In the circuit shown in thefigure-3.370, switch Sis closed 

at time t= 0. Select the correct statements. 

2R 

C 

2C R 

s 
E 

Figure 3.370 

(A) Rate of increase of charge is same in both the capacitors 
(B) Ratio ofcharge stored in capacitors C and 2C at anytime 

I would be 1: 2 
(C) Time constants of both the capacitors are equal 
(D) Steady state charge in capacitors C and 2C are in the ratio 

of! :2 

3-16 A capacitor C1 of capacitance lµF and a capacitor C2 of 
capacitance 2µF are separately charged by a common battery 
for a long time. The two capacitors are then separately · 
discharged through equal resistors. Both the discharge circuits 

are connected at I= 0. 
(A) The current in each of the two discharging circuits is zero 

att=O. 
(B) The currents in the two-discharging circuits at I = 0 are 

equal but not zero. 
(C) The current in the two discharging circuits at I = 0 are 

unequal.. 
(D) C

1 
oflosses 50% ofits initial charge sooner than C2 loses 

50% ofits initial charge. 

__ ---··=:. _·_-_·_··::.::.::.::.::4::.2~s-1 
3-17 An electrical circuit is shown in figure-3.371. The 
resistance of each voltmeter is infinite and each ammeter is 
100 Q. The charge on the capacitor of 100 µF in steady sate is 
4mC. Choose which of the following statements is/are correct 

regarding the given circuit : 

200n 

C 

100n 

Figure 3.371 

(A) Reading of voltmeter V2 is 16V 

900Q 

A, 

(B) Reading of ammeter A I is zero and A2 is l/25A 
(C) Reading of voltmeter V1 is 40V 
(D) EMF of the ideal cell is 48V 

* * * * * 
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,~.4-26--.-. ,:::· 
'-'· =--"'------·-- ---· 

Unsolved Numerical Problems for Preparation ofNSEP, INPhO & IPhO 
For detailed preparation of INPhO and IPhO students can refer advance study material on www.physicsgalaxy.com 

3-1 Two parallel plate capacitor of capacitance 2C and Care 
charged to the potentials 2 V and V respectively and are 
connected in a circuit along with a resistance R as shown in the 
diagram. The switchkisdosed at t= 0. Find the current in the 

circuit as a function of time and total heat produced in the 
circuit 

2C 2V 
~----'<+ 1-·----~ 

R 

+ - k 
C,V 

Figure 3',372 

V _...E.._ 1 
Ans [i = -e 2RC - Cfll] 

' R ' 3 

3-2 For the given circuit shown in figure-3.373 in the steady 
state condition charge on the capacitor is 16µC. If the battery is 
removed and the junctions A and Care shorted. Find the time 
during which charge on the capacitor becomes 4µC and the 
EMF ofbattery. 

4Q 4il 

'-----'-I+ ~ F-___ _, 

E 

Figure 3.373 

Ans. [32ln(2)µs, 24V] 

3-3 A capacitor of capacitance 5 µF is connected to a source of 
constant EMF of200V for a longtime as shown in figure-3.374, 
then the switch was shifted to contact 1 from contact 2. Calculate 
the amount ofheat generated in the soon resistance. 

5µF 
~----<::t------~ 

soon S,+-----------~ 
2 

Ans. [0.0625J] 

~----1· 't------~ 
I 

200V 

Figure 3.374 

300Q 

3-4 The figure-3.375 shows two circuits with a charged capacitor 
that is to be discharged through a resistor as shown in the 
figure. The ratio of initial charges on capacitors is given as 
q/q1 = 2. If both switches are closed at time t = 0, the charges 
become equal at 1 Q-4 ln2 s. Find the resistance R. 

m R 

Figure 3,37S 

Ans. [6Q] 

3-5 In thecircuitshowninfigure-3.376,E= 5Y, r= In,Rz =4n, 
R3 = 3n, and C= 3µF. Find the charge on the plates ofcapaictor 
A. 

I 
R, 
w. I 

C Rz-. C 

r 
R, 

I w. 
C C 

& r. 

Figure 3,3'Z6 

Ans. [6µC] 

3-6 A circuit shown in the figure-3.377 has resistances given' 
as R1 = 20n andR2 = 30n. At what value ofresistanceRx will 

· the thermal power generated in it be practically independent of 

small variations of that resistance? The voltage between points 
A and B is supposed, to be constant in this case. 

Figure 3.377 

Ans. [12Q] 

3-7 A capacitor of capacitance C= 500 µFis connected to a 
source of constant e.m.£ E = 200 V. Then the switch Sw was 
thrown over from contact 1 to contact 2. Find the amount of 
heat generated in a resistanceR 1= soon if R2 = 3300. 

Ans. [60mJ] 

3-8 The electrodes of a capacitor of capacitance C = 2.00µF 
carry opposite charges%= 1.00 mC. Then the electrodes are 
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!Current Electric~tt.... ____ _ 

interconnected through a resistance R = 5.0 M.Q. Find: 

(a) the charge flowing through that resistance during a time 

interval t' = 2s. 
(b) the amount ofheat generated in the resistance during the 

same interval. 

Ans. [(a) 0.18µC (b) 82 mJ] 

3-9 In the circuit below, the capacitance of each capacitor is 

equal to C and the resistance R. One of the capacitors was 

connected to a voltage V0 and then at the moment t = 0 was 

shorted by means ofa switch SFind: 
(a) Current in the circuit as a function of time. 
(b) The amount ofheat generated in the circuit. 

R 

1,------,c w,.----. . cl 

L__J 
s 

Figure 3.378 

Ans. [(a) ~ e·2'/RC, (b) ¼CVo'J 

3-10 A coil of radius 25 cm madeup ofa thin copper wire of 

length 500 m rotates with an angular velocity 300 rad/s about 

its axis. The coil is connected to a hallistic galvanometer by 
means of sliding contacts. The total resistance of the circuit is 

equal to 210. Find the specific charge of current carriers in 
copper if a sudden stopage ofcoil makes a charge !OnC flow 

through the galvanometer. 

Ans. [1.8 x 1011Clkg] 

3-11 Ten cells each ofemf!V and internal resistance IQ are 

connected in series. In this arrangement polarity of two cells is 

13 
Ans. [3 A] 

=24V 

6Q 

4Q 
12n 6Q 

m 

2(l 

Figure 3.379 

3-14 In the circuit shown in figure-3.380, battery EMFs are 

given asE1 = 12VandE2 =8V. 
(a) What is the direction of the current in the resistor? 
(b) Which battery is doing positive work? 

(c) Which point, A or B, is at the higher potential? 

Al.------,.,,,.,~1: 
- E E 

TI 'J 
Figure 3.380 

Ans. [(a) Anticlockwise; (b) E1; (c) Point B] 

3-15 Calculate the resistance r ifin the part ofa circuit shown 

in figure-3.381 an ammeter shows a current of 5A and the 

voltmeter reading is I 00V. The internal resistance of the voltmeter 

is2.5kn. 

---Q).._____..r : r 

Figure 3.381 

reversed and the system is connected to an external resistance Ans [20. I 6il] 

of 20. Find the current in the circuit. 

Ans. [0.5A] 

3-12 It is desired to make a 20.0Q coil of wire which has a zero 
thermal coefficient ofresistance. To do this, a carbn resistor of 
resistance R1 is placed in series with an iron resistor of 
resistance R

2
• The proportions ofiron and carbon are so chosen 

thatR1 + R2 = 20.00Q for all temperatures near20°C. How large 
are R 1 and R,? The temperature coefficient ofresistances for 
carbonandiorn areuc=-0.5 x 10-3 K-1 anduF, =5.0 x I0-3 K-1• 

Ans. [18.18Q, L82Q] 

3-13 Calculate the value ofcurrent supplied bythe battery in 
the circuit shown in figure-3.379. 

3.-16 Resistances R 1 andR2, each 600, are connected in series 
as shown in figure-3.382. The potential difference between 
points A andB is 120V. Find the reading of voltmeter connected 
between points C and D ifits resistance is 1200. 

A B 

V 

Figure 3.382 

Ans. [48V] 
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3-17 A moving coil galvanometer ofresistance 20n gives a 
full scale deflection when a current oflmA is passed through 
it. It is to be converted into an anuneter reading 20A on full 
scale. But the shunt of0.005fl only is available. What resistance 
should be connected in series with the galvanometer coil? 

Ans. [79.995Q] 

3-18 The resistance RG of the coil of a pivoted-coil 
galvanometer is 936fl and a current of 0.0224 A causes it to 
deflected full scale. We want to convert this galvanometer to 
an anuneter reading 20.0 A full scale. The only shunt available 
has a resistance of 0.0250fl. What resistance R must be 
connected in series with the coil of galvanometer ? 

Figu~e 3.383 

Ans. [12.9Q] 

3-19 (a) A voltmeter with resistance Rvis connected across 

the terminals of a battery of emf E and internal resistance r. 
Find the potential difference measured by the voltmeter. 
(b) If E= 7.50Vandr= 0.45n, find the minimum value of the 
voltmeter resistance Rvso that the voltmeter reading is within 
1.0% of the EMF of the battery. 

Ans. [(a) :R., ; (b) 4.5 x 10·3Q] 
. 4'v+r ._ 

3-20 ( a) An anuneter with resistance R ,is connected in series 
with a resistor R and a battery of emf e and internal resistance r. 
The current measured by the anuneter is IA. Find the current 
through the circuit if the anuneter is removed so that the battery 
and the resistor form a complete circuit. Express your answer 
in terms of IA, r, RA and R. The more "ideal" the anuneter, the 
smaUer the difference between this current and the current IA. 
(b) IfR=3.80fl, c,=7.SOV andr=0.45fl, find the maximum 
value of the anuneter resistance RA so that IA is within 99% of 
the current in the circuit when the ammeter is absent. 
(c) Explain whyyour answer in part (b) represents a maximum 
value. 

Ans. [(a) 1,[1+..!!J..]; (b) 0.0045QJ 
R+r 

3-21 Assume that the batteries in the circuit shown in figure-
3.384 have negligible internal resistance. Find 
(a) The current in the circuit. 

(b) The power dissipated in each resistor and 

• i · ··· ------· ,,;.~-~- Current Eleclrl~ 

(c) The power of each battery, stating whether energy is 
supplied by or absorbed by it. 

R2 =8.0Q E,=6V~L 
-'-+---~ 

E1 = 12V 

Figure 3.384 

Ans. [(a) ½A; (b) 1 W, 2W; (c) 6W(supplied), 3W(absorbed)] 

3-22 Three resistors having resistances of l.60fl, 2.40fl and 
4.80fl are connected in parallel to a 28.0V battery that has 
negligible internal resistance. Find 
(a) The equivalent resistance of the combination 
(b) The current in each resistor 
(c) The total current through the battery 
(d) The voltage across each resistor 
(e) The power dissipated in each resistor 
(f) Which resistor dissipates the maximum power the one with 
the greatest resistance or the least resistance ? Explain why 
this should ·be. 

Ans. [(a) 0.800:, (b) 1.60!1 resistor 17.SA, 2.40 .Q resistor 11.?A, 
4.80.Q resistoi;- 5'.8A, (c) 35.0A, (d) 28.0V for each, (e) 1.600. resistor 
490W, 2.40.Q resistor 327W, 4.SOQ resistor 163W, (f) least resistanceJ 

3-23 Draw the. circuit for experimental verification of Ohm's 
law using a source of variable DC voltage, a main resistance of 
IOO!l, two galvanometer and two resistance of values 106n 
and w-3n resprctively. Clearly show the positions of the 
voltmeter and the anuneter. · 

Ans. 
-~~---

I 
I 

Variable DC voltage 

10-00 

3-24 A galvanometer ( coil resistance 99fl) is converted into 
an anuneter using a shunt of !fl and connected as shown in 
figure-3.385(a). The anuneterreads 3A. The same galvanometer 
is converted into a voltmeter by connecting a resistance of 
!Olfl in series. This voltmeter is connected as shown in figure-
3.385(b). its reading is found to be 4/5 of the full scale reading. 
Find 

(a) Internal resistance r of the cell 
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(b) Range ofthe ammeter and voltmeter 

( c) Full sacle deflection current of the galvanometer 

12V r 12V r 

m 

m 
(a) 

L------{JV}-----' 

(b) 

Figure 3.385 

Ans. [(a) I.OW; (b) SA, 9.9SV; (c) O.OSA] 

3-25 (a) Two bulbs rated at 25W, llOV of 100\V, llOV are 
connected in series to 220V electric supply. Perform the 
necessary calculations to find out which of the two bulbs, if 
any, will fuse. (b) What would happen if the two bulbs were 
connected in parallel-to the same supply. 

Ans. [(a) First bulb will fuse, (b) Both will fuse] 

3-26 figure-3.386 illustrates a potentiometer circuit by means 
of which we can vary a voltage V applied to a certain device 
possessing a resistance R. The potentiometer has a length I 
and a resistance R0• A voltage V0 is applied to its terminals_ 
Find the voltage V which is fed to the device as a function of 

distance x. Analyses separ~tely the case R >> R0• 

Figure 3.386 

VoRx X 

Ans. [ ( x)' v, 1 1 
Rl+Jlox 1--

1 

3-27 A copper coil has a resistance of 20!1 at 0°C and a_ 
resistance of26.4!1 at 80°C. Find out the temperature coefficient 

of resistance of copper. 

Ans. [4 x 10-3 °C-I] 

3-28 A conducting wire of resistance 120!1 at 20°C is 
connected in a circuit. Due to current flow in it, its resistance 
increases to 240!1. Find the final temperature of wire. given that 
temperature coefficient ofresista~ce is 2 x 1 o--4 "C-1• 

Ans. [S020°C] 

3-29 A galvanometer has coil resistance of 99!1 with its full 
deflection current 0.01A. Find the value ofshnnt resistance 
required to convert it into an ammeter ofrange O. lA. 

Ans. [I IQ] 

- -~ ~-__ -_--_· ____ ___:4:.:::ffi::.i 

3-30 A galvanometer has coil resistance 30!1 and full deflection 
currentof2mA. What resistance is needed to convert it into a 

voltmeter of0.2V range. 

Ans. [70 Ol 

3-31 In thecircuitshowninfigure-3.387, the voltmeter is having 
a resistance 4000!1. Find the percentage error in reading of this 

voltmeter. 

(40000) __ ___, V 1---

soon 10000 

I' 

1------j'f----------' 
1300V 

Figure 3.387 

Alls. [7.69%] 

3-32 In the circuit shown in figure-3.388, each ammeter has 
coil resistance 2!1, find reading of the two ammeters. 

20V m 
>----¾V1,--------!A,1-------~ 

8 

L_ ________ .l__---{A, 

60 m 

Figure 3.388 

Ans. [2.13A, 2.0SA] 

40V 

8Q 

3-33 In the circuit shown in figure-3 .3 89, the voltmeter reads 
30V when it is connected across 400!1 resistance. Calculate 
what the same voltmeter will read when it is connected across 

the 300!1 resistance. 

30V 

· 3000 4000 

60V 

Figure 3.389 

Ans. [22.5V] 
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3-34 A potential difference of 220V is maintained across a 
120000 rheostat as shown in figure-3 .3 90. The voltmeter Vhas 
a resistance of 60000 and point C is at one-fourth of the distance 
from a to b. What is the reading of voltmeter? 

b 

220V 

Figure 3.390 

Ans. [40V] 

3-35 Two electric bulbs, each designed to operate with a power 
of 500W in 220V line, are in series with a ll 0V line. What will be 
the power generated by each bulb? 

Ans. [31.25W], 

3-36 The resistors, 4000 aud 8000 are connected in series 
with a 6 volt battery. It is desired to measure the current in the 
circuit. An ammeter of IO ohms resistance is used for this 
purpose. What will be the reading in the ammeter? Similarly, if 
a voltmeter of 10,0000 resistance is used to measure the 
potential difference across the 4000 resistor, what will be the 
reading in the voltmeter? 

Ans. [1.96V] 

3-37 In the circuit shown in figure-3.391, V1 and v; are two 
voltmeters having resistances 60000 and 40000 respectively 
EMFofbattery is 250V, having negligible internal resistance. 
Two resistances R1 and R2 are 40000 and 60000 respectively. 
Find the reading of the voltamter V1 and V2 when 
(a) Switch Sis open 
(b) Switch Sis closed 

4000Q 6000Q 

R, R, 

E-250V 

Figure 3.391 

Ans. [(a) 150V, IO0V, (b) 125V, 125V] 

3-38 !fa copper wire is stretched to make it 0.1 % longer, what 
is the percentage change in its resistanc_e? 

Ans. [0.2%] 

3-39 Three equal resistors connected in series across a source 

of EMF together dissipate !OW of power. What would be the 

power dissipated if the same res.istors are connected in parallel 

across the same source of EMF ? 

Ans. [90W] 

3-40 In the circuit shown in figure-3.392, find the power 

supplied by I 0V battery and thermal power dissipated in 100 

resistance. 

IOQ 

± - 5Q 
- l0V 

sn 

Figure 3,392 

Ans. [40W, 40W] 

3-41 Calculate the steady state charge on each cap~citor in 

the circuits shown in figure-3.393 for the below given cases 

(a)· Switch S closed arid 

(b) Switch S open 
(c) In figure what is the potential of point A when Sis open? 

6µF 3µF 

s 
JO0Q IO0Q 

100n 
90V 

Figure 3.393 

Ans. [(a) 180µC, 90µC (b) 0, 270µC] 

3-42 Calculate the potential of point A in the circuits shown in 
figure-3.394 in steady state. · 

I A I • 
6µF 2µF 

lµF 

20n 
IOQ 

20n 

l00V • 
Figure 3 .. 394 

Ans. [75V] 
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3-43 In the circuit shown in figure-3.395, find the charges on 
capacitors of capacitances 5µF and 3µF, in steady state. 

Ans. [ISµC, 15µC] 

5µF 

IOV 

m 

3µF · 

4Q 

Figure 3.395 

3Q 

3-44 A capacitor of capacitance C has potential difference 
E/2 and another capacitor of capacitance 2C is uncharged. 
They are joined to form a closed circuit as shown in the figure-

33%. 
(a) Find the current in the circuit at t= 0 
(b) Find the charge on Casa function of time 

--ll----
2C 

Figure 3.396 

Ans. [(a) ! ; (b) c: (5-2e-J'12RC)] 

3-45 Initially the switch is in position I for a long time in the 
circuit shown in figure-3.397. At t= 0, the switch is moved from 
I to 2. Obtain expressions for Ve and VR fort> 0. 

l 
I S 
• I I 

.I.. 

1 
Figure 3.397 

Ans. [Ve= 50 (Je-2001 - 1), Va= 150e20011 

3-46 A charged capacitor C1 is .discharged through a 
resistance R by putting switch Sin position I of circuit shown 
in figure-3.398. When discharge current reduces to /0 the switch 
is suddenly shifted to position 2. Calculate the amount of heat 
liberated in resistance R starting from this instant. 

Ans. [ (/0R)'C,C2 ] 
2cc, +c,l 

I :/1 
c, _ c2 

R 

Figure 3.398 

- -----·-- --------431] 
-- ---- _, ___ " 

3-47 A capacitor with capacitance C = 400 pF is connected 

via a resistance R = 650 Q to a source of constant voltage V0• 

How soon will the voltage developed across the capacitor 

reach a value V= 0.90V0? 

Ans. [0.6 x I 0-6 s] 

3-48 In the circuit shown in figure-3.399 the capacitors are 

initially uncharged. In a certain time the capacitor of capacitance 

2µF gets a charge of20µC. In that time interval fmd the heat 

produced by each resistor individually. 

3Q 

2n 

lµF Tc__ __ T..J 2µF 

Figure 3.399 

Ans. [H2 = 0.075ml, H 3 = 0.05ml, H6 = 0.025ml] 

3-49 A time varying voltage is applied to the clamps A andB 
such that voltage across the capacitor plates is as shown in 
the figure-3.400. Plot the time dependence of voltage across 

the terminals of the resistance E and D. 

:.~--c:I ==t=R=====:: 

Ve 

Figure 3.400 v,b_ 
Ans. [ . j ] 

' I 0 

3-50 In the given circuit shown in figure-3.401, the switch is 

closed in the position 1 att= 0 and then moved to 2 after 250µ,. 
Derive an expression for current as a function of time fort> 0. 
Also plot the variation ofcurrent with time. 

I 

l 21 . soon 

2ov]..._ ____ JL4_ov ___ _,J 
Figure 3.401 

Ans. [i = (0 .. 04e- 40001)A for t S: 250 µs and ; = - (0.11 e-4°01)A for 

'"' 0.04 

o.ois -----
t 2:: 250µs, -+--f'''=,·' ---•f(• Ur',)] 

I 
-0.11 ------
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3-51 A metal ball of radius a is surrounded by a thin concentric 
metal shell ofradius b. The space between these electrodes is 

filled up with a poorly conducting homogeneous medium of 
resistivity p. Find the resistance of the inter-electrode gap. 

Analyses the obtained solution at b -t oo. 

p [ 1 l] p 
Ans. [ 4• -;;-b • 4,ra] 

3-52 The space between two conducting concentric spheres 

of radii a and b (a< b) is filled up with homogeneous poorly 

conducting medium. The capacitance of such a system equals 
C. Find the resistivity of the medium if the potential difference 

between the spheres, when they are dis~onnected from an , 

external voltage, decreases 11-fold during the time interval At. 

Ans. [ Mx41'ab ] 
C(b-a)log,~ 

3-53 (a) The power of resistor is the maximum power the 

resistor can safely dissipate without too rise in temperature. 

The power rating of a 15kQ resistor is 5.0W. What is the 

· maximum allowable potential difference across the terminals of 

the resistor? 
(b) A 9 .0kQ resistor is to be connected across a 120V potential 

difference. What power rating is required? 

Ans. [(a) 273.8V; (b) 1.6W] 

2-54 An electric heater has coil resistance of 12Q and is 
operated from 220 V power line. If no heat escapes from it then 

how much time is required to raise the temperature of 40kg of 

water from l0°C to 80°C? 

Ans. [2708 s] 

2-55 A copper wire having cross-sectional area-0.5mm2 and a 
length 0.lm is initiallyat25°C and is thennallyinsulated from 

the surrounding. Ifa current of I 0A is set up in this wire, 
(a) Find the time in which the wire will start melting. The 

change ofresistancewith the temperature of the wire maybe 

neglected. 
(b) What will be the time taken iflength of the wire is doubled? 

Given for copper wire, its density9 x 103 kg/m3, specific heat 

9 x 10-2 kcal /kg°C, melting point 1075°C and specific resistance 
1.6 X l Q-'lQ-m, 

Ans. [(a) 558s, (b) 558s] 

2-56 figure-3.402 shows two lamps L1 and L2 in series and 
connected across lO0V ba(!ery. Find the power consumed by 

each lamp. 

200V, IO0W 200V, 200W 

I I 

~---+,.,1-----~ 
I00V 

Figure 3.402 

3-57 The switch S is closed at I = 0. The- capacitor C is 
uncharged.but C0 has a charge Q0 = 2µCat t= 0. IfR= lO0Q, 
C= 2µF, C

0 
= 2µF,E=4V. Calculate current in the circuit as a 

function of time. 

Figure 3,403 

Ans. [0.03 e-1041} 

* * * * "' 
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CONCEPTUAL MCQS Single Option Co"ect 

1 (B) 
4 (C) 
7 (A) 
10 (A) 
13 (B) 
16 (C) 
19 (D) 
22 (A) 
25 (A) 
28 (C) 
31 (D) 
34 (A) 
37 (D) 
40 (A) 
43 (C) 
46 (D) 
49 (A) 
52 (B) 
55 (D) 
58 (B) 
61 (A) 
64 (D)- · 
67 (D) 
70 (C) 

2 (D) 
5 (D) 
8 (B) 
11 (C) 
14 (B) 
17 (A) 
20 (D) 
23 (B) 
26 (C) 
29 (C) 
32 (C) 
35 (A) 
38 (A) 
41 (B) 
44 (D) 
47 (A) 
50 (B) 
53 (D) 
56 (C) 
59 (A) 
62 (A) 
65 (C) 
68 (C) 

NUMERICAL MCQS Single Option Correct 

1 (A) 
4 (B) 
7 (B) 
10 (C) 
13 (D) 
16 (A) 
19 (B) 
22 (D) 
25 (C) 
28 (A) 
31 (D) 
34 (CJ 
37 (C) 
40 (C) 
43 (C) 
46 (C) 
49 (A) 
52 (B) 
55 (B) 
58 (C) 
61 (A) 
64 (A) 

2 (B) 
5 (D) 
8 (D) 
11 (D) 
14 (D) 
17 (A) 
20 (A) 
23 (D) 
26 (D) 
29 (D) 
32 (B) 
35 (A) 
38 (C) 
41 (D) 
44 (D) 
47 (C) 
50 (B) 
53 (C) 
56 (D) 
59 (D) 
62 (D) 

ADVANCE MCQs One or More Option Correct 

1 (A, B) 
4 (A, D) 
7 (A, C, _D) 
10 (A,B,C) 
13 (A, B, D) 
16 (C, D) 
19 _(A, D) 

2 (A, D) 
5 (A, B, C, D) 
8 (A, D) 
11 (A, C) 
14 (A, B) 
17 (A, B, C, D) 
20 (B, C) 

3 (B) 
6 (D) 
9 (B) 
12 (D) 
15 (D) 
18 (C) 
21 (D) 
24 (A) 
27 (A) 
30 (A) 
33 (A) 
36 (A) 
39 (A) 
42 (B) 
45 (A) 
48 (D) 
51 (D) 
54 (A) 
57 (C) 
60 (A) 
63 (C) 
66 (C) 
69 (B) 

' 3 (A) 
6 (B) 
9 (D) 
12 (A) 
15 (D) 
18 (C) 
21 (B) 
24 (D) 
27 (A) 
30 (B) 
33 (A) 
36 (A) 
39 (C) 
42 (A) 
45 (A) 
48 (B) 
51 (A) 
54 (B) 
57 (D) 
60 (C) 
63 (C) 

3 (C, D) 
6 (A,B,C) 
9 (A,B,C) 
12 (A,B,C) 
15 (A,B,D) 
18 (A,B,D) 
21 (A, C) 

22 (B, D) 
25 (A, D) 
28 (B, C) 

24 (A, D) 
27 (A, D) 
30 (C) 

31 (B, D) 
34 (B, D) 
37 (B, D) 
40 (A, B, D) 

23 (A, B, C) 
26 (B, D) 
29 (A, B, D) 
32 (A, C) 
35 (A) 

33 (A, B, C, D) 
36 (B, D) 

38 (C, D) 39 (A,C,D) 

Solutions of PRACTICE EXERCISE 1.1 

(i) As the balls are rubbed against each other they will 
acquire equal and opposite charges. The FBD of left ball is 
shown in figure which shows all the forces acting on ball in 
equilibrium position. 

1+----5 cm----->< 
1/, 

! l 
20cm 

l+-3cm-+I 
~j 

q=2xIO_,C 

T 

mg 

Here for equilibrium of each bob, we have 

Kq° 
Tsin8=-

r2 

Tcos0=mg 

Kq2 
. ~ tan0=--

r2mg 

I 

~(20)2 -12 

K(2xl0-8)2 

(3x!0-2)2mx!O 

m=7.96g 

From _"9,uation-(2) we have 

mg 7.96x!0-3 x!Ox20 
T=-= 

cos0 ~(20)2 __ 1 
T=7.72x 10-'N 

... (!) 

.:.(2) 
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(tl) As the repulsive Coulombian furce is equal to the weight · 

of particles we have 

Kq2. 
--=mg 
,2 ' 

Kq2 
r=--

mg 

[ 
9xl0

9 ]½ 
r= i.6 X J0-19 X 2? 

l.7x!O- x9.8 

r=0.117m 

(iii) As shown in figure, let the two charges q and 4q 

respectively are placed apart at a distance /. There will be a 
force ofrepulsion on A due to Bin the direction BA. In order to 
make A in equilibrium, a negative charge (let q 1) be placed 

between A and B at a distance x from A. 

A, C B 
q.-----q,-------,-e4q 

t==-- X ----~ /·----------~ 
The force ofrepulsion between.A and B 

Kqx4q 
F AB= /2 ... (1) 

The force of attraction between A and C 

Kqxq1 
FAc=--,- ... (2) 

X 

For equilibrium of A and C, the two forces should be equal, thus 

we have 

Kqx4q = Kqxq1 

/2 x2 

' 2 
4qx 

q,=7 ·:·(3) 

Considering the equilibrium of C, we have 

K(q1 x4q) K(qxq1) 

(l-x)2 x2 

4x2= (/-x)2 

Solving we get, x=-1 or 
I 

x=--
3 

As Cshould be between A and C;hencex;e-/. This implies 

I 
x=-

3 
... (4) 

From equation-(3) and (4), we have. 

4q(l 13)2 = 4q 
q,= i2 9 

(IV) One obj~ct has a charge q and other has (Q - q) as 
shown in figure. 

q Q-q el----r--~~ 
The force between the two charges is given·as 

Kq(Q-q) 
F= 2' 

dF 
ForFtobemaximum - =0 

dq 

.!!_ (KqQ - Kq2J =0 
dq ,2 ,,2 

q= Q 
2· 

r 

Thus we have to divide charges equally on the objects for the 

force between then to be maximum. 

(v) The force F 12 between q1 and q2 is given by 
' . . 

F = Kq,q2 
12 2 

r12 

9' (1.0x!0-,;)(3.0x!O-,;), 
F 12 = (9.0 x 10 J • ~--

0
-
5
-x~

1
~
0

_-
2
-)2-~ 

' 

The force F 13 between q1 and q3 is giv~n by 

F = Kq1q3 
13 r,2 

13 

=> F 13 =1.8N 
Thex andy components of the resultant force acting on q1 are 

F1, = (F12), + (F13), = F 12 + F 13 sin 0 

F 1, = 1.2+ l.8sin30°=2.l N 

and F1, = (F12), + (F13), 

F1, = 0 + (-1.8) cos 30° =-: 1.6N 

Net force on q1 is given as 

F1 = ~Fi;+ Fi; = ~(2.1)2 +(1.6)2 

F 1 =2.64N 
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(VI') The situation is shown in figure. 

+q 

•A 

a a 

Fca 
B - a -q 

F 
Fe,. 

Let us consider the forces acting on C due to A and B. 

The force of repulsion on C due to A is acting in direction AC is 
given as 

Kqxq 
FcA=--2-

a 
The force of attraction on C due to B is acting F CB in direction 
CB is given as 

Kqxq 
Fca=--2-

a 
Thus the two forces are equal in magnitude. The angle between 
them is 120°. The resultant forceF on Cis given as 

Fc=FCA cos 60° + Fen cos 60° 

F =2Fcos60°=F C . 

We used 

F ') 
(100x!0-6)(100x!0-6) 

c=(9x!0 
2 (4) 

(vb') · The two negative charges A and B of unit magnitude are 

shown in figure. Let the positive charge q be at a distance rA 
from A and at a distance r O from B. 

A B 
+q 

-1 _, 

j+------ r, -------+------· '• -------~ 

Force on q due to A is an attract.ive force given as 

F = Kq 
qA 2 

rA 

Force on q due to B is an attractive force given as 

Kq 
Fqa=7 

B 

4351 

These two forces acting on q are opposite and collinear. For 
equilibrium of q, the two forces must also be equal in magnitude 
so we use 

IFqAl=IF.el 
Kq Kq 
-2 =-2-

1:"A rB 

rA=rB 

So for the equilibrium of q, it must be equidistant from A and B 
and placed at the mid point of AB. 

Now for the equilibrium of the system, A and B must also be in 
equilibrium. 

For the equilibrium of A, we use 

Force on A byq is 

Kq 
F AB= - 2 towards q 

rA 

K(I)(l) 
ForceonAbyBisFAB= 2 (rA+re) 

K 
=> F =--

AB (2rA)2 

The two forces are opposite and collinear. For equilibrium of A, 
the forces must be .equal, opposite and collinear. Hence so we 
use 

Kq K(I) 

r; = (2rA)2 

l 
q=-C 

4 
It can also be shown that for the equilibrium ofB, tJ\e magnitude 
of q must be 1/4 of the magnitude of either charge. Here 

equilibrium will be unstable because we have already discussed 
that any equilibrium of charges only under the electrostatic 
forces is always unstable. 

(viii) The different forces on C due to other charges are shown 
in figure. Let a be the side of the square. The force on due to A 
is given as 

KQ2 
FAc=-2-

Za 
A D 

Q t':O· ----'""----<ll;;)-q 

a a 

-qt'J-· ---::--+--~ Q 
a ~ 

B Fcs C 

... (l) 
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If the resultant force on Cis to be zero, the force on C dne to D 
and B must be along CD and CB respectively so charge q must 
be negative. 

The resultant force F CB and F CD along CA are given as 

KQ2 1 KQq I 
F = --·-+--·-

c az ,/2 a2 ,/2 

F. = ·,fi.. KqQ 
C a2 ... (2) 

As resultant force on C is zero, we have from equations-(!) and 
(2) 

,/2. KqQ = KQ
2 

a2 2a2 

~ Q=- 2..fi; q 

(ix) Let 2n be the arigle between the two threads as shown 
in figure, Fis the resultant force, Wis weight of the ball and F1 
is Coulomb's force ofrepulsion. 

0 

T T t,Tcosa 

Tsin a 
---'--

' ' 
q, 
2 !+----------- r ·-------+t 

From above figure we have 

-r=2/sinn 

For equilibrium of ball we have 

w F 

_ ( I . ) (q~ / 4) . F =Wtann= --
1 411£0 (4/2 sin2·n) . 

( 
I I q~ 

W= 4n£0 jJ6/2sin2ntann 

W=0.0156N 

Thus mass of ball is given as 

0.0156 
m = 9.8 = 1.592g 

... (I) 

. , · . Electrosi~!i!II 

Where p1 and p2 are the densities -of ball and kerosene 
respectively. From equations-(!), (2) and (3) we have 

W-F8 = sin2ntann 

W Ksin2 n 2 tanc,2 

= P1-P2 =I- P2 
P1 P1 

K . 2 p2 sm n 2 tan n 2 
~ p,= Ksin2n 2tann2-·sin2ntana, 

Substituting the values we have 

p 1 = 2559 kg/m3 

(x) Let C be the point on the circle of symmetry of radius r 
where a test charge q0 is placed as shown in figure. Now the 
force F exerted on this test charge by either charge Q is given 
by 

A ~' 
Q 

F= _K~Q~q~'
(a2 + r2) 

2Fcos 8 
F 

a ' ' 
0 

' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ' ,,' 

F 

a .; B 

Q 

The resultant force on the test charge will be given as 

FR=2Fcos0 

~ F = ZK Qqo -cos0 
_R (a2 +r2) 

F=2KQq0 _ r 
R (a2 +r2) (a2 +r2jli2 

Wlie~ the ball is i=ersed in,kerosen~, we have if F8 is the ~ 
buoyant force on ball, we use . 

F = _2~K~Q~q~0r_ 
R (a2 +r2)3/2 ... (!) 

and 

... (2) 

... (3) 

For the force to be maximum, we have · 

dFR 
-=O 
dr 
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~1e:1ec:::· :::1.r:::os:::1:::a1:1p:::.~:::.:::::::::::::::::::::_-. .::_-, __ ~: .. __ 

3 
(a2 + ,-2)312·= - (a2 + ,.Z)l/2 . 2r2 

2 

(a2 + r2) = 3r2 
a2=2r2 

r= al,/2 

As shown in figure, the force is radial and away fonn the centre 
of the circle. 

(xi) Let any instant the separation between them is x. The 
force between them is 

F=-I_Qq 
4x Eo x2 

Fixed 
Q q 

~//,1//1//1//,1///.,,-;7////1//,.);}>o:?;?,,, 

i+----x---->< 

Acceleration of charge q is given as 

V 

-a= 

vdv 

dx 

I Qq 

41t Eo m x2 

I Qqx-2 
4x Eo m 

f vdv 
0 

I Qq 1 x-zdx 
41t 9l m XO 

v

2 I III' ----Qq-
2 41t 9l m -x XO 

(xii) We know that electric field vector due to charge q is 
given as 

. ~ 

- I q(r-fo) 
E= 

4" Eo lr-ro/3 
[(Si - 51')- (2i + 31')] E =9x[09 x(50x[o-6) • • • · • 

I (Si -5j)-(2i + 3j) 13 

(6i -8 ') 
E=9x1o•x5ox1o-6 • ! 

I (6i-8jJ 13 

E =4.5 X 1()5 (6i-8}) 
. 103 

E =4.5 x I02(6i -8}) 

it =2.1l -3.6] kV/m 

IE I =4.5kV/m. 

F - r,; 2- 4xe0(v2a)2 

Net force on side AB of the film is 

F= 2F1 + 2F2 cos 45 

2q2 2q2 
~ F= ---'-~+--"-=~ 

4xe0a2 4xe0 2,/2a2 

F- q2 (2+-1 ) 
- 4xe

0
a 2 ./2 

Force on AB due to surface tension= 2cra. 

q2 ( I) 2 2 + r,; =2cra 
4xe0a v2 

a=[-1 (i+-1 )·q2]"
3 

4x e0 2./2 cr 

Given that ( 
zJIIN 

a=k 'L 
. cr 

Comparing equation (I) and (2), we have N = 3 

and k- -- !+-
[ I ( 1 )]'

13 

- 41tEo 2,/2 

(xiv) Figure shows FBD of ball B. 

N 

60' 
-.CC..L-'t:>----+F 

mg 

... (!) 

... (2) 

• 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



( 

c%· .,,,--,---··--·-·····- -·· 

l438 -;;>_~---- -··· -·· 
For equilibrium of ball B we use Lami 's tlieorem wi\ich gives. The electric field is given as 

mg .F 

sin(90 + 30°) sin(90' + 60°) 

mg 
F= .Ji 

1 (q)(q) . mg 
41te0 ~=.Ji 

q= 

Solutio11s of PRACTICE EXERCISE 1.2 

(i) Here acceleration ofbl9ck is given as 

qE 
a=

m 

Time taken by block to reach wall is given as 

t=~2dm 
qE 

Velocity at the time ofimpact is 

v= .J2ad 

v=~2~d 

When the block will rebound time taken by block in coming to 
rest is same is the time it takes in reading the wall as accelerations 

~-

V l.5x103 

E= - = --~ = HPV/m 
d [.5 X 10·2 

(4.9 X 1015
) X (9.8) 

q= 105 

q=4.8 X 10·19 C 
If n is the number of electrons on the oil drop, then we have 

q 4.8x10-19 

n= - = 
e l.6x 10-19 

< 

n=3 
When polarity of plates is reversed, the electric force also acts 
in downw~d direction, and so net force on drop is 

F=mg+qE 

From equations-([) and (2), we get 

F=2mg 

Initial acceleration of the drop 

F 2mg 
a= - =-- =2g 

m m 

... (2) 

As drop accelerates in downward direction, its velocity increases . 
and hence viscous force increases in upward directi~. At 
certain moment the net force on the drop ~ecomes zero and 
thereafter drop will move with constant velocity. If v is. the 
terminal velocity, then by Stoke's rule we have 

2mg=6mpv 

and initial velocity is same. Thus time period of oscillations of ~ 
block is twice the time it takes in reading the wall which is given 

mg 
v=--

3m1r 

as 

[z;;;;j 
T=2tda2\jqE 

(4.9~ 10-15
) X 9.8 

v=--~--,-~--.....,.... 
37t X (1.8 X 10-5 ) X (5.0x 10-6) 

v=5.7 xJ0·5 mJs. 

Since the restoring force is independent ofx, the displacement (iii) 
from mean position, this is not a simple harmonic motion. 

The situation described in question is shown in figure. 

VB B 

(ii) For the equilibrium, the drop must have negative charge 
q, so that its weight·is balanced by the electric force given as. 

I I 
Ti .,. + +_ 

] a I 
1 i - - -i 1-

qE=mg ... (1) 

~ 
mg 

q=-
E 

j 
E 

TB 

T 
' ' ' I 

mg' 

0 

r, 

mg 

Acceleration a due to electric field is given as 

qE 10-6xl06 

a=-= 
m O.QI 

= 100m/s2 
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jEleptros),itics- ----

Thus effective acceleration would be given as 

qE 
g'=g+ - =9.8+ 100= 109.8m/s2 · 

m 

The time period of particle would be given as 

T=0.6s 

From figure-127, at point A forces on particle are given as 

mv' --f =TA-mg'=TA-(qE+mg) 

At point B, we have 

mv2 -f =T8 +(qE+mg) 

... (I) 

With minimums speed at A, to complete the circle at point B 
tension T8 should be zero, thus we have 

2 mv8 -
-----"""- = qE + mg 

I 
Using work energy theorem at points A and B, we have 

I I 

... (2) 

439] 
" - -~-"··------~-

qEL2 

y=--
2mv; 

(1.4x I 06) x (1.5 x I o-13) x (1.6 x I 0-2 ) 2 

y= 2x(l.3xl0-10 )(18)2 

y=6.4x Io-4m 

(v) The situation is shown in figure. We know in X-clirection 
speed of electron remains uniform as acceleration is only in 
y-direction, electron velocity in x-direction is given as. 

In Y direction initial velocity of electron is zero. 

2mv'A-2mgl-2gE/= 2mv'8 + U8 ... (3) Vr; .. _, =0 
m1t1a.1 

From eqnation-(2) and (3), we get 

and 

5(qE+mg)I 
v]= =5g'/=5XJ09.8XJ 

m 

2 
mvA 

TA=(qE+mg)+ -
1
-

TA =6 (qE+ mg)=6 (I +0.098) 

TA=6.588N 

(IV) The drop is negatively charged and so force on it acts 
upward and 

F,=qE 
Acceleration ofink drop upward is given as 

F qE 
a=-=

Y m m 

Acceleration in y-direction of electron is 

eE 
a=

m 

Vyfinal = Vyinitial + at 

tan B= ~ = (eE/lmuJ 
Vx U 

0=tan-1 ( eE/ J 
mu2 

Electric force on ball is 

qE=30N, 

If I is the time taken by the drop to travel the distance£, so we Vertical component ofelectric force 

use F =30sin30°=15N y 
L=v t 

X 

L 
o t=

v, 
The vertiql deflection of drop in this time is given as 

y= _!.at'= _!.(qEJ(.!:__)' 
2 Y 2 m v, 

Horizontal component of electric force 

F, = 30 cos 30° = 15../3 N 

a = mg-15 = 30-15 = 5mls' 
Y m 3 

15../3 
a,= -

3
- = 5../3 m/s2 

(downwards) 
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Time of flight for first flight is given as 

2uy 2x20sin30° 
T =- = =4s 1 a 5 y 

Time of flight after first hit is given as 

T2 =eT1 =2s 

Horizontal velocity after first hit is given as 

v,1 = (20 cos 30°) + a,T
1 

=> v,1 = (10.J3)+(5.J3)4 = 30.J3 mis 

Horizontal distance travelled between first hit and second hit 
is given as 

(vii) 

S= (30.J3)T2 +2-a,T,_2 
2 

S= (30.J3)(2)+2.(5.J3)(2)2 
2 

S= 70.J3m 

The coulomb .force on electron is given as, 

F
- K q,q2 
- 2 r 

(1.6 X 10-19)2 
F=(9x l0")x (0_53 xl0-10)2 

F=8.l x lo-"N 

F 8.1x10-• 
a =-=---~=8.9xl022 m/s2 

' me 9.lxl0-31 

Radial acceleration of electron is given as during revolution 
electric force provides centripetal force for circular motion so 
we have 

F=mroi 

ro= /F v-;;;; 
Thus angular velocity, of electrons is given as 

ro= . ( 8.9x/0
22 

}-l 

ro= ( 8.9x!0
22 

) s-l 
0.53x10-10 · 

ro=4.J X J016g-l 

(viii) The retardation of electron is given as 

a= F =Ee= 10
3

x(l.6xl0-
19

)m/s2 
m m ·9.lxl0-31 . 

a=l.8 x I014 m/s2 

. .. - ···-·--· ·--~.,,..-.,:0----,,,,==m 
Eleotro~t~.9i!i 

The distance travelled by the electron before coming to rest 
can be calculated by using the speed equation 

v2= u2 -2as 

0=(5 X 106)2-2 (1.8 X 1014)s 

s=0.07m 

The time t can be calculated by using speed equation 

v=u-at 

0=(5 X \06)-(1.8 X 1014)/ 

t=2.9xl0-8 s 

(ix) If a uniform electric field exist in vertical downward 
direction then positive charge feels extra acceleration in 
downward direction, and a negative charge will feel acceleration 
in upward direction. When particle is uncharged, we use 

u2 . (5,/s)2 
h=-=--m 

2g 2x!0 

125 
h=-m 

20 

h=6.25m 

When it is positively charged . 

We use 

We use 

qE 
g =g+-

•ff m 

_ v{ _ (13)2 
2 

g,ff- 2h - 2x6.25m/s 

g,JJ= 13.52 m/s2 

qE 
- =13.52-10m/s2 
m 

qE = 9.52 m/s2 

m 

when it is negatively charged then 

qE 
g' =g-- =10-3.52 •ff m 

=6.48m/s2 

Speed required to attain same height is 

v2 = ~2g;ffh = .J2x6.48x6.25 

v2 =9mfs 
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!Electrost!l,lf PS 

(x) At a displacement by angle 8, net restoring torque .on 
particle is 

/ 

1,-<J ,, 
} .. \012 

' ' ' ' ' ' ' ' 2: \ 
' ' ' ' ' ' ' ' ' ' ' \ 

mg 

~ mglsin8-[ kq

2 

8 JLsin~ =lo. 
4L2 cos2-

2 

........ ·-------4-4~:lj 

(xi) We consider on angular element as shown in figure. 
Force on element is 

dF = 1,.(R.d8).E0 

Perpendicular distance between two equal and opposite force 
pairs of dFwill be 

r=2Rsin0 

torque on ring is 

dt= dF.r=2AR2E0 sin 8.d8 

J•/2 
t= dt =2AR2E 

d 0 

Thes.e pair of forces will not provide net force but due to rotation 
tendency force of friction on ring is fin forward direction as 
shown. 
For pure rolling to take place, we use 

[ 
. e l sm-

~ mgl sine 2 
8 

=mL2a 
·2 a=RCl 

[asmg= kq ] 
2L2 2cos2- . 

2 

~ (l= !f..[zsin~cos 8 I sinB/2] 
L 2 2 2 cos2 8/2 

for small 8, we use 

. 8 8 8 
sm-~ - and cos-~ 1 

2 2 2 

~ (l= f[ 2(~)-½(~)] 

~ o.= 3g 8 
4L 

for restoring acceleration, we use 

o.= - 3g 8 
4L 

As Cl is directly proportional to 8, it is SHM so comparing with 
angular acceleration ofSHM given as a= -ro28, we get 

ro= f3g 
\/4i 

T= 2
" = 21t ITI = 2 {4L 

'° vJi \/3 
~ 

=2x \JT =4s 

~ I= R[ ,-JR] 
m mR2 

t 
~ f=--f 

R 

~ 
t 

f= 2R =AREo 

Solutions of PRACTICE EXERCISE 1.3 

(i) The electric fields due to the three parts of U-shaped 
wire are shown in figure. 

© 
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· Net electric field vector at C is given as 

... . . 
B • ., = (BXJ + B,

1
) i + (BYI + BY2 + B,,, )j 

. ' . . 

(ii) Here \Ve can see direction of electric fields due to the 
three parts of wire at point C in the figure. 

<D 

C 

' ' ' ' RI 
' ' ' ' 

... ... . 

Here B1 (field due to wire(!) cancels out with B3 (field due to , ... 
wire 3) andE2 (field due to wire (2) will only remain at C. 

Thus net electric field is at point C given as 

-> A 
B =-~--

"" 2..fi." Eo R 

(iii) The semicircular wire subtend an angle " at the centre, 

we know that the electric field strength due to a circular arc 
subtending an angle $ at it centre can be given as 

=> 

2Kq sin($ I 2) 2Kq 
B= · $R2 = 1CR2 [Here $=1<] 

q 
B=~,....,_~ 

21<2 Eo R2 

Substituting the values, we get 

7x!0-10 

B= . 
2x (3.14)2 x (8.85x!0-12

) x(0.2)2 

=> B=lOOV/m 

Eleclrdsfatt!:j 

(iv) The eleqtric field strength due to the three rods AB, BC 
and CA areas shown in figure which is given by the expression 

of electric field due to a finite wire given as 

-> -!KA . • •. 
BAc= r;; (2sin60°)(cos30°i +sin30° }) 

(I l2v3) 

-> !KA . • . • 
BAB = r;; (2 sm 60°)( cos 30°1 - sm 30° j) 

(//2v3) _ -

-> !KA . 
0 

, 

BBc = r;; (2sm60 )J 
(1/2v3) 

A 

F 
' ' ' 

X 

Net electric field centroid is given ~s 

=> 
-> -A , 
B • ., = -2--1 J 

7'Eo 

(v) We know due to a ring electric field strength at a disfance 

I from its centre on its axis can be given as 

B= __ K,~q~I~ 
_(/2 +r2)3'2 

1 . q 
Forl>>r,wehave, E=--x-

41' Eo /2 

... (1) 

Thus the ring behaves like a point charge for far away disfances 

For maximum electric field we use dB/di= 0. 

From equation-(!), we get 

dB_= _q_[(r2 +12)3'.2 ·1-f(r2 +12)1/2 x2/] =O 
di 41< Eo (r2 + 12)3 

=> (r2 + 12)312 = 3/2 (r2 + 12)112 X 21 

=> i = rl..fi. ... (2) 
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"IE~l-ec-. t-,o-s-ta--,ti'""c_s _____ --- --~=:__ : 

Substituting the value of I= r I Fz in equation-(2), we get 

I q(rfz) 
E =--x-~-~-

"""' 47t Eo (,2 + ,2 /2)3/2 

q 

('1") The charge on the elementremoved is given as 

Q(dL) 
dq=--

21ta 

The electric field due to the charge of the element at the centre, 
is given ~s 

E =-l_dq =-1-[QdL] 
1 41t 9l a2 41t 9l 21ta3 

We know that electric field at the centre ofa uniformly charged 
circular loop is zero. If E2 be the electric field of the remaining 
wire loop, then we use 

~ 

~ 

E=E,+E2 =0 

E =_.,,Q'-dL_ 
2 81t2 9l a' 

(vh") When electron is at a distance x from the centre of the 
ring as shown in figure. The force on the electron is given as 

F=-Ee 

q 
+ 

R 
+ 

+ 

+ e 

+ 

+ 
+ 

+ 
i+---1-"1---- x-----__, 

+ 

~ 

+ 

+ 

+ 

+ 

For x<<R, we have 

[ 
I qx ] 

F= - 41t 9l (R2 +x2)3/2 e 

F=-[-1 qe]x 
41t 9l R3 

Acceleration of electron is given as 

F I qe 
a= - = ----(-x) 

m 41t 91 mR3 

- _______ . _____ _;_44=3] 

Compare with standard equation ofSHM, a = -<Ilx, we get 

(viii) (a) Near to charge Q2, choose field·intensityis infinite 
along negative x-axis. Therefore Q2 is negative. 
Beyondx> (I+ a), field intensity is positive. Thus charge Q1 is 
positive. 

(b) At x =I+ a, field intensity is zero due to the two charges 
so we have 

~ 

(c) Intensity at distancex from charge 2 would be, 

KQ1 KQ2 E=----
(x+I)' x2 

For Etobemaximmn we use 

~ 

~ 

~ 

dE 
dx =O 

_ 2KQ1 + 2KQ2 =O 

(x+/)3 x3 

(1+;)' = ~~ =c:aJ 

I+; =(l:aJ
1

' 

I 
x=-----c:aJt' -1 

b= I e:a J/3 -1 

(ix) Electric field due to rod AB at point Pis given as 

- LS KAdx [2 ] A EAB = f--2- =-KA. --2 = --
O.S .X 3 31t Eo 

Electric field at P due to rod CD is given as 

KA "' (-.JS -IJ, Eco= - (cos02 -cos0.)= -
2
-- ---y; J 

Y r 7t·Eo v5 
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and 
KA A -

E = - [sin8 +sin8 ]= ~(-i) 
CDx r 2 I -V51tEo 

Net electric field at point Pis given as 

.... .... .... 
E · = EAB+Ecn 

net • 

Substituting the values gives 

l ---l> " " 

E "" = -839i + 1980j 

Solutions of PRACTICE EXERCISE 1.4 

(i) Charge enclosed in the sphere upto radius r is given as 

-4,rk - -r3+a 
[

X3+a ]x=r 41tk 

q- 3+a x=O - (3+a) 

At x = R/2 electric tield is given as 

E = kq 
1 (R/2)2 

I 41tk (R/2)3+a 
E= 1 41t 9l (3+ a) (R/2)2 

k (R)l+a 
E1 = 9l (3+a) 2 

At x = R, electric field is given as 

Given that 

kq I 41tk (R)3+a 
E=-=------

2 R2 41t9i{3+a) R2 

E = k Rl+a 
2 9i(3+a) 

E =E1 
2 8 

l+a=3 
a=2 

{iI") As shown in figure the electric field due to a uniformly 
charged sphere at a distance 2R from its center is given as 

E = K~ = K2 (pxirrR3) 
P 4R 4R 3 

p 

R 

~~~--·----~~~---, • --------~----------
2 

Given that due to part-2 hemisphere electric field at point Pis E 
then due to part-I hemisphere it is given as 

E1 =Ep-E2 ,, 

E = -1!!!._ - E 
I 12 9) 

(iii) Electric field due to the cylinder at point Pis gives as 

pR2 pR2 pR E =~--=--=-
IP 2 9l (2R) 4 9l R 4 9l 

Electric field at P due to the _charge contained inside the sphere 
ofradius R/2 is given as 

Now including the spherical cavitynetelectric field at pointP 
is given as 

Ep,,;,EIP-E2P 

pR pR 23pR 
E =----=--

P_ 49l 969i 969i 

(iv) We consider a point Pin the overlapping region located 
a distance x andy from centres C1 and C2 of the two spheres. 
Electric field at P due to positive sphere is given as 

+p 

a 

- px Ei =-3-, 
. 9) 
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------------"- - . (Electrostatics 

Electric field at P due to negative sphere is given as 

E - PY 
2 - 3 9) 

Net electric field at poin\ Pis given as 

- . - - p (- -) pii E =E+E =-x+y =-
net I 2 39) 3'i) 

Thus electric field in the overlapping region is uniform and 

. pa 
given as--. 

3 9) 

(v) As discussed in solution _of the question-(iv) the electric 
field in the central hollow region as shown in figure is given as 

k(q+q,) 
E= 2 

r 

I 
E= 

2 
(q+2~r2-2~a2) 

4,r 9l r 

Above electric field will be uniform only when 
q=2~a2 

A=-q-
21ta2 

(vii) Force on segments AB and CD are given as 

a 
F = -(/+[)x;>J =2aA1 

CD I 

Force on segments AD and BC can be given as 

F m=FBc=F 

Where F= J-y(x+l)Adx 

[ 

2 ]/ a").. X 3 
F= - -+Ix = -a")../ 

I 2 
0 

2 

... (I) Thus total force on loop is 

If we consider the thickness of charged region at point A then it 
is given as 

t= acos0 

Ifthis is system of two overlapping uniformly charged spheres 
at small separation a, surface charge density at point A is given 
as 

cr= pt= pacos0 = cr0cos0 
Thus from equation-(!) we have · 

cro 
E=-

3 9) 

(vi") The total charge of shell from inner radius a to a radius r 
(a< r< b) is given as 

q, =4~[r:I 

q, =41ta(r2-a2) 

Electric field in the annular region of shell is given as 

F =6aA1=6x5xlO'x2oxJ~xO.l net 
F =6N net 

(viii) The charge at Patz= a is in equilibrium when electric 
field due to the two rings at point Pis zero. For this we use 

Kqa 

Ep=Ep.+Epb=o 

(
2)-3/2 

Kq - a 
5 =O 

(a2 +b2)3l2 

b 
- =2 
a 

(ix) The direction of electric field inside the cavity leftward 
is in direction and of constant magnitude given as 

pa 
E. =-

cavity 3 Eo 

For touching the sphere again, electron must move a distance 
2r cos45" and time taken by electron for this is given as 

r=J¥ 
t= 

2(..J2-r) 

eE/m 
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!446,, 

~ 

(x) 

-~ 

~7r~:r-.-----,--"--~,,,.,-~-
• - t--'" w>~--~--

t= 
6,/2mr E0 

epa 

Electric field at a distance x from the hole is given as 

ax 
E= -----a== 

2 9l ~R
2

_+x2 

Acceleration of electron at a point on axis of hole is given as 

eE eax 
a---

- m - 1m9i~R2 +x2 

V 0 

J J . eax 
- vdv = ----,===dx 

o :J3R1m 9l ~R
2

+x
2 

~ 

~ 

(xi) Figure shows the rod when it is slightly rotated· by a 
small angle 0. 

+ cr C/m2 

+. 
'!' 
t 
+ 
+ 
+ 
+ 
+ 
+ 

Torque on elements on rod is given as 

dt = dF(2x sin 0) 

~ 

~ 

:\.crsin 0 J//2 dx 
,:= X 

Eo 0 

:\.crsin0 £2 

,= 
Eo 8 

:\.crf2 

=--0 
8Eo 

ElectrostatiE]I 

[for small 0, will use sin 0 = 0] 

:\.cr/20 

~ 

~ 

/ri.=--
8 Eo 

M2u :\.cr/20 
--=--

12 8 Eo 

3:\.cr 
u=--0 

8Eo 

In above equation a negative sign is included for restoring 
nature of acceleration. This shows that rod performs SHM 

with angular frequency given as 

ro=~/~crm 

So the time.period of oscillation is given as 

2it ~ T=-;-=2itV--f,;-

Solutions of PRACTICE EXERCISE 1.5 

(i) Figure below describes the situation given in question. 

D -t/ F -t/ C 

Electric field at point O is given as 

_, 1Kq 
O
~c . 1Kq .

0
--;;;. 

Eo = ---2 + ---2 ,., 

(.Jz) . (.Jz) 
Thus net electric field at point O is given as 

[
1Kq] En.,= ,/2 a½ . 

E = 4,/2Kq 
net a2 
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!Electrostatics 

Electric potential at point O is given as 

V: = ....!5!L + Kq _ Kq _ Kq 
0 a/ ..J2 a/ ..J2 a/ ..J2 a/ ..J2 

V0 =0 

Electric potential of point Eis given as 

V=Kq+Kq_Kq_Kq 
E (AE) (BE) (DE) (CE) 

AsAE=DEandBE=CE 

=> 

Thus work done in carrying a charge from Oto Eis zero. 

Electric the potential at pointF is given as 

Kq Kq Kq Kq 
VF= (AF) + (BF) - (CF) - (DF) 

-/5 a 
WehaveAF=BF= -aandCE=DF= -

2 2 

V = Kq [__i_-4] 
F a ,/5 

=> 

Work done in shifting Q from Oto Fis given as 

=> 

W=QVF 

4KQq (l--/5J W=-a- ,/5 

{ii) (a) Electric potential at origin is given as 

Kq Kq 2Kq 
V:=-+-=-

0 a a a 

By work energy theorem we use 

(
2Kq) 1 q - =-mv2 0 a 2 

v= ~2Kq% 
ma 

4471 

y 

q (0, a) 

-x 

q (0,-a) 

-y 

(b) Electric potential at a distance x from origin is given as 

V= 2Kq 
x (az +x2)112 

Conserving energy at the point and at the point for away of 

stoppage where x is the distance of stoppage point from origin, 

we have 

=> 

=> 

=> 

=> 

=> 

%(V,-V.,)= ½m(~J 
Kq% = 2Kqq0 

2a (a2 +x2)"2 

(a2+x2)"2=4a 

a2+x2=16a2 

x2 = 15a2 

x=±Jl5a 

Here q0 is coming from infinity it will stop at ( )15 a, 0) 

(iii) The set of charges are shown in figure 

q q q q_ 
,..__-+--+---+------< 

x=O · x= l x=2 x=4 x=S 

The potential at x = 0 due to all charges is given by 

V= _l_ (i+i+i+i+ ... +oo) 4m:0 1248 
=> 

q [

1-(½T] q [1-0] 
V= 4ne0 l-(½) = 4nto (½) 

2q q 
V=-=--4ne0 2ne0 
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As the point charges are along the same straight line, ·hence (iv) The situation is shown in figure. 

the intensities at x = 0 are also along the x-axis so electric field 
is given as 

1 [l-(l/2t] q [ I ] 
E= 4,re0 1-(1/4) = 4,re0 (3/4) 

E= 4q =_q_ 
4,re0 x 3 3,re0 

When the consecutive charge are negative, then we use 

q [4 2] 2q I (2q) 
· V - 4,re0 3 3 - 4,re0 x 3 - 4,re0 3 

=> E= _q (4q) 
4,re0 5 

I<--- -10 cm--------------->{ 

We know that the electric field between pJat~s can be given as 

V 
E=d 

300 
E= 

21100 
= 15000V/m 

As the particle do~s not come out, its maximllln deflection in 
vertical direction can be I cm as shown so we use 

y=lcm=I0-2m 

We also use, yes .!_at2= L qE(!_)2 

2 2 m u 

I qE 
u2=-. - ·x2 

2 my 

u= I (I.6xI0-
19

)(15000)(_!_)
2 

=!Os 
2 (12x!0-24 )(I0-2 ) · 10 

u= 104 m/s 

(v) The situation is shown in figure. 

Y-

·-!; R 
r 

a p 

0 v+-

('/3R, 0.0) 

z 

Potential at point P shown in figure is given as 

V = Kq = K(11,·21tR) 
P r r 

~ 
=> V =--~=== 

P 2 Eo J(i,2 +R2i 

X 
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~IE-le_c_tr-os-t-at-lc_s_ -·- -- - - · - · 

Potential energy of charge q at point Pis given as 

qt.. 
U=qV=-

P p 4Eo 

Kinetic energy of particle at P is given as 

1 
K = -mv2 

p 1 

Thus total energy at Pis 

E = t..q +.!.mv2 
p 4Eo 2 

When particle reaches the centre of ring its potential energy at 
centre is given as 

The particle will not return to P, when it will just cross the ring 
centre. Thus by energy conservation we have 

')..q + .!. mv2= -2:i._ 
4e0 2 .2e0 

.!.mv2= ')..q - ')..q = ')..q 

2 2e0 4e0 4Eo 

- ------ ----4-4~91 

Net potential at centre ofring A is given as 

V=Kq[l 1 ] 
A R J(R2 +a2) 

Similarly net potential at centre ofring Bis given as 

V - Kq [-.!_ + 
1 

] 
B- R J(R2 +a2) 

Thus potential difference is given as 

LiV= VA-VB 

LiV=Kq [ ! 

LiV=1Kq[ ! 

l I I ] 
J<R2 +a2) +R- J<R2 +a2) 

RJ1+~a/R)2] 

LiV=-- I q [ I ] 
21tEo J1+(a/R)2 

(vii) Potentials at points P and A is fignre due to sphere charge 
(vi") · The arrangement of rings is shown in fignre. The potential are given as 
at the centre of ring A due to its own charge +q is given as 

A 

Kq 
V'=

A R 

---d -----------

B 

The potential at the centre of ring A due to negative charge (-q) 
of ring B is given as 

V"= K(-q) 
A J(R2 +a2) 

+Q 
X X 

X X X 

m v A 
p----+---------------- --,1'C•-I---..«--• X 

q X 

KQ 
V=

P X 

X X X 

X X 

X 

X 

X 

Atx=R/1 V = KQ (JR2 _ R
2

) = llKQ 
A2R3 4 8R 

By energy conservation we have 
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v= 
m 

v= 2KQq(~-_!_) 
m SR x 

(viii) If a point A is considered on surface of the sheet as 
shown in figure we have 

l+I 
I lcrC/m2 

1+: 
+ 

+ 
t 
+ 
+ ,., 
/+7 
' ' !+l 

~=Vo 

X 

~ --~~-+£ 

As electric field is away from sheet which is given as E = cr/2s0 

the potential clifference between points A and B is given as 

cr 
V-V: =Ex=-X 

A B 2 '=Q 

cr 
V =V:---x 

B O 2 9l 

(ix) The weight of particle W= mg= IN and force dne to 
electric field F = qE = IN. So, the weight of the particle is 
balanced by electric force. As the particle is at the centre of the 
ring and hence no force acts on the particle _due to the charge 
on the ring A. The particle only experien·ces a force due to 
charge on ring B. In order to calculate the velocity of the particle 
at40 cm distance at the centreofringB, we apply the principle 
of conservation of energy. Which gives 

I 2 · 
-mv =u~u 2 A B ... (I) 

The potential energies of particles at centres ofrings is given 
as 

U = _I_qq, + 1 q(-q2) 

A 411eo a 411eo ~(a2 +h2) 
... (2) 

·1 qq1 I q(-q2) 
U = -;=====+----- ... (3) 

B 411s0 ~(a2 + h2)· 411s0 a 

Substituting the values of UA and U0 from equations-(2) and 
(3) in equation-(!) gives 

.!.mv2 = _q_ [q, { 1 
2 411s0 a 

I 2 q [{l I } ] -mv- = -- -,==== (q, +q2) 
2 411s0 a ~(a2 + h2) 

I ·q [{~(a2
+h

2)-a} ] -mv2 = - ~ (q, +q2) 
2 411so a a2 +h2 

v= 6,J2 mis 

(x) See At any instant; the charged particle q is on the axis 
of disc at a distance x from the centre at point P' shown in· 
figure. 

q 
v-o pt 

' ' ' ' ' ' I 

p q 

P' 
' ' ' ' ' H ., 

' ' 
x \\~(r2 +x2) 

i 
' .i 

0 

\ 
' ' 

Divide the disc into large number offlat circular strips. Consider 
one such strip ofradius rand width dr. Charge dq contained in 
the strip 

dq= cr. (area ofthestrip) = cr. (211 rdr) 

Potential at P' due to this charge element 

I · dq 1 cr(211rdr) 
dV= --x-- = --X---,,i=,== 

411s0 (AP') 411s0 ~(r2 + x2) 

Now, ele~trostatic potential energy of q at P' is given as 

1 r· 211rdrcrq u--J, 
- 411s0 o ~(r2 +x2) 

· 211crq r• ( 2 2)-1/2 d U= -· --J
1 

r +x r, r 
41tEo 0 

. crq 
U= -[(a2 +x2)112 -x] 

2e0 

... (I) 

(a) If the particle is released from ·pointP. Applying the law of 
conservation of energy between points P and 0, we have 

mgH+ crq [~(a2 +H2)-H] = o'+ crq [~a2 +02 -0] 
2s0 2s0 

Using q= (4s0g m/cr) gives 
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I Electrostatics.' · · 

cr(4e0gm/cr)[)( 2 H 2 ) H] _ cr(4e0gm/cr) mgH+~~~~ a+ - -
:2e0 2e0 

~ mgH+2mg [)(a2 +H2)-H] =2mga 

~ H+2)(a2 +H2)-2H =2a 

~ 2)(a2 +H2
) =(2a+H) 

~ 4(a2+H2)=(2a+H)2 

4a 
~ H=3 
(b) Total potential energy at a height x above centre is 

U = crq [)(a2+x2)-x]+mgx 
x 2so 

Substituting the value of q, we get 

CJ, =2mg[)(a2 +x2)-x]+mgx 

~ Ua =mg[2)(a2 +x2)-x] 

For equilibrium position, dU/dx = 0 · 

~ 

dU [ 2.2x - - mg -er=== 
dx - 2.Ja2+x2 

2x 
~~=== I or4x2=(a2 +x2) 

a2 +x2 

x=al../3 
The variation of potential energy with xis shown in figure. 

P.E. 
2mga ______ _ 

'--~==='==•x 
0 a 

x= ..J3 

(xi) As we know 

·dV=-E·ar 

~ -dV= ay dx+ (ax+ bz) dy+ bydz 

- dV = a d(xy) + b d(yz) 

45fj 

Integrating, we get 

V=- axy-byz+ constant 

~ V = -y(ax + bz) + constant 

(xii) Here, the given field is uniform ( constant). So using, 

dV= -E·ar 

f(l,-2,1) • • • • • • 
v.b= -J, (2i+3}+4k). (dxi+dyj+dzk) 

~ 

~ 

~ 

(2,1,-2) 

J
(l,-2,1) 

V = (2dx+3dy+4dz) 
ab (2,1,-2) . , 

V [2 3 + 4 ](1,-2,1) 
ab= - x+ Y z (2,1,-2) 

Vab =-IV 

(xiii) !fwe consider a pointP(x,y, z) on the sphere. Then from 
the property of the sphere, we have 

x2+y2+z2 =(4')=16 

We have distances PA and PB gives as 

PA= )(x-2)2 +y' +z2 

and PB=.)(x-8)2 +y'+z2 

Potential at point Pis given as 

... (I) 

... (2) 

... (3) 

2q ] 
)(x-8)2 + y2 +z2 

1 [-----='=='=q =· =· ~v-=---,=· 
P- 41teo Jx2 +y2 +z2 +4-4x 

2q ] 
Jx2 + y 2 + z2 +64-16x 

. I [ q 2q ] 
~ Vp= 411e0 .Ji6+4-4x .Ji6+64-16x 

1 [ q 
~ Vp= 411e

0 
.J20-4x ~] 

~ Vp=O 

(xiv) (a) Electric potential at Cis given as 

V = Kqnot 
c R 

Proved 
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V = (-1 J(-5Q) "' 
c 4ne0 R 

(b) Electric potential at point Pis given as 

V = Kq." 
P r 

where, r is the distance of P from any point on circumference 

(xv) 

+ 

+ 

+ 

·( 1 )( -5Q ) 
Vp= 41teo ~R2 +x2 = 

q + 

R + 

I kl + 
/ 1* + 

I oi, , , , , 
\ + 

+ 

+ 

5Q 

·, 

p 

Distance of P from periphery ofring i~ ~ R 2 + (2,/2R)2 = 3R 

Electric potential= Potential due to upper half+ Potential due 
to lower half 

3Kq Kq 
V=-=-

P 3R_ R 

Solutions of PRACTICE EXERCISE I. 6 

(i) Situation described in question is shown in figure. 

p 

JR 

Potential at point Pis given as 

(ii) 

90()()= K(lxlOc<i) + K(2x10--,;) 

3R 3R 
3R=3 

R=lm 

Charge on the oil drop·is given as 

q = charge of 40 electrons 

q =40 X (J.6 X J0-19_) 

q = 64 X 10-19c 

Potential on the oil drop is given as 

64xl0-19 
V= . 

41teo xr 
V=(9 x 109) (64 xl0-l

9
) 

. 10--,; 
V=9x 64 x lo-4V 

Now energy required the work done in bringing an electron 
from a point ofzero potential to a point of potential 9 x 64 x I o-4V 
which is given as 

-~ 

W= (1.6 x 10-19)(9 x 64 x io-4)J 

W=921.6 X 10-23 J 

(iii) The initial and final positions of the charges are shown 
in figure-(a) and (b) respectively. 

O.lC 

I.Om I.Om 
O.lC O.lC O.lC -------

O.lC I.Om 
(a) 

O.IC 

~.5m---Jol+-0.5m-tol 

(b) 

. The initial energy of the system of three charges is given as 

U.= _l_[qlq2 + q2q, + q3q1] 
1 4m~o 1i2 723 r31 

U.=(9 x 109.)[(0.l)(O.l) + (0.1)(0.1) + (0.1)(0.1)] 
' 1.0 1.0 · 1.0 

U. = 0.27 X lQ9J 
' 

The final energy of the system is given as 

( 10
"'[(0.l)(0.1) (0.1)(0.1) (0.1)(0.1)] [1;-= 9 X ) + + 

0.5 0.5 0.5 
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iEteetrostat]oJt:·- · -- · ·· .'.._ 

Increase in the energy of the system is given as 

W= ½--lf;=(0.45 x 10")-(0.27 x JO") 

=> W=0.18 x 109J 

If energy is being supplied at a rate of P watt, we use 

W=Pt 

w 
t= -p 

0.18xl09 

t=---=l.8xl05s 
lxl03 

(w) The net potential of the inner shell of charge q1 is given 
as 

V= V: + V: = _l_(q' + q2) 
1 2 411e0 a b 

As given in the question we use 

V=O 

=> q2=-b/a 

Now, the potential at an internal point of the shell is the same 
as on the surface of the sphere. Hence potential for r < a is 
V= 0 at all points. For points a ,i; r c:;; ab, we have 

. 
q, q2 q, [l '] 

V(r) = 411e
0
r + 411e

0
b = 411e

0 
-;:---;; 

For points r;;, b, we have 

V(r)- _q,_+_'h_ - _!fJ_(1-!:) 
- 41t&0r 41t&0r - 41tE0r a 

Thus the corresponding plot is shown in figure below. 

~(r) 

(v) 

o'---,a~, c::::::::=~ , -+r 
: 

At point P shown in figure distances from charges are 

r 1 =dcos a and r2 =dsin a_ 
So we have 

/E2+E2 
',/ I 2 

· y= 
Vj +V, 

kq kq . [ ]2[ ]2 
(dcosa)2 + (dsina)2 

kq kq 
---+--
dcosa dsina 

sin4 a.+cos4 a 

sin4 a. cos4 a. 
y= a[si~a.+cosa.] 

Slll a, cos a. 

E, 

~sin4 a.+ cos4 a. 
y- ---------5 

d[sin a+ cos a]sinacosa 

(vi) (a) Let q1 be the charge on sphereS2 after S1 is removed 
first. Since the potential at the surface of each sphere is the 
same, we have 

__!!J_ Q - q, 

41tEo R 411e0r 

q, = l+(r/ R) 
Q 

, .. (!) 

Now S1 is recharged such that the charge on it is again Q. 
Charge on S2 is Q/(1 + r/R). They are brought in contact. 
Total charge on S1 and S2 is 

-Q+ Q 
qr- l+(r!R) 

When the two spheres are separated connected time. Let the 
charge on sphere S2 be. q2 so that then potentials be equal 
again as 

_ll1,__ [Q+{Q/(l+r/ R)}]-q2 

411e0R 411e0r 
... (2) 

Solving for (q2) we get 

- Q + Q 
q 2 - {l+(r/R)) (l+(r/R))2 

... (3) 

Similarly, we can write after'coi:mecting spheres for n times, 
charge on S2 is given as 

q = Q + Q 2 + ... + Q ... (4) 
n {l+(r/R)) (l+(r!R)) {l+(r!R))" 

Q [1-1/(l+r/R)"] 
=> q.= l+(r!R) 1,-1/(l+r/R) 
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Electrostatic energy of S2 after n connections is given as 

q; Q
2 

-[l-l/(l+r/R)"]
2 

2x -~~~ ... (5) 
81tE0R 8ne0R(I + r IR) I - I /(I+ r IR) 

(b) Limiting energy at n-t oo is given as 

Q
2 

[ J ] 
E= 8nt0R(l+r! R)2 1-1/(l+r/ R)2 

' Q2 (R)2 Q2R 
E- -81tE-

0
R- -; · = 8nt

0
r2 

(vii) To find potential at a point at Pon edge of the disc we 
consider an elemental arc ofradius X and width tfx as shown in 
figure. The area of elemental arc strip is given as 

/ 
p.--

ds=2xfJ 

Charge on elemental arc is given as 

dq = ads= 2ax8 

Potential at point P dne to arc is given as 

dV= kdq = 2a0 ,;, ~ 
X 41t 9) 2,r 9) 

Total potential is given-as 

V= fdV = _a_f cos-1 (i_) 
__ 2n 910 2R 

~ V= _cr_[xcos-1 
(~) +f 1 1 

xdx] 
21t 91 2R - 2R ~l-(x/2R)2 

cr [ -1 ( x) f xdx ] V=-- xcos - + 
21t 91 _ 2R ._/4R2-x2 

Elec)rosiat[t!EJ 

V= _cr_[(0-0)-(0-2R)] -
21t 9) -

aR 
V=-

" 9) 

(viii) Consider Jill elemental shell ofradins x and thickness dx 
and oflength I inside the cylinder a shown in figure 

Asp varies directly as the distance x, so here p can be written 
as p = ex, where c is a constant given by the relation 

p=ca 

p 
c=

a 

The intensily ofelectrlc field at any poi~t P at a distance r from 
the axis of the cylinder can be obtained as 

"' E= -
2ne0 r 

' 
where ,.,= f p(2nx)dx 

0 

Thus el~ctric field is given as 

pr2 
E=--

3e0 a 

The potential difference between axis and surface is given as 

B 

VA-Vs= f E.di' 
A 

0 2 0 

V f p,r d P, f 2d .-V = --r=--r r 
""' ""'= 3 "o a 3a "· a "a 

P a2 
V -V - =-'-

axis surface 9 9) 
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i Electrostatics 

Solutions of PRACTICE EXERCISE I. 7 

(i) In figure we resolve the dipole in two components along 
x and y directions given as 

y 

p 

P, 
--¼--------+X 

0 45° 
PY P '• 

p 
P =Pcos45°= -

X ..fi. 

. p 
P =Psm45°= r;:: 
' vZ 

At point P which is located at equator of Px and axis of p
1 

the 
electric field strength is given as-

and 

- KPX, KP, 
Ep = --, = ---, 

X y3 ..fi.y3 

_ ZKPy , 
Ep ,,,---j 

y y3 

Net electric field vector at point Pis given as 

- - - Kp , , 
Ep = Ep +Ep = r;:: (-i-Zj) 

' Y vZ/ 

(ii) (a) Net force on dipole is given as 

- dE, d ( '!.. ]' 
F = p dx i = p dx Zit Eo x 1 

ft= p'!.. ' --~, 
Zit Eo x2 

ft= 

(b) Initial potential energy of dipole is given as 

U.= -j,.E = Zqa'!.. _ qa'!.. 
1 21t Eo x 1t Eo x 

final potential energy of dipole is given as 

U1= -j,.E =-pEcos(l80°} 

qa'!.. 
U=pE=--

f itEo X 

... --· --~-~-:_-_-_ --4@ 

work done in rotation is_given as 

· qa'!.. ( qa'!.. J 
W= ½- U; = it Eo x - - it Eo x 

W= Zqa'!.. 
1t Eo X 

(c) At displacement 9, torque on dipole is given as 

,= '!..a2 q cos 9 sin 9 

7t E x2 
0 

for small 9 we can take cos9"' 1 and sin9"' 9 

'!..a2q 
Ja=--~9 

7t Eo x2 

a= 

Above negative sign is taken for restoring nature and 
comparing with SHM equation 

a= -oi29 gives 

-J3q ro= 2 2n e0 mx 

T= Zit = ZitJZit Eo mx
2 

(J) NJ 

(iii) Electric field at M due to first dipole is given as 

- K(pk} , 
E,. = -(1)3 =-Kpk 

Electric field at M due to second dipole is given as 

z 

y 

;, (1,0,oi 
M 

(1, 0, 2) 
-------- ------- P 12k 

Net electric field strength at point Mis given as 

EM =£1+£2 

X 

, Kp , 7 , 
E = -Kpk+-k = --Kpk 

M 8 8 
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- 7p .• 
E =---k 

M ·321t 91 

("iv) (a) The electric field dne to a point charge can be directly 
given as 

{b) As d>>a Combinationof-qand+qcanbetreatedas 
a dipole. The electric field at point Pis given as 

At 8= 0 we have 

Kp qa 
E --,-

P- r3 - 21t Eo d 3 

( c) This case is the super position of above two cases which 
gives 

-> Kq , ( Kp), 
Enet = -;j2 J + ,-7 l · 

_, Kp, Kq, 
Enet =- -3 Z + 2 J 

r d 

(v) Work done by electric-field in the process is 

PE cos60° = _]._ PE 
2 

From graph we have 

PE=-2µJat0=0° 

psin8 
E=--

e 41teor3 

From the figure 

and 

Ex =E,cos 0-E8 sin 0 

' p 
E = --(3cos3 0-.J) 

x 4rc&or3 

E, = E,sin 8 + E8 cos 0 

3psin0cos8 
E= 

Y 41ts0r3 

when £1-p, weuse 

=> 

=> 

E,=O 

cos2 0=1 

I 
cos 0 = r;; 
' v3 

(vii) ( a) Electric field due to ring at location of dipole is given 
as 

E= KQx 
(R2+x2),12 • 

We use 

dE =KQ 2 · 

[

(R2 +x2)3/2 -x·].(R2 +_ x2)112(Zx)j 

dx (R2 +x2)3 

dE [R
2 

+x
2 

-3x
2

] d; = KQ (R2 +x2)s12 

Force on dipole is given as 

=> dE Qqa [ R
2 

-2x
2 

] 
F= p dx = 21tso (R2 +x2)5l2 

At 8 = 0° kinetic energy of dipole is given by conservation of (b) Work done in rotation of dipole is given as 
energy as 

=> 

-2µJ+K=-lµJ 

K=lµJ 

(>1") In the case ofa dipole, the electric field along the radius 

2pcos8 
vector (i.e., the radial component) is E = 

3 
; and the 

r 41t&or 

transverse component 

=> 

=> 

=> 

=> 

W=½-f.f; 

W=-PE cos 180° + PE cos 0° 

W=2PE 

[ 
I Qx ] 

W=2(q)(2a) 4uo (R2 +x2)3l2 

W= aqQx 
1tso(R2+x2)'12 
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!Electrostatlgs 

(viii) (a) The electric field due to a long thread at the location 

of dipole is given as 

').. 
Er=-2--, 

""or 
As dipole is oriented parallel to thread equal find opposite 
force will act on dipole charge so net force on it will be zero 

(b) p along r : so force on dipole is 

. - dE, 
given as F = P-r 

dr 

- 'J,.p 'J,.p 
Force on dipole F =- ---2 r = ----2 

21tE 0r 21t&0r 

(c) p is oriented along transverse direction so the n"._t force 

on dipole as shown in figure is given as 

=> 

Fsin 8 

------ 0------------------

A~-----------;--------

0 

F • ., = 2F sin 0 

. ( ,. ) a F =2q -- ·-
net 21t E(} r r 

F =_,.:,:_P_ 
net Z1t E r2 

0 

F 

0 

·FsinB 

(ix) Due to dipole moment Pi the radial electric field strength 

at the location of other dipole is given as 

P, 

E = 2Kp1 cos0 
~ . r3 

Potential energy of dipole P2 with the field of first dipole is 

given as 

U= -h.E~ = 
2KPip2 cos0 

r' 

··- ---------- __ 4_5_71 

Above result can also be obtained by calculating the electric 

field vector of dipole P2 at the location of dipole Pi and 

calculating potential energy of Pi in the field of Pi . 

(x) Net force on upper half of rod is given as 

F=(~)(z~J 
Torque on upper half is given as 

~= (')..
1)x~x!.. 

2 2Eo 4 

Same torque will be acting on lower halfofrod about C. 

Total torque on rod out C is given as 

')../ cr I m/2 

~ = -x--x-x2=Ia= -a 
T 2 2 Eo 4 12 

3')..cr 
a=--

2me,, 

(xi) The given system of charges is equivalent to, two electric 
dipoles, each of the moment, P= q x 21, placed perpendicular to 
each other. The field ofthe dipole at a distancex from its centre 

along equatorial line is given as 

KP 
E=

x' 
Thus resultant field, of the two mutually perpendicular field 

due to the two dipoles at point Mis given as 

E = ..fzE= ..fzKP = qi 
M x3 J2.rc Eo x3 

Solutions of PRACTICE EXERCISE 1.8 

(i) Half of the flow originated by charge q will come out of 

hemispherical surface of the cup. 

(ii) Consider an elemental ring of thickness drat a distance 
r from centre as shown. The flux through this elemental ring is 

given as 
d~ = E x 2rcrdr x cos0 · 

q -q 
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r;;.:~,7,r-.,------
~::'~\!',~--£~· -' ----- ,o-C:-o 

Electric field strength due to the point charges at the location of 
elemental ring is given as 

E= 2Kq 
(/2 +r2) 

qi 
Ecos0 = ----~~-

21l Eo (/2 + r2 )312 

Total flux through circle is· given as 

Substituting, 
also 

R 

q,= J Ex211rdr 
0 

q/ R 211rdr 

· ,j,= 411 e0 [ (r2 +12)312 

r2+fl=z 
2rdr=dz 

, I -1/2 q z 
,j,=---

4 Eo _ _!_ 

R 

2 o 

,j,= -qi. /c,2 + z2 )~l/2 r 
2 Eo 0 

R 
-qi 

,j,= l----,===I 
2eo ~r2+z2 o 

-qi ( 1 1
1
) 

,j,= 2e0 ~R2 +/2 

,j,=::U-w) 
Above result can be directly calculated by using the concept of 
solid angle, Students are advised to verify this result by using 
that method also. 

Charge on arc PQ ofring is given as 
qo 

VPQ=3 

Elec(roSW~ 

This is also the charge enclosed in the sphere so flex through 
surface of sphere is given as 

,j,= q,. 
Eo 

(tv) We calculate the total electric flux ,coming out of the 
cube, which is given as 

Along·z a,;is as E2 = 0 no flux is these 

Along x axis as E = constant 

=> <l>inx = <p outx 

For y = 0 plane electric flux getting in the cube is. 

iJ>1n= J E·dA.= J 3(0+2)]-dA(-})=6 J dA =--{j 
For y = I plane flux coming out from the cube is 

q>out= JE·dA.= J3(1+2)}-dA(})=9fdA=9 

Using Gauss's laws for cube, we have 

<p = qenclosed = 3 
aot Eo 

qenclosed = 3Eo 

(v) Using concept of solid angle the flux of Q which passes 
through disc is given as 

Given that 

Q 
q,= -(1-cos0) 

2e0 

I Q 
,j,= -

4 
iJ>iotal = -

4 . Eo 

(iii) The situation described in question is shown in figure. ~ J?.... = J?....(l-cos0) 
4e0 2e0 

I 
cos0=-

2 

0=60° 

R 
We use tan 60° = b 

R=btan60° 

R= ..Jjb 
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@.iiitrostatjcjC ·-· ........ . 

(VI') If charge is kept at the centre of a face first we should 
enclose the charge by assuming an identical imaginary cube on 
other side as shown in figure below. 
The total flux through both the cube surfaces is given as 

q 
$,owl= 9l 

Thus the flux through given cube is given as 

q 
$= 2 9) 

,,, ,''1 
, 1 , I 

/'\ /'l 
,; I , l 

/ I / I , r , r .. , ---i-------+--~ : 
' ' ' ' I .,q I 
' ' ' ' ' ! ,,,,,' ! ,,,,,"" 
I ,1 I ,1 

~l/_' ____ ~----~1.,/ 

(b) If the charge is placed at the corner ofa cube, seven 
more identical cubes are required to enclose the charge 
completely and symmetrically as shown in figure below. 

The total flux through all the faces of8 cubes is 

q 
$,owl= 9l 

Flux through each cube at one corner this charge is located is 
given as 

$=..L 
8 9) 

This flux emerging equally through three front faces of the 
cube. Other three faces; junction of which charge is placed 
have no_ flux. Therefore the flux through one of the faces is 
given as 

=ql89i=_q_ 
3 24 9l 

. ···-·- ----4-59~,1 
_,w ---·--------t:.l 

From three remaining_ forces no flux comes out 

(vu') Given electric field is uniform in space we know that net 
flux from any closed surface in uniform electric field is zero. 

(viii) We consider an elemental shell in the region ofradius x 
and width dx as shown in figure. 

If volume charge density in the shell is p(x) then we use Gauss's 
law for the surfaces of shell as 

E,(41t(x+dx)2)-E,(4m2)= p(x)4m2dx 
9) 

. 2 

=> k(x+dx)7[4p(x+dx)2]-kx7(4m2)= p(x)4m dx 
9) 

4itk[(x+ dx)• - x"] = p(x)4m2 dx 
9) 

=> k[x•(1+9:)-x•]= p(x:2dx 

9kxsdx= p(x)x2dx 

9) 

p(x) = 9kEcr6 

(ix) Using Gauss's law for a symmetric spherical surface of 

radius r we have 

R 

f p4ru:2dx 
,h - - 0 -yE·dA = "----

Eo 
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=> 
kf i-" x 4nr2dr 411k rk+3 

Ex4w'= . =--
9l · e0 n+3 

=> E= k (r"+I) 
(n +3) 9J 

Given that Ear so we use 

n+l=2 

=> n=l 

(x) The enclosed section of sheet within the spherical 
surface is a disc ofradius r which in given as 

r= ,JR2-x2 

Thus flux coming out from spherical surface is given as 

cr[1t(R2-x2)] 
$= . 

Eo 

Solutions of PRACTICE EXERCISE 1.9 

(i) If q, be the charge on inner shell when it is earthed so 
that final potential of inner shell becomes zero. This gives 

v. = _l_[q, +L] =O 
m 4ne0 r 3r 

=> q,=-f 

Th~s +i charge will flow from inner shell to earth. 
3 

As shell B is earthed, its potential should be zero so we have 
V8 =0 

=> 
I [ q q q' q' 2q+q'] 

41tEo 2R 2R + 2R 3R + 3R -_0 

Solving this equation, we get 

' 4 q =--q 
3 

Thus charge on outer surface of outer shell is given as 

4 2 
2q+q'= 2q--q = -q 

3 3 
Now we can calculate the charge on each surface of different 
shells. 

(iv) Let the charge distribution on all the six faces of plates 
be as.shown in figure. While distributing the charge on different 
faces, we have considered that two opposite faces have equal 
and opposite charges on them we consider A as area of each 
plate. 

(Ii) For two concentric shells potential difference only Net charge on plates A and c is zero. Hence, 
depends upon .the charge of inner shell so then potential 
difference will remain same when outer shell is earthed. q 2 - q 1 +-q 3 + q 1 - Q = 0 

(iii) Since, there is no charge inside A. The whole charge q 
given to the shell A will appear on its outer surface. Charge on 
its inner surface will be zero. Moreover if a Gaussian surface is 
drawn on the material of shell B net charge enclosed by it 
should be zero. Therefore, charge on iis inner surface will be 
-q. Now let q' be the charge on its outer surface, then charge 
on the inner surface of C will be - q' and on its outer surface 
will be, 2q-(-q?= 2q+ q'as total charge on Cis 2q. 

tq+q' 

JR 

=> ... (I) 

Further A and Care at same poientials. So we have 

VB-VA=VB-VC 

=> E1a=E2b 

=> ..'lL.a = Q-q, -b 
Ae0 Ae0 

=> q1a= (Q-q
1
)b 

=> 
Qb 

... (2) q, = a+b 

Electric field inside any conducting plaie is zero. So we nse for 
a point inside plate C as 

'q2 _ q, + q, + Q-q, + % -Q _ q3 = O 
2Ae0 2Ae0 2Ae0 2Ae0 2Ae0 2Ae0 

=> ... (3) 
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~----------·---- . ·--
1 Electrostatlcs 

Solving equations-(!), (2) and (3) we get 

Qb Q 
qi= a+b'q2=q3=2 

Hence, charge on different faces are can be calculated. In above 
analysis, equation-(3) can be directly obtained with the fact 
that charges on outer plate snrfaces of any system of parallel 
plates are equal and equal to half of the total charge of system. 

(v) When S1 is closed for first time if q 10 is the charge comes 
on outer shell, we have 

V = K(R+ q10
) 

outer 2r 2r 

~ q10=~ 

then S2 is closed for first line ancl a charge q Ii comes on inner 
shell, we have 

V. = K(qio + qi;) =0 
lllJlet 2r r 

~ 

Now when S1 is closed for the second time, if charge on outer 
shell is q20 then we have 

~ 

V = K(q20 + (QI /2)) =0 
outer 2r ' 2r 

-Q 
q20=2 

Thus with similar analysis we can state that after n times closing 
and opening switches S1 and S2 final charge on inner shell 
becomes 

Q 
q.;= (2)" 

Thus final potential difference between shells is given as 

V = K(q.; - q•i) = Kq.; 
" r 2r 2r 

~ I ( Q ) v---
n - (2)n+I 411 Eo r 

(VI") As initial voltage of electrometer is V0 = 3kV and after I 0 
contacts it is reduced to half so we can use halflife formula to 
give its potential after n contacts which is given as 

V = -3!.__ 
n znllO 

Thus after n contacts ifv. = lkV, we use 

3x103 

I x I 03 = ~ 
.. 2 

~ zni!O =3 

Taking log on both sides we have 

n 

10 
log10 (2) =log10(3) 

~ n= 
10 log10 (3) 

log10 (2) 

~ n =15.85 

JO X 0.4771 

0.301 

461] 

Thus after 6 more contacts the potential of electrometer goes 
belowlkV. 

(vii) Let the electric field be along the x-axis. The snrface 
density of induced charge is cr = cr0 cos 0, as shown. We now 

consider the force dF on· the induced charge on an elemental 

circular strip as shown in fignre. This is given as 

Where 

(J2 

dF=-·ds 
2 Eo 

(is=211rsin0.rd0 

Force is only due to horizontal component of force so we use 

+ + 

+ 

---+E 

+ 

+ 

+ 
+ 

+ 

mi 
~ dF cos 0 = --r2 sin 0 cos d0 

Eo 

2 2 

~ dF cos 0 = - 1tcror cos3 0 d(cos 0) 
Eo 

Total force acting on the positive charge is given as 

J . Jo ncri,2 

F, = dF cos 0 = - -- cos3 0 d(cos 0) 
I Eo 

(viii) We consider an elemental ring on sphere as shown. The 
force on this elemental ring is given as 
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+ 

+ 

+ 

+ 

+ 

Q 
+ dF 

+ 

+ 
+ 

(J2 
dF= -27tRsin9Rd9 

2 Eo 
Net force of repulsion is away from each other in the two 
hemisphere so net force on half is given as 

F= f dFcos9 

rt/2 2 

F= J 2-zirR2 sin9cos9d9 
0 2 9) 

=> 

=> 

21tR2 s/2 
F= _cr __ f sin29d9 

2 9) 0 

F= cr2itR2 [- cos29]"'
2 

. 2Eo 2 o 

F= cr::2[½-(-½)] 
cr2itR2 

-F=--
2 9) 

Alternative method: Above result can be directly obtained by 
considering the component of area of hemisphere in direction 
normal to the net force which is itR2 so net force is given as 

F=P, X SJ. 

cr2 2 cr21tR2 
F= --xitR = --

2 eo 2 9l 

Solutions of PRACTICE EXERCISE I.IO 

(i) If q is the charge on one drop of radius r; total 
electrostatic energyofall 1000 drops is given as 

(
Kq

2
) U.=1000 -

' Zr 
... (1) 

After merging drops into one, the radius of bigger drop is 
given as 

1 irR3 = 1000 x 1 irr3 

3 3 

=> R=IOr 

Find energy of bigger drop is given as 

U= K(I000q)
2 

= 105 (Kq
2

) ••• (Z) 
2(10r) Zr 

from equation-(!) and (2) we can see that energy increases by 
lO0times. 

(Ii) Consider a small elemental shell of radius x and thickness 
dx inside the given shell as shown in figure. 

Electric field at the location of elemental shell is given as 

E= 1 . .!L 
4,r e0 k x2 

Electric energy density in the shell is given as . 

I q2 
u, = 2 eo E2 = 321t2 eo k2x• 

Thus energy content in the elemental shell is given as 

=> 

=> 

=> 

dU=(3: ·2 q2 k~ ,)(4ia2dx) 
21tEo X _ 

f
b q2 dx 

U= Sire k2 °x2 
a 0 

q2 b 1 
U= Sire k2 f x2 dx 

0 a 

(ill) The whole charge ofinner sphere transfers to outer shell 
on closing the switch and heat produced is due t~ the loss in 
electrostatic energy of the system. Initial energy of system as 
shown in below figure is given as 
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j El~ctrostatlcs 

kq2 kq2 . kq2 kq2 kq2 kq2 
U.= -+-+---+---, 2a 2a 6a. 2a 3a 3a· 

u,= i: (½+½) = I~ ~2 

5q2 
U.=-~

' 4871 '=<> a 

Find energy of system as shown in below figure is given as 

kq.2 q2 
U=-=-~-
f· 6a 2471'=()a 

Heat loss is given as 

2471 '=<> a 

("iv) When outer surface is grounded, charge '-Q' resides 
on the inner surface of outer sphere 'B' 

Now when sphere A is connected to Earth potential on its 
surface becomes zero. If charge on A is modified to q ,, we have 

kq, kQ 
V =---=O 

A a b . 

Electrostatic energy of this system is 

V = kv,2 + kQ' - kQq, 
I 2a 2b b 

~ V __ I [!:Q]' +L+-· I [!!..Q](-Q) 
1 - 8u0a b. 871e0b 4u0b b 

· When 'S3' i_s closed, total charge will appear on the outer surface 
of shell 'B'. ln this position energy stored is given as 

E = k(q, -Q)' 
2 2b 

V = _I (!!..-1)2-r:f· 2 8u0b b 

Heat produ"."d is given by loss in eleptrostatic energy of system 
which is given as 

463j 

· Q2a(b-a) 
H=V-V:=~~-,--'-=I.SJ 

I 2 871eob3 

(v) The linear charge density of the cylindrical shell is given 
' . as 

'),.=Q 
I 

When the shell is expanded uniformly from radius a to b then 
the electric field in the region between the two positions of the 
shell as shown in figure will become zero after expansion and 
the field energywhich was there in this region will also become 
zero or we can state that this energy is used in doing work in the 
process of expansion of shell. To calculate this energy we 
consider an elemental cylindrical shell of radius x and width dx 
as shown in figure. The energy stored in this elemental-shell 
volume is given as 

·I 
dU= -E0 E

2 x2mdxx/ 
2 

dU= .!. E 0 ( ,. )' x2mdxx./ 
2 271E, X 

,. 'I 
du---dx 

- 41te
0 

X 

-
I 

I 

I 
I 

,,.-- ' 

. 
,=:::7..-_-_:., 

' ' ' ' 
~ 
; ' bi 

' ' ; X ' i+dx 
' 
' ' ' 
' I 

' ' j ' ' ,. 
' I ' ' ' ' I 

' ' I ' ' 
~:::.-:. ]='_ -_ -_ --.. 

....___ 

Integrating the above expression within limits from a to b gives 
b ,. 'l 

U= f dU = f--dx 
·a47tE0 X 

- _!!_I_ s' .!. dx 
=> U- 41tEo ax 

= ··,.21 [lnx]' 
~ U 471E " 

0 
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,_ 'I 
~ U= --[Inb-Ina] 

41t Eo 

(vi") Initial total electrostatic energy of system is given as 

U. = Kq 2 + Kq', + Kq' = SKq' 
' 2a 4a 2a 4a 

After closing the switch final charge on inner shell will be changed 
to - q/2 to make final potential of inner shell to zero. Thus final 
electrostatic energy of the system is given as 

Ub K(q/2)2 +Kq' +Kq(q/2) 
f 2a 4a 2a 

~ U= Kq' + Kq' + Kq' = SKq' 
Isa 4a 4a Sa 

Heat produced in switching is given as 

H=U.-U=SKq' _SKq' =SKq: 
•f4a Sa Sa 

(vii) The total electrostatic energy of the given system is 
U = Self energy of sphere A+ Self energy of sphere B + 

Interaction energy of the two spheres 

. U= l Kq; +i Kq; + Kq,q, 
~ Sa Sb r 

Above energy is needed to disassemble the system into its 
constituent particles and separate them to infinite separation. 

(viii) Initial electrostatic energy of the given system is 

Kq,' Kq; Kq, q2 
U;= ~+ 2b +-b-

When the outer shell is expanded to infinity then final 
electrostatic energy will only be the self energy of the inner 
shell which is given as 

' K,q' 
U=--'' 

f 2a 

Work required in expanding the outer shell to infinity is given 
as 

W=½-U, 

W= Kqf -(Kq,' + Kq; + Kq1q2 ) 

~ 2a2a2b b 

_ -(Kq; + Kq1q2 ) 
~ W- 2b b 

______ ·_·_·~-··_· ____ E_le_c~!r_o_s~~=V~~~l 

Solutions of CONCEPTUAL MCQS Single Option Co"ect 

Sol. 1 (B) When .charge is given to a soap bubble then due to 
outward electric pressure its radius always increases. 

Sol. 2 (D) We know that at an axial point on dipole electric 
field is given as 

I 2p 
E =--x-

end on 47tEo r3 

I 2pq 
F=--X--

41tBo r 3 

When the distance is doubled, then force becomes 

I 2pq 
F'=--X--

41tBo (2r)3 

F'= _!:[_l_x 2pq] = F 
S 1ite0 r3 S - . 

Sol. 3 (B) Let Ebe the external field toward right then on the 
left side of sheet we have 

CJ 
E--=S 

2e0 

On the right side of sheet we have 

. CJ 
E+- =12 

2e0 

; 

Solving above equations-(!) and (2) we get CJ= 4e0 
' 

Sol. 4 (C) Work done is given as 

W=/J.U. 
' 

W=UrU, 

[ 
1 q.2] · [ 1 q2] 

W= 3 4ite
0 

21· -J 41tB
0 
-/ 

w= (-i)(-1 ·q2J1 
2 4ite0 /2 

3 
W= --Fl 

2 

... (!) 

... (2) 

Sol. 5 (D) Always facing surfaces c,arry equal and opposite 
charges so after distribution of charges on the surfaces of the 
shells from inside final distribution'is shciwo in figure. 
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----------- ... -I Electrostatics 

Sol. 6 (D) When shell B is earthed its.final potential should 
be zero. If charge on Bis q8 then we have 

V8 =0 

KqA KqB 
--+-=O 

rB rB 

Final charge distribution on shells is as shown in figure below. 

As there is no charge inside shell A electric field at all interior 
points is zero and outside B also as total enclosed charge is 
zero due to symmetry outside at every point electric field is 
also zero. 

Sol. 7 (A) Since IQ81 > IQAI, electric field outside sphere Bis 
inward. From A to B enclosed charge is positive. Hence electric 
field is radially outwards. 

Sol. 8 (B) Due to the point charge q located at A potential at 
a distance r from A is given as 

1 q 
V=-·-

4its0 r 

On a hollow sphere of radius 4r the potential at A is same as 
that on the surface of this sphere as at every interior point 

Sol. 10 (A) As shown in the figure direction of electric field in 
case I is correctly represented. In case 1I and Ill resulting 
direction of electric field will be in vertically downward direction. 

Sol. 11 (q The total charge on the outer surface will be Q + q. 

Sochargedensitywillbe [Q+;]. 
41th 

Sol. 12 (D) All the points ofan equipotential surface are at 
same potential and work done in moving a charge from one 
point to another is ·given by the product of charge and the 
potential difference between the two points so in this case no 
work is done. 

Sol. 13 (B) Due to symmetry of all the electrons net electric 
field strength at center of circle is zero but as all are negatively 
charged their potentials will be added up and will be non zero. 

Sol. 14 (B) We consider a spherical shell of thickness dx and 
radius x. The volume of this spherical shell is 4m2dx. The charge 
enclosed within shell is given as 

[ Qx] 4Q 3 
dq = itR. [4m2dx] = R. x dx 

The charge enclosed in the sphere ofradius r1 is given as 

The electric field at point P inside the sphere at a distance r1 

from the centre of the sphere is given as 

potential is same as that ofits surface which is given as =} 

1 Q 2 
E=---r. 

41t 9) R4 I 

( 1 'J(2q) V 
V'= 4its0 4r = 2 

Sol. 9 (B) The total flux passing through the sphere is only 
· due to the enclosed charge. 

Sol. 15 (D) The potential of each point on the conducting 
sphere will be same. 

Sol. 16 (C) The direction of electric fields at different points 
is shown in figure below. 
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-ve 
~+ve 

CJ 3CJ 2CJ 
E =-+- =- =E 

I 2&o 2eo Eo ' 

3CJ CJ CJ 
E =---=-

2 2e0 2e0 e0 

£ 1 and £ 2 are in the negative direction and £ 3 in positive 

direction 

Sol. 17 (A) For two concentric metal shells their potential 

difference does not depend on the charge of outer shell. 

Sol. 18 (C) f E.dA = 0, represents charge inside close swface 

is zero. Electric field at different points on the surface may be 
different in magnitude.and direction to have net surface integral 

zero. 

Sol. 19 (D) In the space electric field and potenti~l are related 
as 

- ... [av. av·] 
E=-VV=- a/+ayi 
E =--{ zxf -2yf] 

E= 2~x'+ y' 

Sol. 20 (D) Equal and opposite charges will appear on the 

sphere. So net charge in the sphere become~ zero. 

Sol. 21 (D) When negative charge is given to the sphere., 
electrons are put on it, and _so its mass will be more. . 

Sot. 22 (A) Just to the right ofa,.,lectric field is along ab and 
tending to infinite. Similarly elec\ric field just to the left of b 
electric field along ab and tending to infinite. Thus a is positive 
and b is negative. 

Sol. 23 (B) Given that !lie two spheres are at same potential 
so we have 

=> 

=> 

· ·· :c. ·· Electrostati~~l 
--- -=~ "'-,-----'------'====· ""~--

CJA = qA/41ta2 

CJ9 q 8 /411b2 

CJA a b2 b 
=-=-X-=-

CJ9 b a
2 

a 

Sol. 24 (A) When charge is given to inner cylinder, an electric 

field will exist in between the cylinders. So there is potential 
difference between the cylinders. 

Sol. 25 (A) From the deflection of particle l it is clear that the 

direction ofelectric field is toward the 'Top' side and positive 

charge particle deflects in the direction ·of field and negative 

charge deflects in direction opposite to the field. 

Sol. 26 (C) Force per unit charge at a point in electric field 

gives the strength or intensity of electric field at that point. 

Sol. 27 (A) As electric field is in the plane of the surface so 

no flnx will pass throngh the surface due to this electric field. 

Sol. 28 (C) When the particle is released it falls and till it 

reaches the center of disc it comes to rest means it was first 

accelerating then retarding thus in between there is a point, 
where speed of the particle should attain a maximum value. 

Thus its kinetic energy increases then decreases. 

Sol. 29 (C) The magnitude of electric field intensity due to 

each part of the hemispherical surface at the centre 'O' will be 

same as all three parts ;,,e identical. If we suppose, It is Ethen 

the directions of E due to all three are shown in figure below .. 

30° 30° 
E E 
2 2 

At O resulting field is given as 

E E 
E+-+- =E 

2 2 o 

=> 

=> 

2E=Eo 

Eo 
E=-

2 

Sol. 30 (A) Due to any constant external force SHM frequency 
never changes, it can only shift the equilibrium position. 

Sol. 31 (D) The variation of potential between the two charges 

is shown in the figure below. 
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jElectrost~tic¼' ·~·------

V 

\___)l 
._----==---lt--r 
A B 

Sol. 32 (C) Electric field at the centre is due to the charge C 
which is given as 

E=-1_(2q/3) = q 
4n e,, R 2 6n e,, R2 

Potential energy of the system is, given as 

U= _I_ 1-_1,+ 3 3 + 3 3 .. o 
[

'lx'l '1(- 2q) '1(- 2q)l 
4,c e,, ,2R .,J3R R 

Force between charges B and C is given as · 

Sol. 33 (A) As we've studied that potential difference between 
two hollow concentric shells does not depend upon the charge 
on outer shell so the potential difference will remain the same. 

Sol. 34 · (A) The potential of this system of charges will be 
zero at any point on the line perpendicular to the line joining the 
charges as all points on the line are equidistant from both the 
charges. 

Q 

---

' •P ' ' ' ' ' ' 
-2Q 

Sol. 35 (A) Electric field at point Pis given as 

- ( cr 2cr cr) • E = -+-+- (-k) 
- 2E0 2E0 2E0 

- 2cr • E=--k 
9) 

Sol. 36 (A) The electric field strength at a distance x from 
center is ·given as 

Electric field becomes minimum when 

dE =0 
dx 

Q ( 1 2 ) 
4m:

0 
R3 - 16x3 =O 

R 
x=-

2 

Sol. 37 (D) IfA. be the linear charge density of the rod, then 
after time t the charge enclosed in the cubical surface is given 
as 

qin = Af= A.Vt 

Thus electric flux through the cubical surface is given as 

~= q;n = A.Vt 
9) 9) 

The flux of the charge increases till vt= L/2, when maximum 
electric flux passes through the cubical surface given as 

ll 
~-= 2 9) 

When rod comes out from left side of the cube, the flux then 
starts decreasing linearlythewayit was increasing till this.time. 
So option (D) is correct. 

Sol. 38 (A) Over Q1, potential is positive so Q1 is positive. 
VA= 0 and A point is nearer to Q2 so Q2 should be negative and 
IQiJ > IQ,I. At A andB, potential is zero, not the force so these 
are not equilibrium points. Equilibrium at C will depend on the 
nature of charge which is kept ai C. so we cannot comment on 
the type of equilibrium at C. 

Sol. 39 (A) For the six pairofcharges the interaction energy 
is given by sum of energy of all the pair of charges given as 

1 q2 
U=6x---

4n e,, a2 

Sol. 40 (A) Due to the charge q0 the ball will get displaced 
back and this decreases the electric field to be measured at this 
point so option (A) is correct. 

Sol. 41 (B)' For circular motion we use 

Qq mv2 

4,c e,, ? = -r-

~ v-~ 

Now time period is given as· 

2nr 2nr 
T=--;;-=~ 

v~ 
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r3 :a(· Qq )r' 
16n3 

E 0 m 

Sol. 42 (B) Fromx=0 tox=rpotentialis constant at~ (R-r) 
Eo 

and from x = r to x = R it increases we are moving opposite to 
field from so it decreases. 

Sol. 43 (C) The flux of this charge will pass thro]!gh such four 

identical cubes considered on the other sides of the charge so 
flux through this cube will be one fourth ofthe total flux due to 
the charge. ' 

Sol. 44 (D) Due to the restoring forces charge will oscillate 
along the X-axis with mean position at origin but the motion 

will not be SHM as the force will not be proportional to the 
displacement of the charge. ' 

cr2 
p=

' 2 9) 

- . Elec\iost~tiJ1'!l] 

The force on a hemispherical shell due to this electric pressure 
is given as 

cr2 
F=--x1tR2 

2 9) 

Sol. 50 (B) Charge enclosed for sphere ofradius R/2 is given 
as 

Q = J ( 4nr2 )drp(r) 

=> 
R/2 [ S ]R/2 

Q=4nA I r4
dr =4nA '5 0 

=> 
4nA 7tA · 

Q= --(RS)= -Rs 
5x32 40 Sol. 45 (A) As we've studied that at any point inside a metal 

cavity when a charge is placed equal amount of charge is · 
induced on the outer surface of the conductor which is Thus electric field at this point is giv<en as 

distributed in s\lch a way to keep constant potential on the KQ 

body of conductor. In this case for spherical shape outer charge E = (RI 2 )' 
is uniform so the electric field at point Pis given as 

' 1 Q 
E=---

41t 91 x2 

Sol. 46 (D), No matter wherever the charge is placed inside a 

metal cavity outside electric field does not change a~ it depends 

upon the distribution of charge on the outer surface of the 
conductor. 

Sol. 47 (A) We have studied that the force between two small 
balls for constant total charge will be maximum when the charge 
is equally distributed on the two so half of the total charge is 

Sq/2 thus a charge q/2 should be transferred from one ball to 
another to make their charges equal. 

Sol. 48 (D) After connection charges will flow till the two 
spheres will attain a common potential and some energy will be 

dissipated as heat in case of charge flow but if initially the 
potentials of the two spheres are s'\11le then no charge flow will 
take place so the condition for no charge flow on connection is 

KQI KQ, 
--=--
RI R, 

=> Q1R2=Q2R1 

Sol. 49 (A) The electrostatic pressure at a point on the surface 
ofa uniformly charged sphere is given as 

Sol. 51 (D) As both the charges are positive so potential 

cannot be zero anywhere at a point lo_cated finite distance froin 
this system. It can only be at infinity. 

Sol. 52 (B) Wh_atever be the charge on rod, it induces opposite 
charges at close by points on the stream and attracts the particles 
in stream so it will always bend toward the rod. 

Sol. 53 (D) Inside a uniformly charged sphere electric field 
strength is directly proportional to the.distance from center 
which is given as · ' 

E= pr. 
3 Eo 

Thus electric field deerea~es directly as the distance from the 
center. 

Sol. 54 (A) Net downwards acceleration or effective gravity 
on body mass i~ given as 

. ( qE) 
golf= g +--;;; 
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!ElectrostaUcs.~. __ _ 

!fit hits the grqund after a time t, it is given as 

-~j ____ [ ___ j ____ j ____ [ __ 
planet 

Atmaximumheight v1=O 
we use 

v
2
=2[g+~} 

t.Vbetween ground and highest point is given as 
t.V=(E)h 

2v 
g,ff=t 

~ (g+~) =~v 

~ !E=(Ztv-g) 
We also have 

h = ( average velocity) x t 

V 
h= - X/ 

2 

t.V= ; (2tv -g) (f 1) 

t.V= ;; (v- ~) 
Sol. 55 (D) The electric field strength vector in the region is 
given as 

E =400cos45°i' +400sin45° J 
The potential difference between points A and B can be given 
as 

J
A - -

V-V=- E-dr 
A B B 

where Jr= dxi +d;} 

Sol. 56 (C) Electric field at origin can be given by integrating 
the electric field due to an element considered on the rod of 
length dx at a distancex from origin which is given as 

4d K:\.dx 
E=f-2 

a X 

a 

"- 4d dx E--f-- 4ne x2 
0 d 

- --:=, 
___ 469j 

Sol. 57 (C) Flux does not depends on the size and shape of 
the dose surface, and so it remains same. 

Sol. 58 (B) Figure below shows the charges on the three 
concentric shells using which we can find the potential of shell 
Bas 

KqA KqB Kqc 
V =--+--+--

8 b b C 

Sol. 59 (A) If initial point from where the particle·starts is 
considered as A and the point where. the particle crosses the 
horizontal line through point Pis B then the potential difference 
between these two points is given as 

VA-VB=El(l-cos0) 

By work energy theorem we have 

1 , 1 2 q(V-V)= -mv---mv0 A B 2 2 

. I 
~ ·qEI (1- cos0) = -mv2 

2 

( )

1/2 v·= 2qEL(~cos0) 
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Sol. 60 (A) Electric field on surface of a uniformly charged 
sphere ofradius R is given as 

E Q = pR 
1 4its0R3 3s0 

Electric field at outside point ofa sphere ofradius R is given as 

Q pR3 
E =--=--

2 4its0r 2 3s0r 2 

The electric field at point Bis given as 

pro 
E = 

B 3s 
0 

Sol. 61 (A) Field dueto+2e charge sphere at distance dfrom 
the centre is 

2Ked 
·E=-

R3 

Force on electron is given as 

2Ke2d 
F=eE=-

R3 

Force between electrons is given by Coulomb's law as 

Ke2 

F,= 4d2 

For equilibrium, we have 

2Ke2d Ke2 

~ = 4d2 

=> · R3 =8d3 

=> R=2d 

Sol. 62 (A) From centre to the surface ofinner shell, potential · 
will remain constant. 

Sol. 63 (C) For, r< a, the potential is given as 

KQ(3a2 -r2
) K(-Q) KQ 

v=~~--~+--+-
2a3 b C 

for, a < r < b, the potential is given as 

V= KQ + K(-Q) + KQ 
r b C 

for, b < r < c, the potential is given as 

KQ K(-Q) KQ KQ 
V=-+--+-=-

r b C C 

for, r > c, the potential is given as 

V= KQ + K(-Q) + KQ = KQ 
r r r r 

Sol. 64 (D) By conservation of energy we use 
U,+K1=K1 

o+!mv2 = _l __ Qq +O 
2 47tEo r 

1 
=> re,; -

v2 

If vis doubled, the minimum distance rwill become one fourth. 

Sol. 65 (C) As effective acceleration is at 45~ from the vertical 
direction we use 

. => 

=> 

Q,E=Mg 

QV 
-=w 

d 

wd 
Q=v 

Sol. 66 (C) Due to a point charge electric field is given as 

E
1
(ro)= Q 

2 
4it '% r0 

Due to a line charge electric field is given as 

"-E(ri=--
2 

"' 2it '% r0 

Due to· a uniformly charged plane electric field is given_ as 

At 

a 
E(ri=-

3 O' 2'% 

ro 
r= -we have 

2 

· E3 (ro J = ....5!....... = E (r i 
· 2 2'% JO' 

Q 

Given Ei(r0) = Ez(ro) = E/r o). It follows from the above 
equations that the only option (C) can be correct. 

Sol. 67 (D) The electric field inside the cavity at a position ris 
given by 

E(r).=~ 
3s0 

where lal = R1 - R2 and p is the volume charge density. Hence 
E(r) is uniform and its magnitude as well as its direction depends 
ona. 
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Sol. 68 (C) Due to the charge negative charges are induced 
on the conducting_sphere as shown in figure below so net flm( 
from the closed surface will be negative. 

... ----..... , .. 
/'.,,,,. .- '\ + 

' ' 
p" I \, 

I I 
\ J 
\ - ./ 

, ........ ______ .. / - ------ + + 

+ 
+ 

+ 

Sol. 69 (B) Since net force on negative charge is always 
directed towards fixed positive charge, the torque on negative 

charge about positive charge is zero. Therefore angular 
momentum of negative charge about fixed positive charge is 

conserved. 

[We use apparent weight of ball in oil] 

q= ~ ,r,13 
xgpc (1_Po) 

3 8 E P, 

q= _!_k(1-Po) 
6 P, 

[As giv_en that k ird'p,g ]. 
E 

Sol. 4 (B) By work energy theorem between points A and B 

we have 

I 
-mv2 = qEl[l-cos60°] 
2 

Sol. 70 (C) The field due to the uniformly charged shell at an ~ 
inside point is zero. Hence potential difference will not change. 

v=~ 

Solutions of NUMERICAL MCQS Single Options Co"ect 

Sol. 1 (A) For circular motion of particle we have 

mv2 

qE=-
r 

(
,.,) mv2 

q-- --
21tEor r 

Time p"iod ofcircular motion is given as 

2nr 
T=-

v . 

T= 2w ~Z~q 

Sol. 2 (B) The charge enclosed inside the cylindrical surface 

is 

q,n =QX JOO 
Electric flux is given as 

Sol. 3 (A) For equilibrium ofball 

qE= mg(!-::) 

Tension at point B is given as 

mv2 

T=qE+-=2qE 
I 

Sol. 5 (D) Tension will be minimum in the circle which is the 
point farthest away from the direction of effective gravity acting 

in the region as shown in figure below. 

T,.;,, 

mg 

Tsin 0=qE 

Tcos 0 =mg 

0= tan-'(!:) 

Minimum tension will be obtained at 0 + "· 

qE 

Sol. 6 (B) Ifwe consider potentials VA and V8 at (0,0) and(x0, 

0) then we use 

B 

JE·dx =VA-VB=O-VB 
A 

EoXo=-Va 

Va=-Eoxo 
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Sol. 7 (B) The electric field strength between the plates is Sol. 11 (D) The electric field in the region is given as 
given as 

V 800 
E= - = - = 40000V/m 

d 0.02 

For the equilibrium of the particle, we use 

mg=Eq 

mg=E(ne) 

mg l.96x10-15 x9.8 
n=-= 

Ee . 40000 x 1.6 x 10-19 

n=3 

Sol. 8 (D) The charge on the sphere is 

4 32 
Q=itX - x it(2R)3 = -7tpR3 

3 3 

For a unifunnly charged sphere potential at the center of sphere 
is given as 

V = i(KQJ = 2pR2 
C 2 2R Eo 

At r = R, potential is given as 

V = K [3(2R)2-R
2]= llpR

2 
· 

R Q 2(2R)3 6 Eo 

Thus potential difference is given as 

llpR2 2pR2 
V -V = -----. 

R C 6 E. E 
0 0 

Sol. 9 (D). For, r=R/2 nsingGauss's law, we have 

R/2 2 
_ 2 f p4itr dr Ex4w:-= 

. 0 Eo 

Cr3 , CR3 

E=-=--
5Eo 40Eo 

Sol. 10 (C) Electric potential at a point is given as 

W 2 
V= -= -=0.lV 

q 20 

dVpg 
E =---= 

PQ tfX 
PQ 

CV,g-Vp) (0-5) 
- - 5N/C 

Xpg l.0 

and ~ =- (-lO-O) =20N/C 
QR 0.5 

Sol. 12 (A) At point P shown in figure the electric fields due 
to the two spheres will nullify each other so we have 

A B 

lC 

----80cm ----:--------.i 

IEil =1£21 

l l l 2 
--X- - --X---c-

4it&o x2 - 4ite0 (0.8-x)2 

I 2 

x2 = (0.8-x)2 

x=0.33m=33cm 

Now the potential at this point is given as 

V = _I_x~+-1-x q2 
P 4ite0 x 4ite0 (0.8-x) 

V - _!_[~+ q2 ] 
P- 4ite0 x (0.8-x) 

Vp=9 x 10{0.~3 + 0.!7] 

vp=6.56 x 1010v 

Sol. 13 (D) We calculate.the potential gradient as 

. -av -a 
E = - = -(~5x+3y+ ,/15z)=5 

and 

X ax ax 

-av 
E,=ay =-3, 

E, = -,/15. 

The net electric field in region is given as 

E= /E2 +E2 +E2 
'\J X y Z 

E= ~52 +(-3)2 +(,/15)2 

E=7 
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Sol. 14 (D) Using energy conservation we have 

U
1
+K

1
=U1+K1 

1 z 
qv.+ 2"!vnrin =q1;-+o 

Sol. 15 (D) Potential due to the given system of charges at 
origin is given as 

V= q ln(l+l) 
4it 91 Xo 

v=~q_In_2_ 
4it 91 Xo 

Sol. 16 (A) Work done is calculated as 

W= ft:s =QE.r =Q(eJ +e2 ] +e3 k).(ai +b]) 

Sol 17 (A) The given line integral is the potential at center of 
the ring which is given as 

/o=O 

f -E.dl = V= --
1
- q 

l=oo .4it 91 Xo R 

9x!09 xl.llx!0-10 

V= ------ =2V 
0.5 

f 1 " 2K').. Sol. 18 (C) One component o e ectric field at centre O 1s R 

along OC and other component is K').. perpendicular to OC 
R 

Thus net electric field at point O is given as 

E = K').. .Js 
net R 

Resulting electric field at O is at an angle 8 from OCwherewe 
have 

K')../R l 
tane= 2K')../ R 2 

" - ··--·- _____ 4_7~31 

Sol. 19 (B) Given dipole moment is 

p =(QL)i 

The angle between p and E initially is 01 = 90° and finally 

when it aligns with the direction offield vector then 01= 0. 

Using work energy theorem the angular velocity of the dipole 
when it is parallel to the direction of electric field is given as 

1 
-PE(cos 90° - cos 0°) = - Iril-

2 

1 (ML2
) z +PE=- -- w 

2 12 

Angular velocity vector, 

iii =w( r) 

Where r is the unit vector along the axis of rotation along 
which the dipole will rotate that is lying in the yz plane but 
perpendicular to the direction ofelectric field which is given as 

r (-]+k) 

Ji 
Thus angular velocity vector is given as 

ii,= )12-fiQ (-]+k) 
ML Ji 

- -)6JiQ ' ' w - ML (-J+k) 

Sol. 20 (A) We are given 

F =O 
X 

=:, a =O 
X 

and F =qE y 

=:, 
qE 

a=-
Y m 

displacement of particles alongx andy direction is given as 
x=vt 

and y= .!.a tz = .!_(qE)rz 
2 Y 2 m 

X 
Substituting t= - in expression ofy, we get 

y 
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Kinetic energy of particle is given as 

K= .!m(v2 +v2
) 2 X y ''. 

qE 
wherev =vandv =a;=-1 

X y m 

Sol, 21 (B) From the grid we can find the potential gradient 
along x and y directions separately as 

and 

V0 -VA' 0-(-1) 
E=~~=--=JV/m 

x X J 

0-1 
-· =-IV/m 

I 

Tons net electric field siren~ vector is given as 

E =E,t +Ey} =([-})Vim 

Sol. 22 (D) The electric field and potential are given as 

'' kJql 500=-2-
r 

-3000 = k(-q) 
r 

Solving these two equations we get 

r=6m 

and 

=> 

=> 

=> 

500r2 
q=--

K 

(500)(6)2 

q= 9x109 

q =2 x J0-6C 

q=2µC 

Sol. 23 (D) By work energy theorem we have 

e(V -V)= .!mv2 
2 I 2 

Substituting the given values, we get 

v=2.65 x !06m/s 

Sol. 24 (D) The moment of inertia of cone is 

3. 2 
J=-MR 

10 

Thus angular momentum ofrotating cone is given as 

3 2 
L=Iro= -mR ro 

10 

Magnetic moment ofa rotating cone is given as 

... (I) 

... (2) 

As 

=> 

Q 
M=-L 

2m · 

Q ( 3 2 ) M= 2m IOmR ro 

3 2 M=-QR ro 
20 

R 
tan 0= h and · R=htan0 

3QR2ro 3Qh2rotan2 0 
M= -2-0 - = --=-. -20--

Sol. 25 (C) During rotation free electrons of the rod drift 

outward due to centrifugal force which is balanced by the 
induced electric field cansed by drifting of free electrons. At a 

distance x from the axis ofrotation if induced field is E; then we 
use 

=> 

moi'x=eE. 
I 

molx 
E.=--

' e 

The potential difference between points A and B is given as 
' ' 

I · I 2 . f f mro VAB= Edx = --x.dx 
1/2 112 e 

V = ~[x2]r = ~ · 12 __ = 3mm 2 2( /2) 212 

AB 2e 1/2 2e 4 Se 

Sol, 26 (D) When the electric field is on then we use 

qE=mg 

=> 

4 
qE = -rr.Jl3pg 

3 

4rr.R3pg 
q= 3E 

When the electric field is switched off 

mg=6miRv, 

4 . 
=> 3rr.R3pg=6miRv, 

=> R= ~9TJv, 
2pg 

From equations-(!) and (2) we have 

3 

q;,, ±7t[9l]V1 ]2 X pg 
3 2pg E 

... (I) 

... (2) 
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3 

· 4 [9xl.8x!0-5 x2x10-3]2 900x9.8x.7 q = -fC X 

3 2x900x9.8 8lrcxl05 

q =7.8 x 10-19C 

Sol. 27 (A) Initially for equilibriwn of mass we have 

2Tcos0=mg 

5 
2Tx- =mg 

13 

.J68k 
65=qE, 

·1 
-----'---fil 

When electric field changes to E2 the length of string becomes 
40cm as shown in above figure and for equilibriwn of mass we 

have 

and 

T2 =k(40-24)= 16k 

16 
2x 16kx - =qE2+mg 
· 20 

In this case the length of string is 26cm after stretching and if 
=> 

the force constant of spring is considered as k N/cm then 

128k 20k . (1664-IOO)k 
qE2= -5--13 = 65 

tension in string can be given as k(2), thus we have 

5 
4kx- =mg 

13 

t<----12~ 

' ' ' ' ' s: 
T / 

T, 

20 

' 'B 

I 

' ' I 

' 9/ 
' ' :~ 

qE, 

mg 

' ' ' ' ' 16: 
' ' ' •u 

qE, 

mg 

12 

T 

12 

12 

T, 

13 

20 

r 
l 

After electric field E1 is switched on the length of string becomes 
30cm as shown in above figure. Again for equilibriwn of mass 
we use 

and 

T1 = k(30-24)=6k 

2T1coscj,=qE1 +mg 

9 
2 x 6kx 15 =qE1 +mg 

(468-lOO)k 
65 =qE, 

1564 
qE2=65k 

E2 1564 
e = 368 = 4-25 

I 

Sol. 28 (A) We consider an elemental spherical shell ofradius 
.x and thickness dx as shown in figure. Charge on this elemental 
shell is given as 

dq = p.4rcx2dx = Po ( ¾-1) .4rcx2dx 

Total charge in the spherical region from centre tor (r<R) is 

q=4rcp [~-
73 

-L'
4

]=rcpo7'(~-!_) 0 43R4 3R 

Electric field at a distance r from center is given as 

1 q 
E=----

. 41t e
0 

r2 

1 rcp0r
3 

(5 r) p0r (5 r )" 
E- 4rc Eo r2 3 . R = 4 Eo 3 R 

Sol. 29 (D) Electric force between electrons is given as 
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F, 
9xl.6xl.6xl0-29 

,2 

Gravitational force between electrons is given as 

' 13 
F = _6._7_x_9._l x_9_._l x_l_0_-_ 

g ,2 

F, is of the order of 1042 

Fg 

Sol. 30 (B) Given that the force ofinteraction between the 

charges in the two situations is same so we have 

r, r =-1_, 
2 -../K 

50 
r =-

2 -./5 

r2 =22.36m 

Sol. 34 (C) The potential ofa conducting sphere is constant 

at all points on its body so we have· 

Kq 
Vn=Vc=R 

At point B potential is due to the charge at A and due to the 
induced charges on the sphere so we have 

V =V.+Kq 
B ' r 

V.=-9 X 103(.!._.!.) =-9 X 103(~) 
' 3 5 15 
=--0.45kV 

Sol. 35 (A) Given that 

Electric field due to the sphere at outer points is given as 

Kq VR 
E=-=-

r2 r2 

Sol. 36 (A) The field energy density is given as 
I . 

U= -e0E2 

2 

Sol. 31 (D) Total electric flux coming out of the cylinde.r is => U= .!_ eo (-1 .!J.....J2 
2 4ru;0 R2 

given as 

~=2ES 

~=2x2oox102v-m 

Using Gauss's law on the cylindrical surface we have 

,qenclosed·=<Jleo 

q =4xl04 x 8.85xl0-12 =35.4xt0-8C 
enclosed 

Sol. 32 (B) Due to a solid conducting sphere potential 

difference between its center and an outer point is given as 

. ( I ') ' V -V. =Kq ---
A B R r 

V -V. =9 x 109 x 0 25 xlQ·9 x (.!._.!_) x 102 
A B • 5 15 

V -V. =30V · A B 

&o 
U=-J!m3 

. ' 2' 

Sol .. 37 (C) The charge on an element of width dx on rod is 

given as 
dq='Mx 

For the two halves of the rod charges are given as 

,112 
q1 =J

0 
2xdx 

[
x

2 
]

112 

q =2 -
I 2 

0 

Sol. 33 (A) Negative charge or dipole is near to positively => 
charge line charge. Hence attraction is more. 

i2 
q1=4 

q2= JI 2xdx-
112 

and 
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I Etecirosta~' . · .. _· · 

q 2 =2[x:]' 
//2 

Sol. 38 (C) From the solntion of previous qnestion the 
potential of shell A is given as 

cr crb ere 
V,=---+-

Eo Eo Eo 

cr 
V,= -(a-b+c) 

Eo 
The potential of shell C is given as 

Given that the potentials of shells A and Care same, we use 

VA=Vc 

=> (a-b+c)=(a2:b2)+c_ 

=> a+b=c 

Sol. 39 (C) Potential ofB will be maintained at zero for which 
the charges appear on B such that 

V8 =0 

KqA Kqe --+--=O 

Charge distribution is as shown in figure below. 

Thus electric field inside A and outsideB is zero. Thus option 
(C) is correct. · · 

Sol. 40 (C) Potential at pointPdueto the charges is given as 

( 
l· q) [ 1 q ] 

VP=2 4itEo; -2_4JtEo .Jb2+a2 

V = _q_ 2-2 1+!1__ [ ( 
2 )-1/2] 

P 41te0a a2 

Since b << a, we can apply binomial expansion. 

V = _q [2-2(1-_!c_)] 
P 4its0a 2a2 

Sol. 41 (D) Potentials at centers ofthe two rings are given as 

KQ KQ 

Vc1= R JR2+d2 

V -V: =-Q [ 1 
c1 Cz 2its

0 
R 

Sol. 42 (A) Force on dipole is given as 

F=P(~!) = 10-7 x 105=0.0IN 

Sol. 43 (C) On tonching an identical sphere the charge is 
divided into half on both the spheres and the other·sphere is 

moved away so the remaining system is shown in figure below. 

6------------1.\_, 
q y 1 
2 = 

If the charge on Bis q'then it is such that final potential of the 
sphere B should be equal to zero thus we have 

V8 =0 

~(K-'('°-q /_2""-)) +-kq' =O 
d r 

qr 
q'=--

2d 

Sol. 44 (D) Potential of the two balls are given in terms of 
their charges q1 and q2 as 

V = -
1-['ll+ qz] and V. = -

1
-[qz +'ll] 

1 41t9i r· a 2 4itE0 r a 

After solving above equations, and neglecting ,2 in comparison 
to a, we get 
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Sol. 45 (A) We conserve angular momentum of+2q charge 
about the fixed point charge +Q which gives ~ 

v2= 2Eq/ 
m 

m~i't sin 01 =mv2 r~sin02 

mvR sin 30° = m( ~ }mm sin 90° 

,/3 
r. =-R 

mm 2 

Sol. 46 (C) By energy conservation, we use 
I . 
2 inv2 = (V centre - V smfure)Q 

lmv2-( Q. )Q 2 8rrE0 R 

Q· 
v-,===='== 

- ~47CEo mR 

Sol. 47 (C) Kinetic energy of particle is given as 

K= qEx-at2 = qEx- - t = _q __ . I I (qE) 2 2 E2t2 
2 2 m 2m 

Sol. 48 (B). Work done by the time dipole rotates by 90° is 

given as. 
W=-PE( cos90° - cos0°) 

I I = -mv2+ -Jri'-
2 2 

I . I (2 2) v2 PE= -mv2+ - -mR x-
2 2 5 R2 

~ v= ~IOPE 
7m 

Sol. 49 (A) Flux is maximum when· surface area is normal to 
electric field so we use 

~ 

~=EA cos0° 

,cd2 
~=EX4 

4~ 
E=-2 

,cd 

Sol. 50 (B) Using work energy theorem we have 

I 
Eql= -mv2-0 

2 

If Tis the tension in string when it becomes parallel to electric 
field then we have 

~ 

mv2 

T-qE=-
, l 

mv2 
• T=qE+

l 
~ T=qE+2qE=3qE 

Sol. 51 (A) We use 

dV d(4x2
) • 

E= - dx = ---a;- =-Bx 

At x=lm 

E=-8xJ=-8V/m 

Sol. 52 (B) Charge of the whole sphere is 

Q=(1,cR3
} 

Charge in the cavityregion is 

. q = ±rr(R)\ = Q 
3 2 8 

Potential at point O is given as 

-~ 

~ 

~ 

Yo"= [(V wh0losph,Jo _: (Vca,.Jol 

3 Q 1 (~) 
V=-----

o 8rrs0 R 4rrs0 R 

V =-5_Q 
0 !6rrs0 R 

2. 

V = -
5-x(±rrR3p) 0 16u0R 3 

5 R2p 
V=--

o 12 Eo 

Sol. 53 (C) The potential difference between two concentric 
shells does not depend on the outer shell charge so it will 
remain the same. 

Sol. 54 (B) For the equilibrium ofcharge Qwe have 

kQ
2 

+kJSL =O 
12 

(/ 12)2 

~ 

g· 
q=--

. 4 
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iElectrostatlcs·: 

Sol. 55 (B) Considering elemental charge at a polar segment 
dB on the ring is given as 

dq = (,,0sin8)ad8 

Dipole moment due to the opposite elements on the ring is 
given as 

dp=dqx2a 

dp = 2aAoSin8d8 

Vectorially dipole moment is written as 

dp = 2aA.0sin8d8[--eos8 i' - sin8 J] 
The torque on ring is given as 

" ,=fdpxE 
0 

" 
=:> i =2n:ic

0
J(-cos8sin8i'-sin28})x(E0]+E0}) 

0 

Sol. 56 (D) For the given points for the situation shown in 

figure, we use 

B+a=rr/2 

a= 1t/2-8 

I 
' ' ' I 

I 
I 
' ' ' I 

' ' ' _....,0-___ t:i_a_:- ex 

As for a dipole we know 

tan8 
tan a.= --

2 

tan(i-8) = ta;e 
tan8= ../2 

E 
E, 

SoL57 (D) Electricfluxwillbemaximumwhenmaximumlength 
of ring is inside the sphere. 

- . ······-······ ···--~-·- 4jg] 
w - -------'--,~--= ------'=-

This will occur when the length of the chord AB is maximum. 
Now maximum length of chord AB can be the diameter of the 
ring. In this case the arc of ring inside the sphere subtends an 
angle of rr/3 at the centre ofring. 

Thus charge on this arc in this situation is given as 

R1t 
q=3·"-

<1>= R1t,._ = R1tA 
_3_ 3Eo 

Eo 

Sol. 58 (C) Electric field die an element considered in rod as 

shown in figure at Pis given as 

dE = kdq k(Adx) 
(x2+r2) (x2+r2) 

in x-direction electric field is given as 

00 

Ex= J dEx = f dEsinB 
0 

00 kAifx X 

= !cx2+,2)·~ 

In y-direction electric field is given as 

00 

Ey= J dEY = f dEcos8 
0 

00 kA.dx r 
!cx2+,2)·~ 

r 
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Thus net field at Pis given as 

'. ~~- ../2k').. ..fi,,. 
E =JE2 +E2 =--=--

P x Y r 41t& r 0 . 

at45° with the lineAB or AP. 

Sol. 59 (D) Initially force between Band Cis given-as 

F =Kqq =F · 
BC r2 

The charge on third conductor in· after its contact with B 
becomes q/2 then after Jt is connected to C becomes 3q/4, 
Same would be the final charges on B and C respectively as 

third conductor was ident/pal in shape and size. So we h,ave 

q 3q 
qB= 2 and qc= 4 

Now the force between Band C is given as 

Sol 60 (C) The potential of the sphere of radius 20 cm wili be 

more than the potential of the sphere ofradius 25 cm. We know 
that charge flows from higher potential to lower potential. Hence 
the charge will flow from the sphere ofradius 20 cm to the 
sphere ofradius 25 cm. 

Sol. 61 (A) Given that 

v =2vsin30°=v By 

As y-component of velocity remains unchanged we can state 

that electric field is along (-1) direction. Work done by 
' electrostatic force in moving from A to B is equal to the change 

in its kinetic energy so we use 

1 
(eE)(2a-a)= 2m(4v2-v2) 

mv2 
E=-

2ea 

E =_3mv2i 
2ea 

Rate of doing work done at point B is given as 

PB=FvcosfJ 

( )

2 
3mv2 

PB= -- (e)(2v)cos30° 
2ea · 

p = 3.fj mv
2 

B 2 a 

-----"~··-~ __ E_l_ec_!-rq~ 

Sol. 62 (D) For the given potential the electric field strength 
in region is given as 

dV 
E=-- =+20(x2-4)-2x2x 

dx 

40x 
E= + 2 2 

, (x -4) 

Atx = 4µmelectric field is given as 

E 

Sol. 63 (C) The two situations are shown in figure below 

The work done will be the change in interaction energies of the 
two situations so we have 

q2 r;; 
~ W= --[4-2v2] 

41ts0a . 

Sol. 64 (A) At the situation·ofclosest approach both particle 
and ring would be moving at same speeds so we use 

v=v,j2 

By energy conservation we have 

x= 
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[Electrostatics ·- · · · - - · 

ADVANCEMCQs One or More Option Co"ect 

Sol. 1 (A, B) The electric field due to a uniformly charged ring 
at its center is zero and potential at center is given as 

V = -
1
- QR . At a distance x along the axis of the ring electric 

411&0 

field and potential are given as 

KQx 

E= (x2+R2i312 

and V= KQ 
~x2 +R2 

Thus options (A) and (B) are correct. 

Sol. 2 (A, D) Potentials of A and B shells are given as 

V =2V= KqA + KqB 
A R 2R 

and v = ~v = KqA + Kqs 
8 2 2R 2R 

Solving above two equations we get 

qA = I 
qB 2 

After earthing, charge on A does not change so qA' = qA and 
q/ is such that final potential of B becomes zero so we have 

KqA' + Kqs' =O 
R 2R 

q/=-2qA 

' 'LL =-2 
' qB 

Potential difference between A and B will remain unchanged as 
by earthing B, charge on inner shell will not change. 

Sol. 3 (C, D) Gauss's law is valid only if Coulomb's law holds 
that is only for the case when E cc I/,2 otherwise the flux through 
a surface will depend upon the dimension of the surface instead 
of the enclosed charge only. Gauss's law ca[!not be used to 
calculate a non-uniform and non symmetric field distribution 
around an electric dipole. In an electric field the work done by 
external force is given as 

WA-+B= Uf-lf; 

WA_. 8 =q(V8 -V)=(V8 -V) 

Thus options (C) and (D) are correct. 

Sol. 4 (A, D) The electric field lines are originating from Q1 
and terminating on Q2• Therefore Q

1 
is positive and Q

2 
is 

negative. As the number oflines associated with Q1 is greater 
than that associated with Q2 so the magnitude of Q1 is higher. 
At a finite distance on the left of Q1, the electric field intensity 
cannot be zero because the electric field created by QI is greater 
than that due to Q2 so at a finite distance to the right of Q2, the 
electric field can be zero. Thus options (A) and (D) are correct. 

Sol. 5 (A, B, C, D) Inside a charged metal shell always at all 
interior points electric field is always zero. After connecting the 
two spheres, we have 

Q=QA+QB 

and KQA = KQB 

RA Rs 

QA 
QRA 

RA+Rs 

and QB 
QRB 

RA+Rs 

As RA> RB so QA> QB 

If CJ A and CJ 8 are the surface charge densities on the spheres then 

CJA = QA /4itR~ = R8 

CJB Qsf4itRi RA 

The electric field on the surface of the two spheres are 

I QA E=---

and 

As 

A 411 Eo R~ 

E =-I_QB 
8 

411 Eo R~ 

Thus all options are correct. 

Sol. 6 (A, B, C) Time offlight is given as 

2u, 2x 10 
T=-=--=2s 

g 10 

Maximum height is given as 

u; (!0)2 
H=-=--=5m 

2g 20 
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Horizontal range of particle is given as 

R= .!_a T2 = . .!_(qE)r2 . 
2 _' 2 m 

R= ½(10-3;104 

} 2)2 

R=10m 
Thus options (A), (B) and (C) are correct 

S~I. 7 (A, C, D) Total electric flux coming out of the cubical 
surface is given as 

cj,= q.,, = 3q-q-q = .!L. ;, 
Eo eo Eo 

By symmetry, the electric flux crossing the.planex= a/2 and the 
x = -a/2 is same. Further, the positions of charges with respect 
to x = a/2 and z = a/2 are same so the flux through the planes 
x = a/2 and z = a/2 are also same. By symmetry the flux crossing 
the plane y = a/2 and y = --a/2 is also same. Thus options (A), 
(C) and (D) are correct. · 

Sol. 8 (A, D) Figure below shows the variation of electric field 
in the region due to the two charges and based on this options 
(A) and (D) are correct. 

-Ql 
' ' ' ' ' ' ' ' ' ' 

Sol. 9 (A, B, C) Potential due to a uniformly charged sphere 
are given as 

and 

100=-1---~q~_ 
41160 (R + 0.05) 

I q 
75=--· -

41160 (R+0.l) 

Solving above equations we get 

· 5 10-9 
q= 3x . C:andR=0.lm 

This gives potential at its surface is given as 

(9x109)(~xl0-9
) 

1 q 3 
V= --·- = 150V 

41160 R 0.1 

... (!) 

... (2) 

Electric field on the surface of sphere is given.as 

I q . V 150 -
E= --·,= - = --=1500V/m 

41160 R R 0.1 

Electric potential at the center of sphere is given as 

Sol. 10 (A, B, C) 

+qf-------f-;q 
/ \ , ' 
/\ ·,/\, 

,/ \ ' / \ 
/ \ 2E1,1

1 
\ 

A// ' I ' \,. 'j, 60° 2E,'\/) +2q{ ~ •J '},. 
. \ 0/' 600 ~ --, 

' / \ / 
\ / R"t2E1 / 

\ ' ' / . \\ . ,,,, \\ ,/' 
\ ,r • \ I 

B'~~-------------~~'C +q -q 

If E 1is the electric field at O due to,-q at E directed fronfOtoE 
and E2 is the electric field at O due to.+2q at A directed from Oto 
D then the net electric field at O is given as 

E = 2E I cos60° + 2E I cos60° + 2E2 

E=E1 +E1 +2E2 =2E
1 
+2E

2 

E= _1_2q +-·_1_4q 
41160 L

2 41160 L
2 

6 q 
E= --2 along OD 

41160 L 

If electric potential at point O is v·then it is given by sum ofall 
the potentials at O due to all individual charges given as 

-q q q q 2q 2q 
V= -----+--+--+-----

41160L 41160L 41160L 41160L 41160L 41160L 

=0 

For line PR all the charges are symmetrically located at same 
distances from O thus potential at all points oflinePR must be 
same. Thus options (A); (B) and (C) are correct. 

Sol. 11 (A, C) Diagonally opposite charges will produce field 
in xy plane only, but the resulting field due to both diagonally 
opposite positive and negative charges will cancel in y direction 
so only electric field will be left in x direction. 

Sol. 12 (A, B, C) Electric field at any point depends on both 
charges Q1 an·d Q2 but electric flux passing from any closed 
surfuce depeods on the charged enclosed by that closed surfuce 
only. Thus options (A), (B) and (C) are correct. 
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Sol. 13 (A, B, D) With the giveo information we can determine 
the electric field componeot along x direction in the region which 

gives 

E,=IOV/m 
Tons in space electric field strength can be 1 OV/m or more than 
this depending upon other components of electric field. Thus 

options (A), (B) and (D) are correct. 

Sol. 14 (A, B) Flnx from any closed surface is given as 

$= q,. 
So 

=> As q,n = 0 as net charge on a dipole is zero so flux through 
the sphere is zero. Due to dipole at any point in its surrounding 
electric field is not zero thus options (A) and (B) are correct. 

Sol. 15 (A, B, D) At a point with coordinates (x, 0) the force 
on the charge is given as 

F- ( K(2Q)x J 
- q (x2 + y2)312 

Thus for Flo he maximum, we solve for dF/d.:=O which gives 

x± .l'.... 
-Jz 

The charge is in equilibrium at the origin where net electric field 
due to the two charges is zero. However, the equilibrium is not 
stable since the force is repulsive along x direction and it will 
not be able to restore the charge at the origin. The charge 
therefore cannot perform oscillatory motion. Thus options (A), 
(B) and (D) are correct. 

Sol. 16 (C, D) Gauss's law is valid for all types of charge 
distributions in any region as it relates the electric flux through 
a given closed surface which is due to the electric field of all 
the charges in .the region with the enclosed charge by the 
surface. Thus options (C) and (D) are correct. 

Sol.17 (A,B,C,D) ByanexternalforceincaseofSHMonly 
equilibrium position changes. Time period remains same. As 
speed of block at mean position is same amplitude will be same 
in all cases. In case-4 equilibrium position x0 = 3mg/k which is 
maximum among all cases. Tons all the given options are correct. 

Sol.18 (A, B, D) Point A is inside the inner sphere where at 
every point electric field is zero but electric potential due to the 
two shells are not equal in magnitude so it is non zero. At point 
B electric field will be only due to the inner charge so it is non 

zero and electric potentials due to the two shells are unequal in 
magnitude so it is also non zero. At the outer point C as net 
enclosed charge is spherically symmetric and zero thus both 

electric field and potential at C is zero. 

.. - . - - ···1 
____ 4~8-~, 

Sol. 19 (A, D) The force on the rod is qE, irrespective of 
orientation the force on· the rod is distributed uniformly over 

the entire rod, so torque about centre of mass is always zero 

and the displacement of rod can be calculated by the uniform 
acceleration of the rod AE/µ. Thus only option (A) is correct. 

Sol. 20 (B, q As net force by electric field on the two charges 
are equal and toward right to keep the rod at rest hinge will 
exert an equal force on rod leftward. Now ifwe slightly rotate 
the rod, the torque on rod due to electric forces on charges are 
opposite and in magnitude T1 = , 2 or Tnet = 0 in displaced 
position too so equilibrium is neutral. Thns options (B) and (C) 

are correct. 

Sol. 21 (A, C) Potential inside a shell is same as that of its 

surface so for first shell as the radius is minimum its poteotial 
will be highest among the three shells and the third shell will be 
at lowest potential. Thus options (A) and (C) are correct. 

Sol. 22 (B, D) Potential at a point in a system or potential 
energy of a system of charges is defined with respect to a 
reference which isgeoerallytaken as infinity for a given system. 
As in a given system refereoce is considered same, potential 
difference and change in potential eoergy of a system of charges 
does not depeod upon the reference chosen so options.(B) and 
(D) are correct. 

Sol. 23 (A, B, C) For the revolving charge we have 

Tcosa=mg 

JG 2 

Tsina= + +m(f/r 
r 

Kq' 
=> T> mg as well as T> - 2-. r 

Ifno charge is there on the revolving ball, we use 

mv2 
Tsina= --

r 

Thus to maintain the angle v must be increased as earlier 

electrostatic force was present which is now no longer present. 
Thus options (A), (B) and (C) are correct. 

Sol. 24 (A, D) The electric field of point charge is non-uniform 
and so net force on the dipole for any orientation is non zero. 
The torque on the dipole may be zero, ifit is placed parallel to an 
electric line offorce in the field. 

Sol. 25 (A, D) At every point in space electric field is the vector 
sum of the external electric field and that due to the two plates 
so we have electric field · 
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At point R is given as 

E =E+ __JL_ _ __JL_ =E 
R 2A9> 2A 9> 

At point Sis given as 

At point Tis given as 

£,=E+ __JL_ - __JL_ =E 
2A "<> 2A "<> 

Thus options (A) and (D) are correct. 

Sol. 26 (B, D) As per the given information we can calculate 
the electric field component in y direction in the system which 
is given as 

· 100-50 
E = --- =25V/m 

y 2 . 

As net electric field in the system is given as 

E= ~E2 +E2 +E2 
X y Z 

So net electric field in the region may be greater than 25V/m or 
equal to 25V/m ifother components are zero. 

Sol. 27 (A, D) The electric field inside a thick sheet at a distance 
x from its central plane is given as 

E= px 

"o 
Restoring force on the charge particle is given as 

Acceleration of the particle is given as 

a=- qp X 

me0 

As the acceleration is directly proportional to distance from 
central plane, the charge particle is executing SHM so comparing 
above acceleration with standa.rd equation of SHM a = - ro2x 
gives 

ro= ~ qp 
me0 

Sol. 28 (B, C) As the electric flux through a closed surface in a 
. region of electric field is given as 

-~= fE.dS = q;~id, =0 
e, 

So for zero flux through a closed surface electric field may be 
either zero at each point of the surface or at every point of the 
surface electric ·field vector is normal to the surface area vector 

· at that point or at different points electric field is such thattotal 
flux going into the surface is equal to the electric flux going out 
from the surface for which qms1,, = 0. For anycaseiffluxiszero 
then enclosed charge within the closed surface must be zero. 
Thus options (B) and (C) are correct. 

Sol. 29 (A, B, D) As electric field between sheet 2 and 3 is zero 
.we have 

cr a' 3cr 
----+-=0 

29> 29) 29> 

:::::> a'=+2cr 

The electric field strengths at all other points can be given.by 
the vector sum of the electric fields due to individual sheets. 
Thus options (A), (B) and (D) are'correct. 

Sol. 30 (C) Electric field at each point of the cavity is normal to 
its surface but not necessarily equal and being a conductor at 
every point of conductor potential is same. An electric line of 
force does not penetrate a metal surface hence total flux through 
the cavity surface is always zero. Thus only option (C) is correct. 

Sol. 31 (B, D) Potential energy of system at positionx is given 
as 

U=-pE 

U= __ l_qp 
411s0 x

2 

When the dipole is far away, U = 0 so by using energy 
conservation the kinetic energy is given as 

K=0-[--1 
qp] 

411&0 x
2 

K=-l_qp 
411&0 x

2 

l'orce on the dipole at a distance Xis given as 

F=dU= 2qp 
dx 411·"<> x3 

Thus options (B) and (D) are correct. 
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~------- - - - --· 
!Electrostatics 

Qzq 
Sol.32(A,C) F=-Eq= 4" "o (R2 +z2)'12 

Forz<<R,R2 + z2=R2, and so 

Foc (-z) 

So the motion represents SHM only if z << R otherwise the 
motion remain periodic. Thus options (A) and (C) are correct. 

SoL 33 (A, B, C,D) Electric field in theregionr> r0 isgiven by 

For r~r0 

dV d ( Q l 
E= -dr = - dr l 4ite

0
r) 

d ( Q l 
E---1-)-0 

dr \ 4ite0r0 

So the electric field is discontinuous at r = r0. For r < r0 inside 

the surfacer= r0 wehaveE= 0. So the charges resides only on 
the spherical surface ofradius r= r0. 

The electric energy density in region is given as 

I 
u= 2e,J?2 

As for r< r0,E= 0 thus u=O for r< r0• 

As charge is only residing on the surface of spherical surface 

of radius r = r0 so for any spherical surface outside Q' = Q, 
which is independent ofras long as r is greater than r0• Thus all 
options are correct. 

Sol. 34 (B, D) As net charge on right is zero thus electric 

potential at the center of ring will also be zero. Electric field due 
to the two halves at center will be added up which is given as 

I q (sinit/2) q 
E=2 X 4it "o R2 it/2 = "2 "o R2 

Thus options (B) and (D) are correct. 

Sol. 35 (A) For the elliptical motion the electric force on -q 
passes through the locatlon affixed charge so torque of electric 
force is zero thus angular momentum ofrevolving charge about 

fixed charge will remain conserved. In elliptical motion linear 

momentum, angular velocity and linear speed continuouslyvary 
· so will not remain constant.Thus only option (A) is correct. 

Sol. 36 (B, D) The electric field at any point inside the shell 
due tq the point charge can be calculated by standard 
relation but that due to induced charges cannot be calculated. 
The electric field at points outside the outer surface is only due 
to the charge distribution on the outer surface of the shell so on 

outer surface it is given as ' 

E=-l ___ q_ 
4it Eo (2R)2 

Thus options (B) and (D) are correct. 

- --------~~ 
- - -- ____________ 4_8~51 

Sol. 37 (B, D) Let P and Q be the two points at a distance 2R 

on the line joining the centres 0 1 and 0 2 of the spheres as 

shown in figure. 

2R 

Sphere 2 ---------.: 

------ --------
:02 
' ' ' ' ' ' ' 2R · 1 R • 

The charge on spheres l and 2 are given as 

4it 4it 
Q1 = 3 R3p1 and Q2 = 3 (2R)3p2 

Electric field at Pwill be zero if 

Q, P2R 

4ite0 (0iPJ2 3e0 

~ 

4it R3 
-~3~_P_,_ = P2R ~ EL =4 
4ite0 x (2R)2 3eo p2 

Electric field at Q will be zero if 

Q, + Q2 =O 
4ite0 (0iQ)2 4ite0(O2Q)2 

4it R3 4it (ZR)3 
3 P, 3 P2 

~ ~~-.,,.+~---=O 
4ite0 (2R)2 4ite0 (5R)2 

~ 
EL=_ 32 
P2 25 

Sol. 38 (C, D) As we have already discussed that in the 
overlapping region electric field is uniform and its direction is 

along the line joining the two centers. Thus options (C) and (D) 

are correct. 

Sol. 39 "(A, C, D) Below figure shows the charge distribution 

on the surfaces of the metal plates. 

2 3 4 

Q Q Q Q 
2 2 -2 2 

Electric field at point A is given as 

Q 
EA = ZAeo toward left 
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Electric field at point Bis given as 

Q . 
EB=-- towardright 

2Ae0 · 

Electric field at point C is given as 

Ee= _Q__towardright 
2Ae0 

Thus options (A), (C) and (D) are correct. 

Sol. 40 (A, B, D) By work energy theorem we have 

I I 
qEx2a= -m(2v)2- -mv2 

2 2 

I 3 
2qEa=2mv2- 2mv2= 2mv2 

- . -" -- - - _, ____ ElectttiStaijc;ru 

3mv2 

E=--
4qa 

Rate of workdone by electric field at Pis given as 

P = f v- =Fvcos0 p • 

PP=qEv 

PP=qx 
3
~: ·v=¾( m:

3

) 

Rate ofworkdone by electric field Q 

P = F'·v =Fvcos90°=0 Q 

As magnetic force is always normal to the velocity of particle 
so rate ofworkdone by magnetic field is always zero. 

* * * * * 
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f Capacital')oe ___ "" --~-

Le.:. ANSWER & SOLUTIONS· 1 

.: .. ,~;=·----- . ----- -~-------_] 
CONCEPTUAL MCQS Single Option Correct 

1 (C) 2 (A) 3 (D) 

4 (C) 5 (C) 6 (A) 

7 (B) 8 (C) 9 (C) 

10 (C) 11 (B) 12 (D) 

13 (A) 14 (D) 15 (C) 

16 (B) 17 (C) 18 (C) 

19 (A) 20 (C) 21 (B) 

22 (C) 23 (B) 24 (B) 

25 (B) 26 (C) 27 (C) 

28 (D) 29 (B) 30 (C) 

31 (D) 32 (D) 

NUMERICAL MCQS Single Option Correct 

1 (C) 2 (B) 3 (D) 

4 (B) 5 (A) 6 (A) 

7 (B) 8 (C) 9 (B) 

. 10 (D) 11 (B) 12 (D) 

13 (D) 14 (B) 15 (A) 

16 (B) 17 · (C) 18 (C) 

19 (B) 20 (C) 21 (A) 

22 (A) 23 (D) 24 (D) 

25 (B) 26 (B) 27 (B) 

28 (A) 29 (D) 30 (B) 

31 (C) 32 (C) 33 (A) 

34 (C) 35 (D) 36 (D) 

37 (C) 38 (B) 39 (B) 

40 (B) 41 (A) 42 (A) 

. 43 (B) 44 (B) 45 (C) 

46 (D) 47 (A) 48 (D) 

49 (B) 50 (A) 51 (C) 

52 (D) 53 (B) 54 (B) 

55 (B) 56 (D) 

AD VANCE MCQs One or More Option Correct 

1 (A, B) 2 (A, C, D) 3 (A, B, D) 

4 (B, D) 5 (B, D) 6 (A, B, C) 

7 (B, D) 8 (A, B, D) 9 (A, C, D) 

10 (A, C) 11 (A, D) 12 (B, C) 

13 (A, C, D) 14 (B, C) 15 (B, C) 

16 (A, D) 17 (B, D) 18 (A, B, D) 

19 (B, C, D) 20 (A, C, D) 21 (A, D) 

22 (A, D) 23 (A, B, C) 24 (B,_C) 

25 (A, B, C) 26 (A, B, D) 

Solutions of PJlACTICE EXERCISE 2.1 

(i) (a) The capacitor is charged to a potential V= 1500V. 

The energy U of the capacitor is given by 

I I 
U= -CV2 = - x (400 x 10-12)(1500)2 

2 2 
~ U=4.5 x !o-'J 

(b) We know that the capacitance of parallel plate capacitor is 
· C = e

0 
Aid. When d is .doubled, the new capacitance C' is 

halved 

1 1 
C'= -C = - x400 x 10-12F=200 x 10-12 F 

2 2 
Charge on the capacitor is given as 

q = cv=400 x 10-12 x 1500=6 x 10-1c 
If the new potential difference be V', then for the same charge 

q, we have 
q = C' V'= 6 X 10-7 

~ 200X J0-12 V'=V'=6X 10-7 

~ V'=e3000V 

(c) The energy required to double the distance between the 

plates is given as 
!!.U = Final energy-Initial energy 

1 1 
l!.U= -C'va_ - cV2 

2 2. 

1 
!!.U= 2(200 X 10-12)(3000)2-(4.5 X !o-4) 

l!.U= 9 x 10-4-4.5 x 10-4 =4.5 x 10-4J 

(ii) Figure below shows the charge distribution on plates . 

lµC 2µC 

I.SµC I.SµC 

0.SµC 

--0.SµC 

The potential difference is given as 

q 0.5 X 10-6 

V=-= =5V 
C O.lxlO--o 

(iii) The capacitance of a parallel plate capacitor is given by 

e0A 
C=d 
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[4af~. --~' ---- --~:~~- .... 

When the spacing d is ~oubled, the new capacitance C' 
becomes C/2. 

We know that 
. I Q2 
U=--

2 C 

When spacing is doubled, we have 

I Q2 Q2 
U'=--=-

2 C' C 

If AW be the work required to pulle the plates to double the" 
plate spacing, then we have 

. Q2 I Q2 I Q2 I 
AW= W'-W= ----· = -- = - CV'-

C 2C 2C 2 

Substituting the value of C, we have 

· = _!.(8.9x!0 ... 
12 

xo.2)106 · 
t,.W 2 O.Ql 

AW=8.9Xl(J-5J 

As Q is kept constant, we use 

CV=C'V' 

=> 
C'V 2CV 

V'= C = C =2V=2X IO'V 

=>. V'=200V 

("iv) When drops coalesce to form a larger drop then total 

charge and volume remains conserved. If r is radius and q is 

charge on smaller drop then C=4ne0 r and q= CV 
Equating volumes we get 

4 4 
-,rR3 =2 X -nr' 
3 3 

=> R=2113r 

Capacitance oflarger drop is given as 

C'=4 ntoR=2 113 C 

Charge on larger drop is given as 

Q=2q=2CV 

Potential oflarger drop is given as 

Q · 2CV 
V'= - = -- =2213v 

C' zl13 C 

v;nner =O 

Kq2 K(2) 
-+--=0 

2 4 

q=-lµC 

Potential of outer sphere is given as 

K(2-l)xl0--6 
vouter = 4x 10-2 

=> 

9xl09 x!0--6 
vouter = 4xlo-2 

v,utec =2.25 x IO'V 

(b) Charge distribution is as shown in above figure. 

(vi") With the dial at 180°, the capacitance C= 950 pF 

The corresponding charge at 400V is 

=> 

=> 

q=CV 

q =950 x J0·12 x 400C 

q = 0.38 x io-6C 

(a) For the dial at 0°, capacitance is given as 

C'=50 x 10-12F 

The corresponding potential difference across capacitor is 

q 0.38x!0--6 
·V'=-=--~~ 

C' 50x10-12 

=> V'=7600V 

< (b) Work needed to tum the dial is 

W= .!. cva_ .!. cl-'2 
2 2 

I I 
(v) => (a) Let q be the charge on smaller sphere supplied by 

W= - X 50 X 10-12 X 76002 - - X 950 X 10-12 X 4002 
2 2 

earth. Then, we have 
=> W= 1.368 x 10-3 J 
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,-c,---"7"--------- --
!Capacitance 

(vii) The capacitance ofa spherical capacitor is 

C=47!Eo(_!!!:__) 
b-a 

b = radius of the top of stratosphere layer 

=64()()km+50km=6450km=6.45 X J06m 

a = radius of earth= 6400 km= 6.4 x 106 m 

capacitance of spherical capacitor is given as 

C = _4_1t_"<l~a_b 
b-a 

1 6.45 X 106 X 6.4X 106 

C= -- x ------ =0.092F 
9xl09 6.45x!06 -6.4xl06 

(viii) Charge on capacitor is 

q=CV 

q=40x Jo-6x300 

q =0.12C 

i =.!!.._= 0.12 =60A 
avg 111 2xl0-3 

Energy stored in capacitor is 

I 2 
U=-CV 

2 

U= .!_ X 40 X 10-6 X (3 X 103)2 
2 

U=180J 

Powr delivered during the pulse is 

U 180 
P= - = ---c- =90kW 

111 2 X 10-3 

(ix) Capacitance of given capacitor is 

C= "<l A 
d 

Energy stored in c3.pacitor is 

q2 q2d 
U=-=--

2C 2 "<l A 

When switch is closed the capacitor is discharged and its stored 

energy is liberated as heat. 

(x) Area of plate is given as 

A=w2=1tx (8x 10-2)2=0.0201m2 

and d=lmm=lx I0-3m 

- -----~~:_-_-_·-_-_·---~~----_-_-_-_-_-_·=4=8~9~1 
Capacitance of capacitor is given as 

8.85x 10-12 x6x 0.0201 
C=--------

lxl0-3 

C= 1.068 x !o-"F 

Poteotial differeoce 

V=ISOV 

Energy stored in capacitor is given as 

I I 
U= 2CV2= 2 x (1.068 x 10-9 x (150)2= 1.2 x 10-s J 

(xi) Potential differeoce across 3µF = P.O. across 6µF= IV 

=:, Charge on 6µF = 6µC 

=:, Total charge on combination of6µF and 3µF = 9µC 

Therefore charge on C = 9 µC 

(xii") If we consider capacitance of conductor and plate are C1 
and C2 then after first contact we have 

C2 = Q-q 
c, q 

After several contacts wheo no more charge transfers to 
conductor we use 

Solutions of PRACTICE EXERCISE 2,2 

(i) The equivaleot diagram of the given circuit across points 

P and Q is given as shown below which is reduced to the find 

capacitance. 

p•-c~:-li--.A--'-!~~B...,_~ -c: C/2 
C 

C 
r4Q 
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.I-

P--JI 
ABD 

.11------- Q • 
JC C 

.I-
po II "Q 

3C 
4 

(ii) The capacitances of the two capacitors are given as . 

EoA EoA 
C\=d, andC2=d 

I 2 

If V1 and V2 be the potential drop across C
1 

and C
2
, then we 

have 
V1 +V1 =V : .. (1) 

and . C
1
V

1 
=C

2
V

2 

V =v[-d' ] 
I di +d2 

The electric field between the plates ofcapacitor I, is given as 

-E=-= --Vj [ V J· 
d1 d, +d1 

If u is the speed of projection, then the time to cross the plate 
is . 

I 
t= -

u 

For not to collide with the.plate, displacement of electron in 
normal direction is 

d1 I 
- = -at2 
2 2 

d1 = .!.(Ee)t2 . 
2 2 m 

[ 
• 2]"2 Eel 

u= -
md1 

(ill) We can redraw the circuit with K is open and when K is 
closed as shown ·in figures below 

With key open circuit is With key closed 

Initial and final energies stored in capacitors are 

1 2 
U.= -CV 

' 2 

u = .!. (~c) Y2 
f. 2 3 

Change in stored energy is given as 

1 (SC ) 2 AU=U-U.=- --CV 
I ' 2 3 

· 1 (2C) 2 1 2 AU= - - V = -CV 
2 3 · 3 

1 . 
AU= - x 3 x lo-' x 102= 100 µJ 

3 

(Iv) (a) The equivalent capacity C1 of the capacitors 3, 5 and 
4µF in parallel is given by 

'C,=3+5+4=12µF 

Similarly, the equivalent capacity C3 of the capacitors 4 and 
2µF in parallel is givenby 

C2 =4+2=6µF 

Now C1 and 4µF are in series. The equivalent capacitance C' of 
this is given by · 

I I I I I I 
- --+---+---
C' C1 4 12 4 3 

C'=3µF 
Again C2 and 3µF are in series. The equivalent capacitance C" 
of this is given by . 

I I I I I I - - -+- - -.+- - -
C"Cj3632 

C"=2µF 
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1Capacitance __ _ 

The equivalent capacitance C between A and B is given by 

C=C'+C"=3 µF+2µF=5µF 

(b) The charge on 5µF capacitor 

q = 120 µC= 120 x lo-"C 

Potential difference across 5µF capacitor is given as 

120x!0-6 
V= =24V 

5xl0-6 

As the three capacitors ofcapacities, 3µF, 5µF and 4µF are in 

parallel, the potential difference across each capacitor will be 
V, we have 
Charge on 3µF capacitor 

q3µF=3X 1Q-6x24 

=> q3µF=72Xlo-"C 

Charge on 4µF capacitor 

q4µF=4X JQ-6x24 

=> q4µF=96 x lo-"C 

Total charge flowing through C1 and 4µF is 

q = (72 + 120+ 96) x 10-0= 288 x lo-"C 
Potential difference across 4µF is 

=> 

288x!0-6 
V = 4µF 4xl0-6 

V4µF=72V 

Now net potential difference between A and B is given as 

VAB=24+72=96V 

The equivalent capacitance of C2 and 3µF is 2µF, the charge 

- - --- 4Ii] 

C1 has one plate connected at A and other atB which is at zero, 

potential, C2 has one plate at C (which is connected to A) and 

other at B which is alos at zero potential. C3 has one plate at C 

(which is connected at A) and other at oo which is at zero potential 

thus we can state that all three capacitances are in parallel so 
their equivalent capacitance is given as 

C=C1 +C2 +C3 

41t 91 ab 41t 91 be 
=> C= b-a + c-b +41tEoc 

C= 41te0 --+--
( 

ab c
2 

) 

b-a c-b 

(vi") Equivalent capacitance is given as 

1 1 I I 3+2+1 
-=-+-+-= =l 
c,. -2 3 6 6 

C =lµF ,q 

(a) Charge flown through battery is 

Q=C V=30µC 
"' (b) Charge on 3µF capacitor is alos 30µC as all capacitors are 

in series. Energy stored in 3 µF capacitor is given as 

Q2 30x30 
U= - = -- =150µ.T 

2C 2x3 

(c) Total eriergyin all the capacitors is 

flowing through these is 3µF · => . 30x30 
u,otal = -2- µ.T =450 µ.T 

q =96 x 2 x J0-6 C= 192 x I0-6C 3µF 

Potential difference between A and C is given as 

192xl0-6 
V = =64V 

AC 3x 10-6 

(v) In this case there are three capacitors present in this 
situation which are shown in figure below. 

V 

(d) Heat produced on switching is given as 

=> 

=> 

1 2 
H=qV--C V 

2 eq 

H=30 x 30-450 µJ 

H=450µ.T 

(vii) Capacitance of each capacitor between adjoining plates 
is given as 

C= 9l A 
d 

If plates are numbered as l, 2, 3 and4 as shown in below figure 
the equivalent circuit of three capacitors is given as shown 

below and its further reduction. 
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x._._2_) 
3-------
4--------~r 

Equivalent circuit of above system of plates is shown below. 

.-4 r2C X • 

X l2c C ~ I ~ TT 3 le 
CJ y 

,y 

(viii) Suppose Q is the charge on the capacitor. Choose a 
close loop abcdefghijklmna, as shown below and we can see 
potential difference applied across is E due to the battery B, as 
shown in figure below. 

This charge on capacitor is given as 

q=CE=6x lO--Ox 10 

q=60µC 

g f 

a C 

µm'--..1--1. H~J 
(ix) Considering numbers of plates from top to bottom and 
drawing.the equivalent circuit as shown below 

2--------
x·-~3,._ _______ _ 

4.---------
s------------~r e,,4 

d 

Capacila'.®lij 

re 
~a2 r-fc 

~ X 

·C C 
4 

"LC 
,y Tc 

•Y 

..1-

r2C X 

l3C IT ~ Ts 
Tye y 

(x) Capacitances of X and Y are given as 

s0A 5s0A 
Cx= d' Cy= d 

Cy=5Cx 

(a) As Cx and Cy are in series, so potential difference 
across X and Y are given as · 

and 

(b) 

CyV 5 
V = = - x 12 = IOV 
x Cx+Cy 6 

CxV I 
V = C C =-x12=2V 

y X + Y 6 

Energy stored in capacitors X and Y are given as 

q2 
U=-

2C 

U.x = (LJ (2CyJ = Cy =S 
Uy 2Cx q2 Cx 

Solutions of PRACTICE EXERCISE 2.3 

(i) We consider the potential of point Bas x and write the 
nodal equation for x which gives 

C(x-0)+4C(x-0) +2C(x-60) +3C(x-60)=0 · 

=> !Ox=300 

=> x=30V 
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jgapacltance'' 

(ii) If equivalent capacitance across terminals A and B is x 
then after first two capacitors if the circuit is broken then the 
equivalent capacitance of the remaining ladder will be 2x as an 
the capacitors of the ladder after first two capacitors is twice 
that of the original ladder as shown in figure so the effective 
circuit of the given ladder can be drawan as 

Use 

4x 
x=--+I 

2+2x 

4x+2+2x 
x= 

2+2x 

:xc2+2x)=6x+?. 

2x+2x2=6x+2 => x2-2x-l=O 

2±'14+4 
2 

1±2./i 
2 

As equivalent capacitance cannot be negative the capacitance 
across terminals A and B is given as 

1+2./i 
2 µF 

(iii) The equivalent system of capacitors is reduced as shown 
in figure below, 

C 

en 

C/4 

a, 

The equivalent capacitance, across A and B i& given as 

c,q= c[-½-] =2C=2µF 
1--

2 

(IV) Distributing potentials 'as shown in circuit below 

® 
M 

II~ 
lµF 

Eiw ii I II 
!OV 2µF 

® 
N 

Writing nodal equation for x gives 

l(x-5)+2(x+ 10) =O 

3x=-!5 

x=-5V 

Thus we have 

and 

(v) 

V ='5-(-5)= !OV 
IµF 

V: =5-0=5V 2µF 

Distributing potentials as shown in circuit below 

Writing nodal equation at point B gives 

C C , 
-(O-x)+-(O-x-10) =O 
2 2 

2x=-10 

=> x=-5V 

Thus we have 

Vc=-5V 

VA=-5+ 10=+5V 

(VI) The circuit shows an unbalanced wheatstone bridge in 
which to apply nodal analysis we distribute the potentials as 
shown in figure below. 

80V 

Writing nodal equations for variables x and y gives 
Bx+ 2(x-y)+2(x-80) =O 

6x-y=80 ... (!) 
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and 

=> 

2y-2(y-x)+4(y-80) =0 

4y-x=160 

Solving equations-(!) and (2) gives 

480 ' 1040 
x= -v and y= --V 

23 23 

In above circuit equivalanet capacitance is given as 

8x+2y 
=> CAB= ~ 

... (2) 

=> C =_!_(8x480+ 2xi040J=(48+80J=·l28 F 
AB80 23 23 '23 23µ 

Ratio of charges on 4rnF and 8rnF capacitor is given as 

q,µF 4(80-y) 

. q,"' 8x 

5 
6 

(vii) (a) Simple circuit is as shown below. 

2µFI II4µF 12 

l-
-----l-----C-

2J µF c,I4µF _ 

. 3µFI TC,~3µF 

.[7I6µF' 
LJ

20V 6µF 
(b) Charge flown through battery is given as 

q~,= (C.,.)V= (34µF) (20V)=60µC 

(c) In above figure shown pot~ntial differenceacross each 
6µFis 

, , Capacltanc.:il - --- - -~ ~--~~~ 

As Ve =IOV, => qc·=(C1)(Vc)=30µC 
I I I 

(d) As Ve= IOV, 
2 

=> qc =(C,)(Vc)=20µC 
2 2 

(e) AsV =5V. · c, ' => qc
3 
=(C3) Wc)=20µC 

Above question can be solved very easily by using the method 
of nodal analysis. Students are advised to solve this question 
using the method of nodal analysis. 

(viii) (a) The given circuit is a balanced wheatstone bridge 
in which we can remove the middle branch in which 5rnF 
capacitor is connecteed after which we can solve the circuit by 
using series and parallel analysis or solve by nodal analysis 
by connecting a I OOV battery. Students should try this by 
both methods. 

(b) In this circuit also for left and right side ofcapacitances 
the ratio of capacitances on top branch and middle branch are 
same and similarly the bottom and middle branch are same so 
the circuit is similar to the balanced wheatstone bridge in which 
the potentials at all thr_ee II1iddle junctions will be same.so the 
middle 9mF capacitors can be removed and circuit can be solved 
using series and parallel analysis. Students can also solve it 
by considering different potentials x, y and z at the middle 
junction and connecting a 1 OOV battery across terminals A and 
B and applying nodal analysis and verify the the result obtained. 

( c) With the same concept explained in part-(b) in this circuit 
also all the 4rnF and 8rnF capacitors can be removed and circuit 
can be solved using series and parallel analysis. 

Solutions of PRACTICE EXERCISE :Z.4 

(i) Ifwe connect a !OOVbattery across A andB potential is 
distributed as shown in figure below. 

@ 

c~c 

A c~c 
@ 

<@'.) 
B 

~ C C 

(@) 

~-----+'-< ,_------~ 
IOOV 

In above circuit middle branch capacitors can be renewed as 
their potentjal on both plates is 50 so middle branch capacitors 
can be removed. 
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(ii) Applying a JOOV battery and distributing potentials as 
shown in figure below 

+ c=-~------' 
lOOV 

Writing nodal equation for x gives 

C(x-0).+C(x-50) +2C(x- 100)=0 

4x=250 

125 
x=-V 

2 

C,q across A and B is given as 

qbattery 
C =-

,q V, 
battery 

C = .::.Cx::...+.:...C=.(,::.5"-'0)c..:+-=2-=C-"(l-'-00.:...-.:...x~) 

'" JOO 

C (125 ) C = - -+50+200-125 
'" JOO 2 ' 

375 15C 
c,q = 200 C= -8-

(iii) Applying a I OOV battery and distributing potentials as 
shown in figure below 

~-----+'-n=-----~ 
1opv 

Writing nodal equation for x gives 

495] 

C(x)+ C(x-50) + C(x-50) + C(2x- JOO) =O 

~ 5x=200 

x=40V 

C eq across A and B is given as 

C = qbattery = 2C(x) + C(50) 
,q Vbattery JOO 

(w) Applying a JOOV battery and distributing potentials as 
shown in figure below 

(§) @ 
B A 

~------'--<+ c=-~------' 
lOOV 

Writing nodal equation for x gives 

C(x-0) + C(x-50) + C(x-50) + C(x-50) = 0 

4x=150 

150 75 
x=-=-V 

4 2 

c,q across A and B is given as 

C = _%_att_ery_ = _2C~(5_0~) +_C_,_(x-'-) 
,q Vbattery I 00 

Students can also try solving this circuit by removing capacitors 
in middle branch and reducing the circuit. 

(v) Applying a JOOV battery and distributing potentials as 
shown in figure below 
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® 

~ <1@) C C ® 
B A @ -

C C ~ 
® 

+ -
IOOV 

Writing nodal equation for x gives 

C(x- 0) + C(x- 50) + C(x - 50) + C(2x- 100) = o· 
5x=200 

x=40V 

C"' across A and B is given as 

%attery 2C(50) + C(x) C =--=-~-~. 
,q Vbattery I 00 

I00C+40C 140C 7C 
c,q = 100 = -1-00- = -5-

(vi') Applying a IO0V battery and distributing potentials as 
shown in figure below 

B ® 

~--------"'<+ ,c-c__ _______ __, 

!DOV 

Writing nodal equation for x gives 

C(x-0)+ C(2x-lO0)=0 

C"' across A and Bis given as 

C = %artery = 4Cx = 4C 
oq Vbattory I 00 3 

Alternative method : 

The circuit can be reduced by removing capacitors having same 
potential on both of thin plates as shown below 

A B 

.J, 

C/3 

4C/3 

A C/3 
B ~ A------1-----B 

C/3 

(viI') Just like previous question the circuit can be.reduced as 
shown below. 

.J, 

C/3 

C/3 

A B 

C/3 

.J, 

A 
C B 

(viii) Applying a IO0V battery and distributing potentials as 
shown in figure below 
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IOOV 

Writing nodal equation for x and y gives 

C(x-0)+ 2C(x-y)+ C(2x- 100) =0 

5x+2y=l00 

and 2C(y-0)+2C(y-x)+2C(y-x) + C(2y-100) =0 

8y-4x=l00 

Solving we get 
125 225 

x= -Vandy= -V 
4 8 , 

C"' across A andB is given as 

%,ttery 2Cx+ Cy 
C =--=---

•• Vb,ttery I 00 

(ix) Applying a I 00V battery and distributing potentials as 
_shown in figure below 

~~-----'-!+ r-~----~ 
IOOV 

Writing nodal equation for x gives 

C(x-0) + C(x-50) +2C(2x- 100) =0 

-- ,_ - --· ··-·· - '" 

·- . --·- 4~7j 

&=250 

125 
x=-V 

3 

C,
4 

across A and B is given as 

C = %,ttery 
eq vbattery 

c,. 
2Cx + 2C(50) + 2C(2x-l00) 

100 

C = - -+50+--100 C (125 250 ) 
eq 50 3 3 

(x) Applying a I00V battery and distributing potentials as 
shown in figure below 

0 
2r;~,c 

0 2
c-L ,;::2c ,, 

C 2C 

~------<+ >-------~ 
IOOV 

Writing nodal equation for x andy gives 

C(x-0) + 2C(x-y) +2C(x-y)+ 2C(x- l00) = 0 

7x-4y=200 

2C(y-0)+2C(y-x)+2C(y-x)+ C(y-100)=0 

7y-4x=l00 

Solving equations-(!) and (2) gives 

600 500 
x= 11 v andy= 11 V 

C"' across A and Bis given as 

C = %,ttery = 2Cx + 4Cy 
,q V battery IO 0 

= .£[2(600) +4(500)] 
C,q 100 I I 11 

32 
C =-C 

•• I I 

... (!) 

... (2) 
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Solutions of PRACTICE EXERCISE 2.5 

/' (i) Initial electrical energy is given 'as 

After the capacitors are connected in parallel, the equivalent 

capacitance is C1 + C2• Let Vbe the common potential then it is 

given as 

Final energy is given as 

Energy increment= Final energy-initial energy 

1 · c2v,2 
I I 

t.U= 2C +C 
I 2 

t.U= 

The negative sign shows that some energy is dissipated as 

heat when rearrangement of charges takes p_lace. 

(ii) Figure shows the initial charge distribution on capacitor 

plates 

C 

A 

+Q. +3Q +Q 
2 -3Q 

2 

- +3Q 
0 - 0 

2 -3Q t-----~ 
2 

-
C 

Final potential difference is 

(iii) Total charge coming out of battery= 0 

Writing nodal equation for y gives 

S[y+ 20-(x-20)] + IO[y+ 20-(x+ IO)] 

+ 1 O[y- (x + l 0)] + S[y-(x- 10)] = 0 

=> y-x+40+2y-2xt20+2y-2', 

-20+y-x+l0=0 

6y-6x+50=0 

Writing nodal equation for 0V point gives 

B 

... (I) 

-3Q 10(20-x) + 5(20-x+ IO)+ 5(0-x)+ 10(0-x+ 20) =0 

=> 40+ 30+ 40-2x-x-x-2x=O 

+Q +3Q 
+4Q 

"-Q 
-2Q 

When above capcitor is connected in parallel with identical from equtaion-(1) 

6x=II0 

capacitor, inner plate charges will be equally distributed as 6x-50 60 
shown in figure below Y = - 6- = 6 = IOV 

... (2) 
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I capacitance 
C-,- ='»-~.-·-·'-, ,, __ --

(IV) Distributing potentials as shown in circuit below 

6V 4µF 

® 
O'l---;f-----,------, f-----, b 

12V 2µF 

24V 

Writing nodal equation for x gives 

4(x-6)+2(x-12)+ l(x-24)=0 

=> 

=> 

7x=72 

72 
x=-V 

7 

lµF 

72 
V-V=-x=--V 

a b 7 · 

0 

(v) When Sw
1 

is closed and Sw
2 

is open then capacitor Bis 
charged upto I OV so its find charge will be 3 x 10 = 30µC 

Now Sw, is open and Sw
2 

is closed then find conunon potential 
difference of the two capacitors in parallel be comes 
Thus find charges on capacitor are 

'.30 
Ve= 3+2 =6V 

QA=2x 10-0Von=l2µC 

Q8 =3 X !O-OV an= 18 µC 

(VI') Ifwenumberplatesas I, 2, 3 and4 from top the equivalent 
circuit is shown in figore below and capacitance between two 
plates is given as 

C= 9l A 
d 

we distribute the potentials in the circuit shown 

c== 

Writing.nodal equation for x gives 

C(x-0) + C(x-4V0-0) + C(x-4V0 -Vo)= 0. 

=> 3x=9V0 

charge on lowest plate of capacitor between plates 3 and 4 is 
given as 

3 9l AV0 
q = C(x-0)=3CV0 = d 

(vii) Figore shows the initial charges on capacitors A and B 

X 
lµF 

+lOOµC -IOOµC 

(a) 

y 

P ___ -_so_o_µ_,c
1 
... +_so_o_µ_c ___ Q 

5µF 
(b) 

Initial energy of the two capacitors is 

1 I 
U.= -xlx(I00)2 +-x5x(I00)2 

' 2 2 
=3 X J04 µJ=0.03J 

After connection as shown in figore below final common 
potential difference of capacitor is given as 

500-100 400 200 
V. =---=-=-V 

C 1+5 6 3 

lµF 

-400µC +40DµC 

xP 

5µF 

final charges on capacitor are given as 

200 200 
qtµF= lx-3- = -3-µC 

200 1000 
qSµF= 5 x-3- = -3-µC 

Final energy stored in capacitors is given as 

I -6 (200) 2 

U=-x6xl0 x -
f 2 3 

4 
10 

.. 2 
= 3x =0.0133J 

Loss in energy t.U = U,--[7;,= 0.03 -0.0133 = 0.0167J 
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(viii) Distributing potentials as shown in figure 

Writing nodal equation for x gives 

6(x-25)+ 3(x+ 15) =0 

3x=35 

35 
x=-

3 

Thus charge on capacitors are 

and 

(ix) We distribute the potentials in the circuit shown in figure 
below 

~ 5µF ® r' IIOµF 
IOOV 

T . I 
5µF 0 

50V 

Writing nodal equation for x gives 

10x+5(x+200)+5(x+ 150)=0 

4x=-350 

x=-70V 

I 
5µF 

Thus charge on I0mF capacitor is given as 

qlOµF= 10 x 70=700µC 

1 
200V 

~ 

(x) In the circuit we distribute the potentials as shown in 
figure below with reference to a zero potential considered at 
negative terminal of20Vbattery. 

Writing nodal equations for x and y gives 

2x+4(x-y)+4(x- l0-20)+ 8(x-10-y+40) =0 

=:, 9x-6y=-60 

=:, 3x-2y=-20 

and 4(y-x)+ 8(y-40-x+ 10)=0 

3y-3x=60 

y-x=20 

Solving equaitons-(1) and (2) gives 

x=20V 

,This gives charge on 2mF capacitor as 

q2µF=2x=2 x 20=40µC 

So/11tio11s of PRACTICE EXERCISE 2.6 

... (1) . 

... (2) 

(i) When switch is open equivalent circuit is shown in 
figure and equivalent capacitance is given as 

3x2 6 
C =-=-=12µF 

oq 3+2 5 · 

Charge on each capacitor in series is 

q = c .. v'°t,J = 1.2 x 120 

q=l44µC 

l ZµF1144µF 
)60V tl44µF 

l F.b-144µF 
V 3µ 

TL6_o _________ _,Jl44µF 

Above figure shows the charges on each plate of the two 
capacitors. When Sis closed the potentials are distributed in 
circuit below from which final charges on all plates are obtained 
At terminal B initial charge was zero where as final charge is 
180- 120 = 60µC which must come from the switch after closing 
thus charge flown through the swich is 60µC from left to right 
i.e from. A toB. ' 

(ii) When Sis open the capacitance of circuit is 

2CxC ·2c 
C =--=-

initial 2C + C 3 
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§e8dtinee:~· ,. ="-
After closing the switch final capacitance of circuit is 

Cfin,1=C 

(a) Charge flown through battery is 

AQ=ACx V 

AQ=(c_zc)v=cv =2x30=ZOµC 
3 3 3 

(b) Heat produced is 

· (1 12cv2) H=W -AU=AQV- -cv2----
B 2 2 3 

=> H=600-(900-600)=300µJ=0.3mJ 

(c) Energy supplied by the battery is 

W=AQV=600µJ=0.6mJ 

(d) Initial charge_on all capacitor plates connected to right 
side of switch is zero and finally after closing the switch final 
charge on right side of switch is the charge on·right capacitor 
as both the left capacitors are short circuited. The charge on 
right capacitor after closing the switch is 

qr=60µC 

Thus total charge flown through switch is 60µC. 

(iii) Initial charges on capacitors are 

qtµF=l xZO=ZOµC 

q2µF=Zx 15=30µC 

Distributing potentials in circuit shown 

i . 1~. ~ ,~~ I 
- .. . ® 

30V 

Writing nodal equation for x gives 

Zx+ l(x-30) = 10 
3x= 40 

40 
x=-V 

3 

Thus final charges on capacitors are 

( 
40) 50 q = Ix 30-- =-µC 

lµF 3 3 

Students can also try and verify the results by solving above 

equation using method of flow ofcharges. 

(iv) When Sis _open circuit is shown in figure below with left 
two capacitors are short circuited. 

f------1 f------1 
C C C 

- + 
E 

Thus charge on thre three remaining capacitors are 

After closing the switch circuit becomes as shown in figure 
below in which the potentials can be calculated by series parallel 
or nodal analysis as mentioned in the figure. 

A c Bl@i)c 
C I C ® C . 

2cE l2CE 2CEI >-,-c"'E~-CE-Hl-c-'E--C-<'EI I CE sCEI sc ® 
+7,-7 -7 +7 -7 +7 -7 +7 -7 +7 

E 

Now equivalent capacitance becomes 

SC 
2x C SC 

C =--=-
'" SC +C 7 

2 

Thus final charges on plates are shown in figure. Initial charge 
on terminal B wa zero and final is 

5CE CE 4CE 
---+-=---

7 7 7 

Thus charge flown from B to A through the switch is 
4
~£ . 

(v) Distributing potenital in circuit shown below after closing 
the switch 3µFn 

+ 20V 
2µF ~ S 4µF rr,+---0---1~r-i 

V SµF~ V 

y 
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Writing nodal equation for x gives 

=> 

=> 

2x+3x+ 5x+4(x-20) =120 

14x=200 

100 
x=-V 

7 

Final charges on capacitors are 

200 
q2µF = 2x= 7 µC 

300 
q =3x= -µC 3µF 7 

160 
q4µF =4i(x-20)i=? µC 

(vi) Initial charge on capacitors is 

C 
qc = q,._= -E 

I ~, 2 

final charge on capacitors are 

qq =2CE 

qc
2 

=CE 

Heat produced in switching is given as 

2 2 Aqq liqc
2 

H= 2C +2C 
1 2 

9-2,l 2 5 2 
H= -CE +-CE = -CE 

8 8 4 

(vii) Wiien switch is open charge on capacitors are 

qc1 = qc2 = I x20=20 µC 

qc3 =0 

After closing the switch circuit is shown figure 

@i-----1 IOV @ . 

1 I I ' 1 
ZµFLLr-120V 

0 !OV @ 2µF @ 

Writing nodal equati~n for x gives 

2(x+ !0)+2(x+ I0-20)+2(x-30)=0 

3x=30 

x=IOV 

Thus find charge on _capacitors is 

qc2 =0 · 

qC3 =2 x 20=20 µC 

Thus heat produced on closing the switch is 

a,. Capachan·C~ ________ ,Mi 

Aqf /iqi !iqf 
H=-+-+---- =300µJ=0.3mJ 

2C1 2C2 2C3 

(viii) Initial charge on capacitors is 

4 
q4µF=q2µF= 3 X30=40µC 

After closing the switch charge on capacitors are 

q =4Xl0=40µC 4µF 
q2 ,=2X20=40µC µ ' 

As there is no cha\lge in charges on capacitors so no heat will 
be produced. 

Solutio11s of PRACTICE EXERCISE 2. 7 

(i) The capacitance C0 before the dielectric slab is 
introduced is given as 

e0A (8.9x!0-12 )(10-2 ) 

Co=d = 10-2 

C=8.9 x 10-12 F 

Free charge on plates is given as 

=> 

q ;= C0V0 = (8.9 X 10-12) X 100 

q=B.9 x 10-10 c 

Now, Electric field intensity between plates is 

Vo 100 
E =-=-=I.0xI04Vfm 

0 d 10-2 

As battery is removed plate charge will remain constant and 
electric field intensity in dielectric is given as 

E0 I.0xl04 
E= - = --- =143 x I03 V/m k 7 . 
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fcai,acitance ; __ , -··--- . _ .. 

Potential difference between the plates with dielectric present 

is given by 

V=Eo(d-b)+Eb 

~ V=(I.O X 104)(10-2-0.5 X 10-2) 

503! 

Force on dielectric is given is 

F= l~I = 11R ~ vz (k-1) 

+ (1.43 x IO') (0.5 x J0-2) (iv) (a) The capacitor of A without dielectric is given as half 

~ V=51V 
The free charge on the plate will remain the same as before. 

The capacitanc.e with dielectric present is given as 

q 839xl0-IO 
C= V = 57 

C=J6x 10-12 F=l6µF 

(ii) Initially, the capacitor is equivalent to two capacitors 
C1 and C2 in series which is given as 

where 

I I I 
-=-+-c C1 C2 

C .-
- s0A d Ks0A -~-an C=-~-

1 0.Sxl0-3 2 9.Sxl0-3 

~ C=l802"<,A 

charge on plates is given as 

q=CV= 1802s0A x 100= 180200s<t4 

The capacitance after the removal of crystalline plate is given 
as 

s0A s0A 
C'= d = lxl0 ... 2 = IO0s<t4. 

If the new potential difference be V', then we use 

q = CV=C'V' 

~ 1802 x 100 x s<t4= IO0e<t4 V' 

~ V'=l802V · 

(iii) For the given situation as d << R we can consider the 
given cylindrical capacitor as a parallel plate capacitor so the 
capacitance when dielectric is filled upto a distance x into 
capacitor is given as 

~ 

C= k 9l (211Rx) + 9l (211R(l-x) 
d. d 

211R9i 
C= --(1-x+kx) 

d 

Energy stored in capacitor is 

U= .!.cv2 

2 

2 
1IR9iV (1-x+kx) 

d . 

capacitor 

e0A (8.85x10 ... 12)(0.02) 
C = - = -'------'"'o---'-

1 d 8.85x!0-4 

~ · c
1 
=0.2 x Io--9 F 

If the capacitor with dielectric be C2 for halfof A we have then 

C = ks0A = (8.85xl0-
12

)(0.02) xg 
2 d 8.85x!0-4 

. C2 = 1.8 x 10-•F 

Total capacitance of capacitor A with half filled dielectric is 

C=C
1 
+ C

2
=2 x 10-9 F 

I 2 
Energy stored U = 2 CV 

~ 
I 

U= 2 X (2 X 10-9) X (110)2 

~ U= 1.21 x 10-5 J 

(b) When the slab is removed, the find in capacitor will be 

energy (j1/2C 

Q=CAV=2 x 10-•x 110 

Q=220 x !o--"C 

Find capacitence of empty capacitor A is 

soA 8.85x!0 ... 12 x0.04 
C =-=------

A d 8.85xl0-4 

CA =0.4 x lo--"F 
Find energy is given as 

Q2 (220xJ0 ... 9 )(220 X Jff"') u = - = ~--~~--~ 
f 2C 2x0.4xl0-9 

~ U1= 6.05 x I 0-5 J 

Workdone by external agency is given as 

(c) 

W= UrU,=6.05 x ,o-5 - 1.21 x ,o-5 

=4.84 X JQ-S J 

Capacitance capacitor A is given as 

C =·s0A 
A d 

CA =0.4 x !0-9F 
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Capacitance capacitor B with dielectric is given as 

(8.85x!0-12 )(0.02) 
9 

I --9 
C = ~---'--~-'c-~x = .8 x IO F 

B 8.85xJ0-4 

The charge is shared by both. So find common potential 
difference across capacitors is ,given as 
Common potential= charge/total capacity 

220xl0-9 

V =--~=lOOV 
C 2.2xl0-~ 

Capcitance system in 

C = (1.8 + 0.4)µF 

Energy stored in system is 

I 1 
U= 2 CV'= 2 X (2.2 X !o-9) X (100)' 

U=l.l x 10-5 J 

(v) (a) Before filling the dielectric, the equivalent 
capacitance of system is 

CxC C 
c 1=c+c=2 

Charge on plates of each capacitor is 

C 
qo= 2 x V 

After introducing the dielectric, the equivalent capacitance is 
given as 

· Cx(KC) KC 
C,= C+(KC) = (l+K) 

New charge on plates of each capacitor is 

(a) 

tuf7'A ,E~V 

KC B 
q' 

(b) 

Electric .field strength before introducing dielectric is each 
capacitor is 

V/2 V 
£ 1 = d = 2d 

Electric field strength after introducing dielectric is given as 

V 

(l+K)d 

E1 (V/2d) '(K+I) 
£

2 
= V l((l+K)f) = -2-

(b) Charge flown through battery is 

t. = _ = KC v_cv =CV(K-1) 
q q, q1 (1+K) 2 2 K +I . 

(vi") The relative permittivity at a distancex from left plate in 
dielectric is given as 

e(x)= 9 +( e, ~ 9 )x 

we consider an elemental capacitor as shown in figure of which 
capacitance is,given as 

X 

dC= _e-'-(x-'-)_91"-A
dx 

X y 

As all such elemental capacitors are in series we use 

d 
_. I = J-1 = f dx · 

C,y · dC O A[ (E2 -Ei) ] . Eo Et+ X 
d 

Cxy 

d ' d 
_'=<I_A_( ez---9-) [ In [ Ei d + ( e, - 9)x lJo 

c,,, 
Eo A(E2 - E1) 

din(::) 
(vii) Leakage current in a leaky capacitor is given as 

i= .!l!}_e-1/RC = _q_e-1/pkeo 
RC. pk 91 
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jCapacitance 

At I= 12s current is given as 

7.4xto-12xli 
i = 8.85 X 10-6 x 7.4 X 10-

12 
e SxS.SSxl0-12 

5 X 8.85 X 10-12 

i = J.48 X lo--6(2.718)-2 =0.2 X !o--6 

i=0.2µA 

(viii) In air electric field is given as 

Cf q 
E=-=-

o to Ato 

In dielectric, field is given as 

Eo 
E=-

k 

and in conductor field is zero. Hence, the E-x graph is as shown 
in figure. 

E 1 I I 

E~ H ~· H i 
' ' ' 

' i '---l 
' ' ' ' ' 

0 d2d3d4d5dx 

Using V= Ed (in uniform field) and assuming the potential at 
positive plate as V0, the V-x graph is as shown. 

V0 - JE,p-Ed'~-~--.J 

0 d 2d 3d 4d Sd X 

(ix) Since collision is elastic the velocity of dielectric after 
collision is v 0• 

Dielectric will move and when it is coming out of capacitor a 
force is exterted on it by the capacitor in inward direction which 
is given as· 

E2t 0b(K-l) 
F= 2d 

Wliich decreases its speed to.zero, till it comes out it travels a 
distance a so we use 

.!_ Mv' = E 2
e0b(K - l)a 

2 o 2d ' 

5051 - -------------'-''-'-' 

V =E -·~~-~ [
t ab(K -1)]112 

0 Md 

(x) If liquid is rising upto a maximum height his capacitor 
plates we ·use 

where 

and 

q2 q2 h 
-=--+mg-
2C1 2C2 2 

C = 9l A 
l d 

C 
_ _ k__,9i'-h_,_(A_l-'-I) +-9i,,__(,_l_-h-')~(A_l--'-l) 

,- d d 

C = 9l A(/-h+kh) 
2 Id 

Thus we have from equation-(!) 

... (1) 

1 9l AV2 e2 A2V2 di h 
o 2d2 Eo A(/-h+kh) + phd(A/l)g1 2 d 

EoAV
2 (!. I )=pgdAh

2 

2d 1-h+kh 21 

Eo AV
2 

[ R(k-1) ] = pgdAh
2 

d l+h(k-1) I 

V= 
pghd2 

(/ + h(k- !)) 

Eo /(k-J) 

(xi) We consider an elemental capacitance of with dx as 
shown in figure between plates of which capacitance is given 
as 

dC 

and dC' 

( 9l +f3x)A 
dx 

[91 +P(d-x)]A 

dx 

l+-d/2 ---d/2 --+I 

d 
for x< -

2 

d 
forx> -

2 
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equivalent capacitance is the series combination of all dC's so 
we use 

d,q = f()c + d~.) 
I d/2 dx d dx 

-C,-q = ! (91 +f3x)A + )
2

[(91 +p(d-x)]A 

c,q= [ AP dl Eo+P-
2ln 2 

Eo 

without dielectric capacitance is 
c· =2C 

eq 

... (!) 

For all values of p satisfying equation-(!) we have C,q"' 2C. 

(xii) For dielectirc strength maximum potential differe~ce 
which can be applied across capacitor is related as 

V 
E=

B d 

V · 103 
d=-=-· =10-3 m 

E 106 

We use capacitance of capacitor 

EoEr A 
C=-d-

Cd 
A=-

EoEr 

88.5 x!0-12 x!0-3 

A 8.85-x!0-12 x!O 

(xiii) We can consider the given capacitor as series 
combination of two capacitors, one field with glass and other 
filled with paraffin. if capacitance of glass (kP = 2) filled capacitor 
is Cthan that of paraffin (k

2 
= 6) filled capacitor will be 3C. if 

potential differences across those are V1 and V2 we have 

(a) 

and 

(b) 

(c) 

CV1=3CV2 

V1 + V2 =300 

V1 =75Vand 

V2 =225V 

C 

glass 

JC 

paraffin ._ 

300V 

Eelectric field intisites are given as 

· v; 75x100 
E = - =-- =J 5xJO"V/m 

I d
1 

0.5 . 

V2 225x100 
E = - = --- =4 5 x !O"V/m 

2 d, 0.5 . 

v, =75Y; V.,=225V 

Free charge on plates in given as 

... (!) 

... (2) 

· l C1C2 ) 3 3 (2E;A) Q= -- V=-C;U=- -.- 300 
C, +C2 · 4 4 d 

Surface charge density on plates is given as 

Q 
cr= -

A 

(xiv) Charge on capacitor without dielectric is 
q0 = CV0 

when it is connected with another capacitor C'= kC in parallel 
then final common potential difference is given as 

CVo 
Ve= C(l+k) 

=:, V JI + Ve)= V0 

v,? + Ve-156=0 

=:, CVe+ 13)(Ve-12)=0 
=:, Ve=l2V 

[Ask= VcJ 
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Solutio11s of CONCEPTUAL MCQS Single Option Correct 

Sol. 1 (C) As the charging battery is disconnected, charge 

on plates of capacitor will remain constant and on inserting the 
dielectric slab capacitance increases so potential difference 
decreases and stored energy also decreases. Thus option (C) · 
is correct. 

Sol. 2 (A) From the given circuit we can see that there are two 

capacitors formed which are connected in parallel across the 

battery so total charge supplied by the battery to the middle 

plate is sum of the charges on ,the two capacitors which is given 
as 

Surface charge density is given as 

Sol. 3 (D) The electric field between the plates of capacitor is 
given.as 

E=R=LQ_ 
2As0 2 Cd 

3Q 
Ed=- =V 

2C 

_The force between the two plates is given as 

F=QE 

F-Q( 2Q) 
2As0 

2 
F= J1_ 

As0 

Energy stored betwen piles is given as 

. l (3Q)2 

U= 2"0 2Cd Ad 

9Q2 
U=--

8 C 

Thus option (D) is INCORRECT. 

Sol. 4 (C) Each capacitor is charged and theri removed from 

the battery.-Changing the plate separation in a parallel plate 

capacitor or the radius of any shell or cylinder in the spherical 

or the cylindrical capacitors will not change the charge on any 
capacitor. Each capacitor, in the disconnected state, is an 

isolated system. 

I . · I C ¾A . ·11· .d. n situation , as = d, capacitance Wt mcrease as 1s 

reduced. V = ~ decreases as Q being the same. 

In situation II, as C= 4m;0 _!!'!_ = 4m;0--a-, a and bare the 
. . b-a I-alb 

radii of'the inner and the outer spherical shells, respectively. 

As bis increased, capacity will reduce and V= ~ incr~ases as 

Q being the same. 

L 
In situation III, as C= 2m;0 ln(M a) ,Lis the length ofcylinders, 

a and b are the radii ofinner and outer cylinders, respectively. 

As bis increased, capacity will decrea~e and V= ~ increases 

as Q being the s.ame. 

Sol. 5 (C) As outer plate terminals are open no charge flow 

will take place anywhere. The capacitance is halved as the two 
capacitors are connected in series so, the potential difference 
is now doubled acorss the outer plate terminals. 

Sol. 6 (A) Five capacitors in parallel gives 5 x 2µF = I 0µF 
capacitance and two capacitors in series gives a capacity I µF. 

When the two combinations are connected in series, the 
resultant capacitance will be(I0 x 1)/(10+ I)= (10/ll)µF. 

Sol. 7 (B) In circuit (a) one plate of one capcitor is connect 

directly to another capacitor so these are in series. In circuit (b) 
and (c) both the two plates of each capacitor is connected 

across the battery so both the capcitors are connected in parallel 
across the battery in both the circuits. Thus option (B) is correct. 

Sol. 8 (C) The potential difference across each capacitor in 
series across a voltage Vis equally divided so we have 

V 
Vc=z 

Capacitance of capacitor is given as 

Q 2Q 
C= V/2 =v 

Thus option (C) is correct. 
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Sol. 9 (C) For an isolated capacitor, charge on it remains same 
so electric field between the plates remains constant. 

Sol. 10 (C) In the direction of electric field potential 
continuously decreases as inside or outside the slab electric 
field direciton is same from left to right. 

Sol. 11 (B) As capacitance of B increases due to insertion of 
dielectric the potential difference across B decreases as in series 
combination potential difference is distr(buted in inverse ratio 
of capacitances. Thus potential difference across A increases 
so energy stored in capacitor A will increase. Thus opiton (B) is 
correct. 

Sol. 12 (D) The voltage across each capacitor will be Vin. 
Thus energy stored in each capacitor will be given as 

Sol. 13 (A) Electric field between the two plates is given as 

a 
E=-

. Eo 

Half of above electric field is contributed by one plate and 
remaining half is contributed by other plate. The electric field. 
on the charge is given as 

F=qE 

CJ 
F=q-

•o 
If one plate is removed then electric field on the charge will be 
only due to the remaining plate which is halfofthe initial field 
so new force will beclome 

CJ ,F 
F'= q-=-

2s0 2 

Sol. 14 (D) As system is connected to earth, system pot~ntial 
will bemaintained to zero so its capacitance will be infinite. 

Sol.15 (C) Displacement current through the capcitor is given 
as 

id= E~( ~~) 
Froni t:=Oto4µs, 

0.4 xi06 

id= 8.85 x 10-12 x I x . _,, =0.885A 
yxlO 

From I= 4µi- to 8µs, 

id=8.85 x 10-12 x 1 xO=O 

Sol. 16 (B) As battery is disconnected after charging then 
charge on capacitor will remain constant and it is given as 

9J AV 
Q=CV=--

d 

After insertion of slab capacitance becomes 

, ,a_ kA 
C'=kC=--:"

d 

The potential difference across the plates and electric field 
between the plates wi!l now be 

V 
V'= -

k 

E V 
and E'=-=-

k kd 

Work done in insertion of slab is given as 

= _ = 9l AV
1 (,-.!_) wu1u, 2d k 

Thus option (B) above is INCORRECT. 

Sol.17 (C) If the pot,ntial atpointD is considered as x !lien 
writing nodal equation at node D gives 

x-v; + x-v; =O 
c1 c, 

.Solving above equations, we get 

x= [Cii"i + C2Vi] 
C1+C2 

Sol. 18 (C) The common potential after connections is given, 

as 

2Cx2V-CV 
V'= =V 

C+ZC 

Final energy of the system of capacitor is given as 

I 
U= -(C+2C)J/.1 

2 

3 
=> U= -cf/.' 

2 

Thus option (C) is correct. 

Sol, 19 (A) As battery is disconnected from the capacitor its 
charge will remain constant. 

Sol. 20 (C) The potential difference across each capacitor is 
V so when these are connected in series the terminal potential 
difference will become n V. 
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Sol. 21 (B) In the given system of sheets electric field only 

exist between the plates which is given as 

cr 
E = - = Constant 

So 

Due to opposite polarity of charges on sheets in outside region 
at all points electric field will get cancelled out. 

Sol. 22 (C) When a capacitor is charged by a battery then a 
charge equal to CV flows through the battery for which battery 
does a work equal to Cr and out of this amount (1/Z)Cr is 
stored in the capacitor which is half of the total work done by 
battery. Remaining half is dissipated as heat in the circuit so we 
have 

WBattery = ~ 
Esrored 1 

Sol. 23 (B) Figure below shows the respective capacitances 

between adjoining plates numbered I to 6. 

C A 

C 2 

C 

J C/2 

{I C 
6 

The equivalent circuit of the above system is as shown in 
figure below. 

2
Ic 
1•------•B 

C 

3e---

~--.5 
C 

Ae----~--•6~---< 

Above circuit can be redrawn as shown below. 

C 

- -- ·-"'~--- ., ~-- 5091 
··- -----· ,._ ::J 

Thus across terminals AB equivalent capacitance is given as 

11 11 · 
cAs= 7c = 7 (7µF) 

CAB=llµF 

Sol 24 (B) After reconnecting energy is supplied by the· 

battery as charges will flow and capacitor is first discharged 

and then recharg,d to the same level by reverse polarity so 

incorrect statement is (B). 

Sol. 25 (B) Initially capacitance is given as 

C = (Co)(Co) = Co =O 5C 
net_ Co+Co 2 . o 

Finally capacitance is given as 

C = (Co /2)(2Co) 0 4C 
n,t (Co/2)+2Co . o· 

Sol. 26 (C) By branch manipulation we can consider that the 

two capacitors are connected in_ series across the series 
combination of the two cells in series so charge on each 
capacitor is given as 

=> 

q = (Er + Ez)Cnet 

C1C2 
q=(E1+E2)-~

C1 +C2 

So the potential difference across the capacitor C2 is given as 

V·=..'L.=(E1+E2)c 
ab C C +C r 

2 1 2 

Sol. 27 (C) For the empty capacitor we have 

Eo A 
C= -=9pF 

d 

After two dielectric slabs are filled between the plates these 
can be considered in series combination for which equivalent 
capacitance is given as 

C = ,q 

(3s0:K1 J(3";~2) 
3s0AK1 3s0AK1 
~-~+~-~ 

d 2d 

=> c,.=40.5pF 

Sol. 28 (D) Electroscopoe in the above case will read the 
battery voltage asit is connected in parallel so its reading will 

decrease only if battery voltage is decreased. 
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ls10 - - ·····. _·· ·: _____ _ • Capacitance1 
'" -- ----------··~-~ 

Sol. 29 (B) Initial charge on the capacitor is CV and energy => C=lµF 

stored is given as 

u= I.cv' 
; 2 

After replacing the dielectric slab capacitance becomes 2C/3 
. and charge will remain same as battery was disconnected so 
final energy in capacitor is given as 

q2 (CV)2_ 
U=-=~~~ 

f 2C' 2(2C /3) 
icv2 

4 

Thus the ratio of energy stored is given as 3 : 2. 

Sol. 30 (C) Figure below shows the connection for the desired 
capacitance. 

4µF 4µF 

4µF 

Sol. 31 (D) Net work done by the system in the pr9cess is 
zero, as in removing the dielectric, work done is equal and 
opposite to the work done in re-inserting the dielectric. 

Sol. 32 (D) To get !O00V from 250V capacitor, we need four 
capacitors in series. Their capacitance becomes 2µF. To get 
l 6µF, we have to connect 8 series, each of 4 capacitors in parallel. 
So total number of capacitors is 8 x 4 = 32. 

Solutions of NUMERICAL MCQS Single Options Correct 

Sol. 1 (C) The potential difference is divided in inverse ratio 
of capacitances in series combination so we use 

Sol. 2 (B) We can distribute the charges on plates on their 
. inner and outer surfaces of the plates which gives the charges 

on capacitors to be 9µC and 1 µC on the inner facing plates of 
the capacitors with their opposite polarity plates connected 
together. If the final potential difference across the capacitors 
is V then it is given as 

9-1 
V=--=4V 

l+I 

Sol. 3 (D) Equivalent capacitance of the series combination 
is given as 

I I 1 1 
- =-+-+-=I 
C 2 3 4 

Steady state charge on all capacitors in series is given as 

q=CV=IOOµC 

Sol. 4 (B) In steady state, the capacitor branch acts like an 
open circuit. So the potential difference across C is the same 
which is there across resistance r2, given as 

v;.2 = Vr/(r1 + r2) 

Sol. 5 (A) Potential difference between plates remains the 
same. Decrease in potential difference is compensated by 
potential difference due to the extra distance. As charge is same 
on plates electric field also remain constant. Thns we nse 

i(E-:) =Ed 

r(1-¼) =d 
t 

k=-=5 
t-d 

Here E is initial electric field between the plates, k dielectric 
constant of plate, t thickness of plate and dis the extra distance. 

Sol. 6 (A) Initial energy stored in capacitance is 

1 
-CV2=3J 
2 

On connecting this capacitor to an uncharged capacitor charge 
distributes equally, this happens when _both capacitors are of 
same capacitance so the final common potential of the two in 
parallel will be V/2. So final energy stored in two capacitors is 

U= ½(2C)(f r 
U= I_CV1 

4 

3 
U'= -=l.5J 
. 2 

Sol. 7 (B) When switch is open the equivalent capacitance is 
given as 

15 . 
c,.= 2µF 

Initial charge on the left three plates of capacitors is 

. 15 
q;= c,,, V= 2 X 200= 1500µC 

When switch is closed final charge on the left·three plates of 
capacitors is 
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q1= c.,v=30 x 200=6000 µc 

Thus charge flown from A toB is given as 

Aq =4.5 x !0-3C 

Sol. 8 (q Final common potential of the capacitors in parallel 
is given as 

CV 
V'=-

C+C' 

200x2 
20= 2+C 

. C=ISµF 

Sol. 9 (B) Reducing the circuit as shown below gives 

Ao-,----,c1---c~x1c--x---1~c 

Be---~Xrx-~ 
C y C 

C r!-7 C 

, Ao----j~~f----B 
X y 

I I I I 
-=-+-+
c •• C2CC 

Sol. 10 (D) Charge in the circuit flows only when potential 
difference across C1 is either greater or less than that across C2 

Thus charge flows when 

!l1... * 'l1_ c, c, 
q

1
C2 ,;, q2C1 

Sol. 11 (B) We can solve this by using method of flow of 
charges. If q charge flow through the circuit then writing the 
equation of potential drop across the loop ofcircuit, we have 

19+15+ !l.. _9+ !l.. = 0 
3 2 

5q 
25+-=0 => q=30µC 

6 

Thus potential difference across 3 µF capacitor is given as 

_ ·-- - _· . -_51:!J 

30µC 
V=--=IOV 

3µF 

Above situation can also be easily solved by using branch 
manipulation or by using nodal analysis. Students can tryusing 
both the methods which are relatively shorter. 

Sol. 12 (D) The charge on the capacitor before and after 
insertion of dielectric is given as 

Q,=c,v 

Q2 =C2 V 

50 I 
150 =k 

k=3 

Sol. 13 (D) After connections final common potential 
difference of the combination is given as 

V= Q, +Qz =O 
c,+c2 

Thus final charge on capacitors also become zero. Initial charge 
on capacitors is 30µC each which will discharge fromD to A. 

Sol. 14 (B) Total charge on the two shells is 1.25 µC+0.75 µC 
=2µC. 

Final charges qi' and q2 ' on shells are divided in same ratio of 
capacitances of shells so we have 

, I 2 
q1 =-x2=-µC 

3 3 

, 2 4 
qz = -x2= -µC 

3 3 

Sol. 15 (A) As !OmF capacitor is connected directly across 
200V battery so the charge on capacitor is given as 

Q=CV=(IO x lo-')(200)=2x J0-3C 

Sol. 16 (B) The capacitance with dielectric inserted between 
the plate 

&oA-
Ck= b 

d-b+
K 

If CK= 2C, then we use 

e0A = 2&0A 

d-b+1!.. d 
k 
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2b 
k= 2b-d 

Thus fork> 0 and b ~ d · 

2b 
k= -- and2b-d>0 

2b-d 

d 
2 <b~d 

d 
b>-

2 

Sol. 17 ( C) Initially on the left side of switch total charge is 
zero. After closing the swiich circuit capacitance becomes 3 µF 
and final charge on the capacitors will be 

' qi =25(4)= 100 µC 

' . . 
q2 =25(2)=50µC 

r5ov 

Lov 
The total charge on left side of switch is given as 

' ' q=-q1 + q2 

q=-100+50=-S0µC 

Sol.19 (B) When two capacitors are in series we use 

I d1 d2 d1 +d2 
- = --+-- = ---c,q e0 A e0 A e0 A 

Sol. 20 (C) Initially voltage across 3mF capacitor is given as 

5x30 
Vi= 5 + 3 =18.75V 

(
5xl0- 5x3'\ 

l!.q=l!.CV= ---- lx30=43.75µC 
5+10 5+3; 

7 F 

t:J 
~5+q ""'• :J 

30V 30V 

Potential difference across the 7µF and 3µF capacitor 
combination is IOV so final charge on 7µF capacitor is 70µC. 
Thus option (C) is incorrect. 

Sol. 21 (A) Asb<<Rwecan use it like a parallel plate capacitor 
.for which capacitance is given as 

e0kA e0khRa 
C= d = b 

Thus the charge which flows from left to right through the Sol. 22 (A) Capacitance for parallel combination is given as 
switch is 50 µC. 

Sol. 18 (C) Distributing potentials in circuit as shown below 
Cp=3 +9+ 18=30µF 

and writing nodal equation for x gives For series combination capacitance is given as 

(x+l3)x3=(27-x)x I 

3x+39 =-x+27 

x=-3V 

@])3µF @) 

@ lµF(JED 

Va-Vb =27-(x+l3)=17V 

I I I I 9 I 
- = -+-+-= - =-
Cs 3 9 18 18 2 

Cs=2µF 

Cs _ 2µF __ 
Cp - 30µF - 15 

Sol. 23 (D) When the two capacitors are connected in series, 
the equivalent capacitance is given as 

2xl 2 
C=-=-µF 

2+1 3 
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@ai,acltance . .. 

If the voltage applied across the combination is Ethen charge 

on each capacitor will be 

2 
Q=-E 

3 

The potential of condenser C1 is given as 

Q 2 
V1 = Ci = 3 E<6kV => E<9kV 

The potential of condenser C2 is given as 

Q 1 . 
V: =- =-E<4kV => E<l2kV 

2 ½. 3 

Thus the maximum voltage which can be applied across the 

combination is 9k V: 

Sol. 24 (D) Energy stored in the capacitor appears as heat in 
the resistor. 
Energy stored in capacitor is given as 

1 2 
U=-CV 

2 

. 1 
U= 2 X (4 X J0-0) X (400)2 =0.32 J 

Sol. 25 (B) Charge on capacitor A is given as 

q1 = c1 xv 
qi =(15 x lo-6)(100)= 15 x lo-4C 

Charge on capacitor B is given as 

q2 =C2 x V 

q2=(l x lo-6)(100)=lo-4C 

Capacitance of capacitor A after removing dielectric is given as 

C'= (C/k) = (15 x J0-0/15)= lµF 

When both capacitors are connected in parallel their capacitance 

will be given as 
lµF+ lµF=2µf 

Common potential of the combination is 

V= !l.. 
C 

(15xl0-4) + (lx!0-4) 
V= 800V 

2xl0-,; 

Sol. 26 (B) Equivalent capacitance of capacitors 2µF and 4µF 
when connected in parallel is 6µF and it is in series with another 
6µF in serie. The equivalent capacitance C of this circuit is 3µF. 
As voltage is divided equally among the two 6µF capacitors, 

voltage across each is 6V. 

- - .•...... -- .... ·• ··0·0 
.. ·-···· ..... _ ...... ___ st~, 

Sol. 27 (B) Initial capacitance ofthe capacitor is 

"o A 
C= - =lpF 

d 

New capacitance is given as 

9) kA 
C'=--=2pF 

(2d) 

k=4 

Sol. 28 (A) In the given circuit all the capacitors are in parallel, 

and so C=4 x 8= 32 µF 

Sol. 29 (D) The equivalent circuit can be reduced as shown in 

figure. 

Lff IµF 
L ff I I~ sl ls 8µFI 

8µFJ => 
3µFI 

' 
4µFT 

' 
_,_ _ _JJ9 

B B 

So the equivalent capacitance is given as 

Cx 32 
__ 9 =l 

C+ 32 
9 

32 
C=-µF 

23 

Sol. 30 (B) Left portion of the circuit is a balanced wheatstoen 
bridge so the 5µF capacitor remain uncharged and it can be 
removed so the circuit will be reduced as shown in figure below 
and its equivalent capacitance is given as 

Sol. 31 (C) 

So, 

CPQ=lµF 

q=it=l x4=4C 

C=_i=_±=lF 
V 4 

Sol. 32 (C) The common potential is given as 

CV+2CV ( 3V) 
V'= kC+2C k+2 
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Sol. 33 (A) Figure below shows the equivalent circuit of the 
given diagram and if V1 and V2 are the potential differences 
across the capacitors C/2 and 2C then we have 

and 

v,+V2=l0 

C 
-V =2CV 2 I 2 

On solving the above equations, we get 

V1 =8Vand V,=2V 

Sol. 34 (C) The capacitance of the system decreases as oil 
flows out so the charge on the tubes will also decrease with 
time and a current flows through the battery. 

Instantaneous charge on 'tubes is given as 
q=CV 

Current through battery ·can be given as 

. dq ,=-
dt 

'• (dx) 
i= In(~) (k-1) dt V 

As dx depends on the area of the .hole, so i in the circuit 
dt . 

depends on area of the hole. 

Sol. 35 (D) Circuit/ 

2x4 4 lx2 2 
C=-=-µFandR=-=-n 

2+4 3 1+2 3 

4 2 8 
=:, ,, =CR= 3x3 = 9µs 
Circuit II 

=:, 

Circuit III 

C =2+4=6µFandR= I +2=3n. 

t 2 =CR=6x3=18µs 

I x2 2 
C =2+4=6µFand R= - = -n 

1+2 3 

2 
=:, , =CR=6x-=4µs 

3 3 

Sol. 36 (D) The equivalent circuit is shown in figure below 

Equivalent capacitance is given as 

I I I I 
--=-+-+-
CAB 12 24 8 

=:, CAB=4µF 

We use v, + V2 + V3 =60 

and 12v1 = 24V2 = 8V3 

=:, 

and 

V2 =IOV 

q=5x 10=50µC 

Sol. 37 (C) Charge stored_ on capacitor C1 is given as 

q1 =C1V=6x20=120µC 

Now after opening S1 and closing S2 common potential of the 
two capacitors is given as · 

. V = [120+0] = 120 V 
6+3 9 

Now, charge on C2 is given as 

120 
q =CV=3X-=40µC 

2 2 9 
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!Capacitance ". <--· _____ <. 

Sol. 38 (B) The equivalent capacitance of the system shown 

in figure is given as 

~ 

'=o A 
C =2C=2-

,q d 

2 X 8.85 X 10-!Z X 50 X 10-4 

c,.= 3x10-3 

C =2 95 x 10-11p ,q . 

The energy stored between plates is given as 

I 
U=-C V1 

2 eq 

~ 
I 

U= 2 X 2.95 X 10-11 X 122 J 

~ u=2.1 x 10-91 

Sol. 39 (B) The energy stored in capacitor is dissipated as 

heat which is used to raise the temperature of the block so we 

use 

I 
-CV1=msAT 
2 

V= J2"'::M 

Sol. 40 (B) Given that initial capacitanc1:_ of the capacitor is 

e0A 
C=d=9pF 

For two dielectric slabs filled in the capacitor its capacitance is 

given as 

Eo A 

C'= .!l+1 
k1 kz 

Substituting values in above expression gives 
C'=40.5pF 

Sol. 41 (A) The equivalent circuit is shown in figure below. 

Thus C =C=·eoA 
ab d 

Sol. 42 (A) The equivalent circuit is shown in figure for which 

equivalent capacitance is given as 

CAB=6C=6X2=12µF 

51~ 

f-------l"f----l 

de 
A B 

'-------1"1----' c 
Sol. 43 (B) Because of symmetry we can state that the 

potentials at all upper and corresponding lower ncides of the 
circuit will be equal so vertical I µF capacitors will not receive 
any charge and thus these can be removed. 

The capacitance of upper series of capacitors in series can be 

given as 

~ 

I l l I I 
- = -+-+-+-+ 00 
C13927··· 

2 
C= -µC 

3 

Equi\'alent capacitance between terminals A andB can be given 
as 

4 
C =2C=-µF AB 3 

Sol. 44 (B) We connect a battery of I 00V across terminals A 

and B then disributil\g the potentials in circuit as shown in 
figure below. 

Writing nodal equation for x gives 

C(x-100)+ C(x-100)+ Cx=O 

~ 
200 

x=-v 
3 

Equivalent capacitance across A and B is given as 

qbattery 4Cx 8C 
c .. - -v.--= 100 = -

battery 3 
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Sol. 45 (C) The maximum charge which can be supplied to_the 
circuit is given by the two left capacitors which is given as 

q= CV+2CV=3CV 

The equivalent capacitance of system is 

C'= [!~::~] =2C 

The maximum external voltage for this case can be given as 

q 3CV 
V=-=~=J.5V 

C' 2C 

Sol. 46 (D) When Sis at position I, 2µF capacitor is charged. 
The potential difference across its plates will be V. The potential 
energy stored in 2 µF capacitor in this state is given as 

I I 
U.= -CV2= ~ x 2 x 112= r2 

' 2 2 
When Sis shifted to position 2, the 8 µF capacitor is connected 
in parallel with 2µF capacitor. Final common potential difference 
of the two capacitors is 

2V 
V'=-=02V 10 . 

Final energy stored in capacitors is given as 

I 
Uf= - x 10 x (0.2V)2 =0.2V2 2 . 

Energy dissipated is given as 

t,.U= Ur U;= 1'2-0.21'2=0.81'2 

The percentage of the energy dissipated is given as 

.±vz 
t,.U 5 
- X 100= -

2
- X 100=80% 

U; V 

Sol. 47 (A) The potential difference across capacitor ofl2µF 
is 

V=I0+I0-20=0 

So charge on this_ capacitor, q = 0. 

Charge on 4µF capacitor is 40µC. Thus only option (A) is correct. 

Sol. 48 (D) Figure below shows the distribution of potentials 
across different capacitors. 

I 1~~7 
n•no--6-0V_l_j__ __ __JI I __J30V 

15V 

Sol. 49 (B) All capacitors have equal capacitance. Thus equal 
potential difference will be there will be there across all 
capacitors so we have 

VN-VB=25V 

0-V8 =25V 

VB=-2.5V 

VA-VN=3(2.5)=7.5V 

v_, =+7.5V 

Sol. 50 (A) Three capacitors on the left side are short circuited 
so will be removed from the circuit and this will be a series 
combination of C, C, C, 3C/2 and C. 

Sol. 51 (C) The equivalent circuit is as shown below. 

lµ~r 

lµF 
X y 

2µF 

Sol. 52 (D) For the series combination of the top branch we 
have 

( 
1.5) V = -- (30)=18V 

lµF 1.5+ I 

For the series combination oft)ie lower branch we have 

Vz.,µF o.5 
Vo.,µF = 2.5 = 5 

V2.5µF = ( 1 ~ 5) (30)=5V 

Above circuit can also be easily solved byusing ;,_odal analysis: 
Sutdents are advised to verify the above results using nodal 
analysis also. 

Sol. 53 (B) We use 

V = V ,;,- + Vm,ta1 

~ V=E,;,-x4+Em,talxl 

~ V=;.300x4+0x I 

.=:, V=l200V 
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!capacitance 

Sol. 54 (B) As alternative plates are connected to the left 

and right side of the battery, four capacitors are connected in 

parallel combination and charge across each is 

q=CV 

Two surfaces of plate Cmarks two capacitors, one with Band 
other with D and C is connected to positive terminal of the 

battery so total charge on plate C is given as 

qc=2CV=+40µC 

Sol. 55 (B) The circuit above can be reduced as drawn in 

figure below. 

lµF 4µF 9µF 

v, v, 

In series combination potential is divided in inverse ratio of 

capacitances so we use the ratio of potential differences across 
first and second capacitor is 

=> 
Vi IO 

V=-=-=25V 
2 4 4 . 

Similarly we use 

Vi 10 
V =- =-V 

3 9 9 

=> E= (10+2.s+ 'i)v 
Sol. 56 (D) Total charge on the two capacitor combination is 

q =(2C) (4V)-CV=7CV 

Common potential diflerence after they are connected in parallel 
is given as 

7CV 7 
V =--=-V 

c 2C+C 3 

Heat produced in circuit is the loss in total energy stored in 
capacitors which is given as 

=> 

I I I (7 )
2 

llU= -CV2 + -(2CJ(4V)2 - -x3Cx -V 
2 2 2 3 

25 2 
llU=-CV 

3 

ADVANCE MCQs 011e or More Optio11 Correct 

Sol. 1 (A, B) Due to insertion of dielectric overall capacitance 

increases so battery supplies more charge. As capacitance ofB 

increases so p9tential difference across B decreases as in series 
combination potential is divided in inverse ratio of capacitances 

so electric field in B also decreases. The potential difference 

across A increases so its potential energy increases. Thus 

options (A) and (B) are correct. 

Sol. 2 (A, C, D) When x or z is replaced by a conductor, the 

effective separation between the capacitor plates decreases so 

its capacitance increases. If we replace y by a dielectric then it 

will act as another capacitor in series so overall capacitance will 

decrease. If xis replaced by a dielectric then also the capacitance 

of this section increases which will result in overall increase of 

capacitance. Thus options (A), (C) and (D) are correct. 

Sol. 3 (A, B, D) In process-I, rightmost capacitor C gets 

connected across the battery so its energy increases. In 

process-2 the potential difference across the right most 

capacitor is not changing but charges will appear on other 

capacitors so overall energy further increases but the equivalent 

capacitance of the left three capacitors across the battery is 

less than C so energy increment in process-2 is less compared 

to process-I. Thus options (A), (B) and (D) are correct. 

Sol. 4 (B, D) As chargeing battery is disconnected charge on 

capacitor becomes constant so on increasing the separation 
between plates capacitance decreases thus options (B) and 

(D) are correct. 

Sol. 5 (B, D) In steady state th~ potential difference across 

the capacitor is same and equal to the battery voltage. As in 

second case capacitance is less the energy stored in capacitor 
is also less. As the charges of capacitor will reverse flow through 

the battery that means battery has absorbed some energy. Thus 

options (B) and (D) are correct. 

Sol. 6 (A, B, C) Across points I and 2 equivalent capacitance 

can be calculated as 

!SC 
c12 = CIPI (C/2 I.S, 4C/3) = 11 
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"'I. ""=a-~~:::~.---
s1 . ·'"-~··---····-
Where IPI and ISi stands for parallel arid series combinations 
respectively. Across points 3 and 6 equivalent capacitance can 
be calculated as 

C36= C/3 IP! C/3 IPI C= SC 
3 

Across points I and 3 equivalent capacitance can be calculated 
as 

4C 
C12= C/2 IPI (CISl4C/3)= 15 

Across points 3 and·5 equivalent capacitance can be calculated 
as 

4C 
C35= C/2 IPI (CISl4C/3)= 15 

Capacltincil! 

q1 =q(1-f) = C0V.(k- l) 

As induced charges on the two surfaces of dielectric are equal 

and opposite net force due to these induced charges on any 

plate is zero: Force ofattraction between the plates of capacitor 
is given as 

Electric field due to indnced charges inside the dielectric slab is 
given as 

E.= a, (k-1)C0V0 

,I Eo EoA 

Thus options (A), (B) and (C) are correct. Thus options (A), (B) and (D) are correct. 

· Sol. 7 (B, D), When discharging starts then discharging Sol. 9 {A, C, D) The bound charges on dielectric slab is given 
current is given as as 

At t = 0, discharging current is given as 

. V ,= R 

Given that Vand Rare same for both capacitors, so the initial 
current in foth capacitors is same but not zero. 

During discharge, the instantaneous charge q at time tis given· 
as 

If q = qJ2 at t= ti' 

qO = q e-11/RC 
2 0 

=>· t1 =RCln(2) 

0.75q=q(1-¼) 

k=4 

Without the dielectric capacitance will be C/k = 120µF. The 
maximnm voltage that can be applied across the capacitor can 
be given as 

Vmax=Emaxd 

Thus the maximum charge that can be stored on capacitor can 
be given as 

keo L2 

q =CV = ~~v. =240• T2E max max d max '1f"' max 

A=60L2 

If dielectric is half filled in the space between the plates the 
If t1 and t/ be the times in which the two capacitors lose 50% of capacitance is given as 
their charge, then we have 

!!._ = RC1 ln(2) = C1 = .!_ 
RC2 ln(2) • C2 2 

This shows that C1 loses 50% charge sooner than C
2 

because 

it takes time t, which ishalfoft/. Thus options (B) and (D) are 
correct. 

Sol. 8 (A, B, D) The final charge on capacitorpaltes is kC
0
V

0 
thus the induced charges on the dielectric slab surface are given 
as 

60 e0 L
2 8(60 e0 L

2
) C= --c---"-,- =- -"-- =192µF 

d d 5 d -+-
2 8 

Sol. 10 (A, C) Ifthe inner shell is displaced by some distance 
the charges on the inner and outer both shell surfaces will get . 
change and due to this some energy is dissipated so final 
energy will be less. As the total charge is constant on the two 

plates of the capacitor and energy is reduced that implies 
capaictance of the system increases. 
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Sol. 11 (A, D) As battery is connected while insertion of 
dielectric slab the voltage across capacitor will remain constant 
due to which electric field also remain constant but capacitance 
increases due to which charge also increase and stored energy 
increases. Thus options (A) and (D) are correct. 

SoL 12 (B, C) Toereisacurrentbetween the plates of capacitor 
due to change in electric field between them, 

dE 
id=e,Adt 

This current exist between the plates of capacitor as well as in 
the conducting wires till the capacitor attains the steady state. 
Thus options (B) and (C) are correct. 

Sol. 13 (A, C, D) Initial charge on the capacitor plates will be 
distributed equally half on the two outer surfaces of the plates 
and inner surfaces will have equal and opposite polarity charges 
supplied by the battery. Thus options (A), (C) and (D) are correct 

Sol. 14 (B, C) In circuit-(!), the potential differences of the 
left and right capacitors are 

6q 3q 3q 
V=-=-andV=

L 2C C R C 

As v, = VR so there is no flow of charge in between the 
capacitors. 

In circujt-(2), the potential differences of the left and right 
capacitors are 

V = 6q = lq and V = 3q 
L 3C C R C 

As VR > V,, and so charge will flow towards left capacitor. 

In circuit-(3), the potential differences of the left and right 
capacitors are 

6q 3q 
v,= C and VR= zc 

As VR < v,. and so charge will flow towards right capacitor. 
Thus options (B) and (C) are correct. 

Sol. 15 (B, C) As positive plate is on right and negative plate 
is onleft, the direction of electric field is from right to left 
throughout the region between the plates and as we move in 
the direction opposite to electric field, continuously electric 
potential increases. Thus options (B) and (C) are correct. 

Sol. 16 (A, D) The equivalent capacitance of the circuit is 
given as-

6 x 3 
C=-+2=4µF 

6+3 

___ ,s__~ 
IfV1 and V2 are the potential differences across 6mF and 3mF 
capacitors then-we use 

and 

V1 + V2 =60 

6V1 =3V2 

Solving above equations, we get 

V1 =20V and V2 =40V 

Thus options (A) and (D) are correct. 

Sol.17 (B, D) Let Vbe the applied potential to two capacitors 
and each has a capacitance C. The voltage across each will be 
the same and c,lf= C/2. Toe voltage across each capacitor is 
Ve= V/2. When the plate of one capacitor are brought closer, 
its capacitance increases while the other remains the same. As 
the applied voltage is divided in the inverse ratio ofcapacitances 
so finally voltage across the capacitor whose plates are brought 
closer will be less than V/2. Thus options (B) and (D) are correct. 

Sol. 18 (A, B, D) After immersing in the liquid, the capacitance 
of the capacitor increases due to liquid dielectric between the 
·plates. Its energy is decreased as U = q2/2C. Due to decrease in 
energy, the liquid level between the plates rise. This 
compensate the loss in electric potential energy by increasing 
the gravitational potential energy. As q is constant and C is 
increased, the potential difference between the plates is 
decreased. Thus options (A), (B) and (D) are correct. 

Sol. 19 (B, C, D) When slab is taken out the capacitance of 
the capacitor decreases so the charge on capacitor also 
decreases which flows through the cell in opposite direction 
and cell maintains the constant potential difference across the 
capacitor. f/ue to polarization of the slab capacitor attracts the 
slab inside so external agent has to do some work in pulling the 
slab out. Thus options (B), (C) and (D) are correct. 

Sol. 20 (A, C, D) As before removal of the dielectric slab battery 
is disconnected from the capacitor, its charge will remain 
constant and due to removal of slab capacitance decreases so 
the potential difference across the capacitor increases as V = qi 

· C and the energy stored in cap&citor also increases as U = q2! 
2C. Due to polarization the dielectric slab is attracted inside the 
capacitor so external agent has to dowork in removing the slab. 
Thus options (A), (C) and (D) are correct. 

Sol. 21 (A, D) When dielectric slab is inserted into the 
capacitor that time battery is connected to it which maintains 
the constant potential difference across the plate as well as 
electric field between the plates. Due to dielectric capacitance 
of capacitor increases and it increases the charge of capacitor 
also. Thus options (A) and (D) are correct. 
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Sol, 22 (A, D) When slab is removed capacitance of B 
decreases due to which overall capaictance decreases and 

steady state charge flows into the battery and work is done on 
the battery. As capacitors A and B are in series and charge in 

series capacitors is always equal. In the process ofremoval of 
slab external agent will do some work but it will not appear as 

heat as in slow removal or insertion of dielectric slab no heat is 
produced. Thus options (A) and (D) are correct. 

Sol. 23 (A, B, C) When plates ofa capacitor connected to a 

battery are pulled apart it decreases the capacitance of capacitor 
and stored energy in thecapaciior also decreases and the electric 

field between the plates decreases but ifbatteryis disconnected 
then the electric field between the plates is maintained as charge 

on plates remain constant. Due to opposite charges on plates 

always in pulling apart work has to be done by external agent in 
the process. Thus options (A), (B) and (C) are correct. 

Sol. 24 (B, C) The common potential difference across the 
capacitors when these are connected in parallel is given as 

CV, +CV, V, +V, 
Ve= .2C =-2-

Whenn the two capacitors are connected, some redistribution 

of charges take place in which some joule heating is produced 
so final stored energy in capacitors will be less than initial energy 
stored. Thus options (B) and (C) are correct. 

~-- • Capaci\,i_n¢~ 

Sol. 25 (A, B, C) The end of plates where the plates are closer 
the electric field will be higher as conducting plates are at same 

potential difference between all their points. So the metal 
surface out of which electric field is higher surface charge 

density is also higher. Thus options (A)
1 
(B) and (C) are correct. 

Sol. 26 (A, B, D) We solve this question by using method of 

flow of charges. If a charge q flows in the closed loop in 
clockwise direction. Then final charges on different capacitors 
are as shown in figure below. 

C:J 
(300 - q) (360- q) 

Writing the equation of potential drop in the loop we have 

360-q + 300-q _ .!L =O 
3 2 1.5 

Solving the above equation, we get 

q= 180µC 

This question can also be easily solved by using nodal anlalysis. 

Students are advised to verify above results by using nodal 
analysis also. 

* * * * * 
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i CuITentE1eC-tricity 
'--- . --- ·-- ---

~-- _ ~ ___ -- -,-siil 
~-------------'-----M-----~ 

CONCEPTUAL MCQS Single Option Co"ect 

1 (A) 
4 (B) 
7 (D) 
10 (B) 
13 (A) 
16 (A) 
19 (B) 
22 (C) 
25 (B) 
28 (C) 
31 (D) 
34 (C) 

2 (A) 
5 (D) 
8 (A) 
11 (B) 
14 (C) 
17 (C) 
20 (B) 
23 (A) 
26 (C) 
29 (B) 
32 (D) 
35 (B) 

NUMERICAL MCQS Single Optio11 Correct 

1 (B) 
4 (A) 
7 (B) 
10 (D) 
13 (C) 
16 (C) 
19 (B) 
22 (B) 
25 (D) 
28 (C) 
31 (A) 
34 (B) 
37 (A) 
40 (C) 
43 (C) 
46 (A) 
49 (D) 
52 (A) 
55 (A) 
58 (D) 
61 (B) 
64 (A) 

2 (B) 
5 (A) 
8 (B) 
11 (C) 
14 (B) 
17 (D) 
20 (C) 

23 (C) 
26 (B) 
29 (D) 
32 (D) 
35 (B) 
38 (A) 
41 (A) 
44 (D) 
47 (A) 
50 (B) 
53 (D) 
56 (A) 
59 (C) 
62 (B) 
65 (C) 

ADVANCE MCQs One or More Option Correct 

1 (A, B, D) 
4 (A, C) 
7 (B, C) 
10 (All) 
13 (B, D) 
16 (B, D) 

2 (All) 
5 (B, C, D) 
8 (A, BC) 
11 (A, C) 
14 (All) 
17 (B, C, D) 

3 (B) 
6 (B) 
9 (B) 
12 (B) 
15 (D) 
18 (C) 
21 (C) 
24 (A) 
27 (D) 
30 (C) 
33 (C) 
36 (B) 

3 (B) 
6 (B) 
9 (D) 
12 (A) 
15 (D) 
18 (C) 
21 (B) 
24 (D) 
27 (B) 
30 (D) 
33 (B) 
36 (C) 
39 (B) 
42 (A) 
45 (A) 
48 (B) 
51 (C) 
54 (B) 
57 (D) 
60 (C) 
63 (A) 

3 (A, D) 
6 (A, B, D) 
9 (B, C, D) 
12 (A, D) 
15 (B, C, D) 

Solutions of PRACTICE EXERCISE 3.1 

(i) (a) As per the condition given, free electron density of 
copper is equal to the number of copper atoms per m3 thus it is 
given as 

8.96xl03 x6.023xl0 23 

n= 63x10-3 

Current in wire is given as 
I=JS=n evdS 

8.56 x 10'8 perm3 

I 
vd= neS 

Time ta\cen by a free electron to travel along the length of wire 

is given as 

I 
t=

vd 

I neS 
t=--

I 

100x8.56x 1028 xl.6 x 10-19 xix 10_. 
t= 4.5 

1=3.043 x 105s 

(b) On a single electron, the electric force is eE so on N 
electrons, this force will be given as 

F=(nA[)xeE 

V 
Also se use E = 1 and V= IR thus electric field is given as 

IR 
E=-

1 

=) F=nA/e( 
1
:) =nAel( ~) =nelpl 

=) F= 8.56 x 10'8 x l.6 x 10-19 x 4.5 x l.72 x [0-8 x JOO 

=) F=I0.6N 

(il) The electric field in a conductor ofresistivity pis given 

by 

I 
E=pJ= p

A 

where A is the area of cross-section of each conductor. We 
consider a cylindrical gaussian surface surrounding the interface 
at the boundary as shown in figure and we now apply Gauss's 
law on this surface which gives 

Pi! pzl asA 
--·A+-.A= 

A A Eo 

1-
,. ,. 2 

(
·) _ Xi ! i I iA!•j•-11,I 
1 E,-v_. dUa?e 

~: ': 

Where crB is the surface charge density on the boundary. Solving 
above equation gives 
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(iii) Current in circuit is given as 

l=nesv, 

We use 

I 
J= - =nev s d 

l 
V = -

d I 

nel 
J=-

1 

If the mean thermal velocity is v, the distances travelled by a 
free electron is given as 

s= Vt 

Where mean thermal speed of free electrun can be given as 

v =JSkT = 
· nm 

' 
_ nel 

s=v.-
J 

8x l.38xl0·" x300 =JO 76 x lO"rn/s 
3.l4x9.lxl0·31 

• 

(
8.5xl028 xl.6xl0·" x!OxIO·') 

s=I0.76x J04x lxlO' 

=> s=l.47xJ06m 

(iv) Figure shows the cross-section of the wire in which we 
consider an elemental strip of width dx at a distancex from one 

. . •.. --··- - - . . .,,,._.! 
.•..• -~... Current Electric!~ 

(v) As we know ion speed can be related to the applied 
electric field E as 

v=µE 

v= µ (
V0 sin rot) 

l 

The maximum displacement of ions in one direction 

This must be equal to the distance between the plates if any 
current is to be' registered in the 'galvanometer, thus we have 

2µV0 -=/ /ro0 

(D /2 . 
µ=-o-

2V0 

{>1") The drift velocity of free electrons in a current carrying 
conductor is given as 

side. Current in this elemental strip is given as => 
16 

V = --~---~-~ 
d 4xl028 xl.6xl0-19 x!0-5 

dl=JdS=J.ldx 

Total current in wire can be calcnlated by integrating above 
expression as 

I 

J= J di= J aeuxldx 
• 0 

/ [ ··]' ux e alb1 
I= a!Je dx = al - = -[e -I] 

0 b O b 

=> v,=2.5 x !o-4rn/s 

(vb") Sol. Electric field in the conductor is 

V 10 
E= 1 = 0.4 =25V/m. 

Drift velocity of free electrons is given as 

v,=µE 

v, Sx!0-6 
µ= Ii= 2s 

(viii) (a) Under saturation condition, the if N is the ion 
concentration then saturation current is given as 

I,
0
,=Nev,S=Ne V 

Where Vis the volume between plates given as 

V = area of the plate x length covered by ions in one second 
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:Current Electricity c...;; __ -- __ , ___ .... 

]sat 
N=

eV 

0A8xl0-6 
cc} N= l.6xl0-19 x500 

cc} N=6 x 109 percm3 

(b) if NP is the production rate of ions in air then the rate of 
accumulation ofions is given as 

dN 
- =N -rflll 
dt p 

At equilibrium the accumulation rate is zero so we have 

dN 

cc} 

cc} 

-=0 
dt 

N =rflll p 

Np= 1.67 x 1Q-6x(6 x 109)2 

Solutions of PRACTICE EXERCISE 3.2 

(i) We can reduce the above circuit as shown in figure below 
and equivalent resistance is the series combination of the three 

final resistances which is given as 

RAB=2+ 13.33+8=23.33Q 

V 15Q 150 
A 

6Q 40Q SQ ii 

20Q 30Q 

,I. 

300 
A 2Q 

460 SQ ii 

50Q 

,I. 

A 2Q 13.JJQ SQ B 

(ii) The resistance R of the copper wire is given by 

V 1.7 
R=7 =-1 =l.7Q 

If p be the resistivity of copper wire, then we have 

. - • - - ----.;-.;-.;1 
. . ---------~ 

I 
R=P-

A 

I R 
A p 

I 1.7 
= 108 cc} 

l.7xl0~8 A 

cc} A=I0-81 

Volume of copper wire is given as 

cc} 

_ _ m _ 2.23xl0-3 m' 
v.-LA- d - sno 

IA =2.5 x 10-7 m3 

Solving equations-(!) and (2), we get 

1=5mandA=5 x !o-"m2 

... (!) 

... (2) 

When the wire is stretched to double its length then the new 
length and area of cross-section becomes I' and A'. As volume 
of conductor material remains constant during stretching we 
use 

l'A'=IA 

In above equation using I'= 21 gives A'= A/2 

The new resistance R' of wire is given as 

I' { 21 } (pl) R'= PA'= P (A/2) = 4 A =4R=6.8Q 

(iii) (a) Current density in the conductor is given as 

I V V 
J=-=-=--

A RA (~)4 

V 
J=-

pl 
... (i) 

1 
cc} Joc -

I 

Thus for maximum current density separation between faces 
must be minimum and here I . = d. Thus J is maximum when . mm 

potential difference is app_lied across the face with dimensions _ 
2d x 3d. This maximum current density is given by equation-( I) 
as 

V 
J =
""" pd 
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@24 ... ·-········ -
(b) Current in conductor is given as 

V V VA 
l=-=--=-

R . (pl/A) pl 

A 
Joc -

l 

Across the face with dimensions 2d x 3d, area of cross section 
is maximum and I is minimum thus in this case when potential 
difference is applied current will be maximum which is given as· 

V(2dx3d) 

p(d) 

6Vd 

p 

(iv) . At 0°C if R0 is the resistance of the conductor 1 then 
resistance of conductor 2 is 17R0• Resistances of these 
conductors at temperature t°C are given as 

and 

R11 = R0(l + u 1 t) 

R21 = 17R0(1 + u,t) 

Le! R1 be the resistance at t°C when they are connected in 
series then we have 

R1 = R11 + R21 = R0(l + ,j) + R0( u 1 + 17u,)t 

R,=Ro(l ;11)[1+ (u, +11u2) 1] ... (1) 
(1 +17) 

At 0°C if the equivalent resistance of series combination is R
0

' 

then we have 

Thus from equation-(!) we have 

R =R (1 +11)[1+ (a, +11u2) 1] 
I O (1+1']) 

If a, is the equivalent temperature coefficient ofresistance then 
we use 

R1 = R0 '(l + a,t) 

~-
R,-Ro' (u, +11a2) 

(l = = 
' Ro'(t-0) · 1+11 

In parallel combination we use 

R, 

and 

Ro(! +a,t)x Ro11(l + U2I) 

Ro(!+ a,t)+11Ro(l + a2t) 
... (2) 

R '= 11Ro 
0 1+17 

R1=R0(1 +a.t) ... (3) 

Comparing equation-(2) and (3) and solving the equation gives 

(TJU1 +u2) 
(l = 

p 1+17 

Above results of u, and up can also be directly obtained by the. 
formulas derived in Illustration-3.6. 

(v) 2!1, 1 n in series= 3!1 

18 
3!1,6!1inparallel= 9 =m 

2!1, 4!1 in series = 6!1 
6!1, 3!1 in parallel= 2n 
R"' =4+4+2= 10!1 

120 
i= 10 =12A 

30 

8A 

8 
So current in 2!1 Resistance= 3 A 

40 
12A 12A 

-;-
2Q 

40 12A 

6Q 

40 

(vi') As per colour codingtable-3.1 the coloured bands have 
codes given below 

Yellow~4 
Red~2 
Orange~ 103 
Gold ~ 5% Tolerance 

Thus resistance is given as 
R=(4.2 x 103±5%)!1. 

(vil) Let the length of three wires be 21, 31 and 41 respectively 
and their radii be 3r, 4r and Sr. If p be the specific resistance of 
the material of wires then we have their resistances given as 

31 
R2 = p 11(4r)2 
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)Current Ele9tricity __ 

and 
41 

R=p--
' 1t(5r)2 

The ratio of their currents must be in inverse ratio ofresistances 
in parallel combination so we have 

9 16 25 
; 1 : ;, : ;, = r3 :4 

=> i1:i2:i,=54:64:75 

Thus the currents iii three branches are given as 

and 

5x54 

'
. ----140A 1- 193 - . 

5x64 
i = -- =l.66A 2 193 

3x75 

'
. - -- -J 94A 
3 - 193 - . 

(viii) The diagram can be redrawn as shown in figure 

3Q 

A B 

4Q 8Q 
6Q 

2V 2/3Q 

+ -

The effective resistance R,c between A and C 

I 1 I 3 
-- =-+- =-
R,c 2 4 4 

4 
=> RAC= 3Q 
The effective resistance RcB between C and B. 

I I I 3 
-- = -+-=-
RcB 4 8 8 

8 
=> RcB= 3Q 
The resistance of middle branch is given as 

4 8 
R,cB=R,c+RcB= 3+3Q 

Corresponding to points X and Y, the resistances 3Q, 4Q and 
6Q are in parallel, hence effective resistance Rxris given 

- .. --- -··- - .. --525] 

I I l I 3+3+2 9 -- = -+-+- = ---
Rxr 3 4 6 12 12 

12 4 
Rxr= 9 = 3Q 

Total resistance of the circuit can be given as 

Current in the circuit is given as 

V 2 
I=-=- =lA 

R 2 

In earlier grades students have already studied that in any circuit 
power dissipated is given as 

P=f2R=IX2=2W 

Potential difference between A andB 

4 4 
V =IR =ix-=-V 

AB AB 3 3 

Sarne will be the potential difference across 3Q resistor using 
which we can calculate the current in it which is given as 

4/3 4 
Im = -

3
- = 9 = 0.44A 

(ix) The equivalent resistance by series and parallel 
combination can be calculated as 

R= 99Q 
35 

Total current supplied by the battery is 

V 2x35 70 
I= R =99 = 99 A 

Thus current through left most part of circuit is 70/99A. After 
this the current is divided among l Q and 29/6Q resistances in 

parallel which are given as 

and 

70 
[ 

2

; ] ss Im= 99x ~ =99A 
-+I 
6 

70 58 12 
I29160 = 99 - 99 = 99 A 

Further the current 12/99A is divided among IQ and SQ 
resistances which are given as 

and 

12 ( 5 ) 10 
Im= 99x 1+5 =99A 

12 ·10 2 
I~= 99-99=99 A 
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(x) In parallel combination current disl\"ibutes in inverse ratio 
of resistance thus we have 

Pif1iA1 2 
p2/2 I A2 3 

=> 

d = /----- xJmm=0.569mm ( 
2x0.017x6 ) . 

2 3x 0.028x 7.5 

Solutions of PRACTICE EXERCISE 3.3 

(i) Potential is distributed in circuit as shown in figure. 

C 

0 

300Q 

A -=-'------ll---------='""OB 
~ 110V ~ 

· Writing KCL equation for x, we have 

=O 
x x-110 x-110 
-+---+---
300 100 200 

=> llx=990 

=> x=90V 

V8 c=90V 

VAc=20V 

_ 90 _ .!_A 
13000 - 300 - 3 

.. -~--==::::·· ·· Curreqt EjecfffuttiJ 

_(ii) Above given circuit is a balanced Wheatstone bridge in 
which the middle branch can be removed after which circuit will 
be reduced to the circuit shown in figure. 

R 

Thus the equivalent resistance of the above circui~ across 
terminals A and B is equal to R. 

(iii) Since Wheatstone bridge is balanced so we use 

X 2 J8x2 
18 = 6 orx= -

6
- =6Q 

(iv) (a) When switch Sis open 

4A 

6Q 

a 

m 

36V 

4A 

3Q 

b 

6Q 

v.-vb =(36-6 x 4)-(36-3 x4)=-12V 

. 36V 
(b) Total current through crrcuit = 

40 
= 9 A 

Therefore/= 3A 

3A 

6Q 

36V 

6A 

m 
..... ____ .... b 

I 

3Q 6Q 
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------- --------
L-1 c_u--'rr-'-'en--'f-"E"-'le_ctri_._ci_..ty____ ________ •.. 

(v) Current with·both switches opened is 

V 1.5 I 
-=-=-=i 
R,q 450 300 

After closing the switch, if V1 and V2 are potential differences 

as shown in figure then we have 

V1+V2=V 

I 3 -+ V. = -
3 · 2 2 

9-2 7 
V.=-=-V 

2 6 6 

300 

300.Q 1 1.5volt 

\ V; J I ,f-----' 

Current through battery is 

7 I 7 
i=-X-=--A 

6 300 1800 

By KCL, we have 

(w") 

R=l800G) =600f.l 

100 
For balanced Wheat stone bridge -

1
-
0
-
0
R-

(I OO + R) 

'------ .._ __ _,. 
E K 

200 
40 

IOO+R 
---=5 

R 
IOO+R=5R 

100 . 
R = 4 = 25f.l 

s211 

(viI") Being a balanced Wheatstone bridge its middle branch 

can be removed and circuit can be reduced by using series and 

parallel analysis as shown in figure. 

A R B 

.J.. 

R 

I : 1· 
A R B 

.J.. 
R/2 

A B 

RAB=R/2 

(viii) Circuit can be redrawn as shown in figure below 

The equivalent resistance across the battery is given as 

3 
R =-Q 

"' 2 

V 
I=-=20A 

R,q 

Currentln Ico=IAc+I8 

=> Ic0 =15A 

SA 2Q D 

A B SA 
IOA 4--:W.-lc 

2n 

20A 
IOA 3Q 

30V 

Students can also try solving above circuit using nodal analysis 
and verify. 
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[s2a -·,: ~ --- ----
sotutions of PRACTICE EXERCISE 3.4 

(i) Tq solve the network we disconnect the branch AD and 
insert a IO0Vbatteryacross points A andD as shown in figure 

and distribute potentials at different junctions of the circuit as 
shown 

nOB 
R R 

R 

@ R R A C 
® 0 

R 

R 

D 

IOOV R 
® 

R=O.m 

To find the unknown potentialsx we have write KCL equation 
as 

x x-50 2x-100 
-+--+---=0 
R R R 

4x=l50 

x=l50=75n 
4 2 

Equivalent resistance across terminals A and Dis given as 

vbattery 10 0 
RAD= -1-- = ~ 

battery -+
R R 

100 200R 
RAD= 75 so = -1-1s

-+-
2R R 

Total equivalent resistance across the battery given in figure 
will also include the resistance of branch AD in series which is 
given as 

R =8R+R=15R=l5x0.5 
,,, 7 7 7 

15 
R =-D. 

,,, 14 

-_ ~:-- -- Currentiflecf[i6jl¥J 

(ii) Here we use the method of joining equipotential points 
in symmetry circuits as shown in figure 

R 
10v-=--

R 
R 

R 
10v-=--

R 
R 

R 

10v-=--

R 

! 

R 

R 

! 
R 

R 

! 

BR/7 

15R 45 -=-n 
7 7 

R 

R 

Current supplied by the battery is given as 

R/2 

R/2 
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!Current 'Elect!i-5'.i~y-

(iii) If each wire is considered to be of resistance R then 

initial resistance across points A and Fis 5R. After adding dashed 

wires to calculate the equivalent resistance we can remove the 
wire CD as between points B and E it becomes a balanced 
Wheatstone bridge so the equivalent resistance becomes 3R. 

Thus the final resistance becomes 0.6 times that of the initial 
resistance after adding dashed wires. 

("iv) By applying perpendicular axis symmetry. Points lying 

on the line 'XY' will have same potential therefore Resistance 

connected along line XY can be removed after which we can 
use series and parallel combination ofresistances which gives 

RAB=9!J.. 

A 

X 
i 

' ' y 

B 

(v) (a) To calculate equivalent resistance across terminals 

A and D we connect a I OOV battery across these points and 

distribute potentials as shown in figure. 

(§_vA ®. --:-:::C------c:;;E 

lOOV 

c0 
Writing KCL equation for x gives 

x-50 x 2x-100 
--+-+ =O 

r r r 

4x=l50 

75 
x=-V 

2 

Current through battery is given as 

X 50 100 375 
I =-+-+-=
battery r r r 2r 

equivalent resistance is given as 

vbattery I 00 x 2r 
Req=--= 375 

I battery 

Sr 
15 

- .... ·-- - 529' 

(b) To calculate equivalent resistance across terminals A and 

B we cannot a I OOV battery across these points and distribute 

potentials as shown in figure 

@G> 
E 

lOOV ~ 
'----"'"--'------"'D'------....JF 

0c 

Writing KCL equation for x gives 

X 2x-J00 
-+ =O 
r r 

3x=IOO 

x= 100 V 
3 

Current through battery is given as 

0 

X X 100 500 
I =-+-+-=

battery r r r 3r 

Equivalent resistance is given as 

R = Vbattery = 100x3r = _'.!_, 
eq /battery 500 5 

.(VI) (a) LetR be the equivalent resistance between points A 

and B. Here we assume that one more set of resistances is 

connected between A and Bas shown in figure. The assumption 

will not affect the resistance R because there are infinite number 

of such sets connected between A and B. Let R' be the new 

resistance between A' and B'. Now resistance R I between A and 

Bis given by 

A' l!l A 

: 
.,, .... 

Im r 
B' B 

(a parallel co!"bination ofR and 20.) 

2R 
R =--D. 

1 R+2 
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Resistance between A' and B' 

2R 
R'=--+I 

R+2 

(a series combination ofR1 and IQ) 

=> 
2R+(R+2) 3R+2 

R'= R+2 = R+"2 

According to our assumption R' = R 

=> 
3R+2 

K= -- orR2+2R=3R+2 
R+2 · 

=> R2-R-2=0 

=> 
+l±J(l+8) +1±3 

R=----=--=-lcr2 
2 2 

=> R = 20 as -IQ is not possible 

(b) The connection of battery and current distribution is shown 

in figure 

A' l!.l :!" ,, ; ,,, 
wf 

'M 

B' B 

2x2 
Resistance between A andB= 

2
+

2 
= IQ 

Resistance between A' and B' = 20 

Current in IQ resistance is given as 

6 
i= - =3A 

2 

Potential difference across AB 

AAB=RABXi=l X3=3V 

=> 
VAB l 

i=. =-=I.SA 
Resistance 2 

+ 

(vii) By perpendicular Axis symmetry all points I, 2, 3 are at 

same potential therefore junction on this line can be redrawn 

and reduced as shown in figure below which gives the 

equivalent resistance by using series and parallel_combination 

22 
asR = -R 

AB 35 

... - •. ··-···.·.··· ·-· . . ...•. ~· . 
.• ·-·- -··· • ,Current Electrlcl:i, 

E 

2r/3 + r/2 + 2r/3 

2r A--+---w.r----+-B 

2r/3 + r/2 + 2r/3 

(viii) To calculate the equivalent resistance across A and B we 
connect a l OOV battery and distribute potential in circuit at all 
junctions as shown in figure. 

€Y ® 

@) A ~ 0 

~ ® 

lOOV 

Writing KCL equations for x and y gives 

=> 

x x-50 2x-l00 
-+--+---=O 
R R R 

75 
x=-V 

2 

y y-so y~so 
and -+--+--=O 

R R R 

100 
y=-v 

3 

(D 

B 
® 

0 
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!Current Elecirlbity - . 

Equivalent resistance is given as 

300R 12R Vbatte,y 100 JOOR 
R =--=--= =--=-

eq /batte,y 2x +1'.. 75 + JOO 325 13 
R R 3 

(ix) To calculate the equivalent resistance across A and B we 
connect a 100V battery and distribute potential in circuit at all 
junctions as shown in figure. 

m 40 4Q 
4Q 

4Q ® 4Q 

IOOV 

Writing KVL equations for x and y gives 

x x-y x-lOO+y 
-+--+ =O 
R 4 4 

4x=100 

x=25V 

y y-x 2y-100 y-lOO+x 
and - + -- + + =O 

R 4 4 4 

5y=200 

y=40V 

2.Q 

B 

® 

Equivalent resistance across A and Bis given as 

. ~ 

vba""" 100 R =--=--
eq I batte,y ~ + 1'. 

2 4 

JOO 
Req= 25 40 

-+-
2 4 

40 
R =-n eq .9 

(x) By symmetry we can see that in circuit pointsE,FandB, 
Care equipotential so we can remove the resistances between 
these terminals and using series and parallel analysis we get 

. - -- -- -5ff' 
- - - -----------

A 

C 

Solutions of PRACTICE EXERCISE 3.5 

(i) Distributing potentials in circuit as shown in figure. 

Writing KCL equation for x, as 

10n <:2}§) ,!ov 0 sn --.c.».:-==--h,----'"'---'-i,;;...__@ 

IOQ 

@ IOQ 

® 

x-40 x x+I0-20 
--+ - + '--=--'----= = 0 

5 JO 10 

5x=80 

x=16V 

-~ov 

Current in 5n resistance is given as 

40-x 40-16 24 
1 =--=-- =-=48A 
"'5 5 5· 

(ii) Given that VA= VB and iflis the current in the circuit we 
use 

15+£ 
/=--

8 

and E-Ir=O 

Solving this equation we get 

E=5V 
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(iii) rnstributing the potentials in circuit as shown in figure. 

2Q 0 20V (2v 

4!l 2!l 

0 2Q ® 
@) 

20V 

!OV~ Z!l 

writing KCL equation for x and y, we have 

x-y x x-20-20 
--+-+---- =0 

2 4 2 

and 

5x-2y=80 

y-x y y+I0-20 
--+-+~--- =0 

2 2 2 

(I) x 3 + (2) x 2 gives 
3y-x=l0 

15x-2x=260 

260 
x=-.-=2QV 

13 

Current in 4fl resistance is given as 

X 20 
I = - =- =SA 40 4 4 

... (I) 

... (2) 

(IV) Distributing potentials at junctions of circuit as shown 
in figure 

IQ 
JV 
I 

Q) 
0 l!l l!l . 2V ® 
A 0 (i) B 

IQ IV 

(j) 

As terminal A and B are open, no current flows through R so 
writing KCL equation for x we have 

x-3+x-2+x-l=0 

6 
x=-=2V 

3 

Now the currents through the resistors are given as 

x-3 
I~=- =-IA 

I 

x-2 
I =-=0 
~ I 

x-1 
I =-=IA 
~ I 

C.urrent Elec!J:1i'¥! 

(v) Distributing the potentials at different junctions of the 
circuit as shown in figure. 

x x-20 x+40 x+30 
-+--+--+--=0 
10 5 5 5 

?x-100=0 

100 
x=-V 

7 

@ 40V @ S!l 
F----j, f-~~-w.----, 

IO!l 

m @f------s __ .,._--l 

@ 20V 
S!l 

@) ' IOV 

Current through lOfl resistance is given as 

X 10 
J=-=-A 

10 7 

@ 

(VJ).· Distributing potentials in circuit as shown in figure and 
writing KCL equation for x, we have 

2Q 

4!l 
2!l 

I 
rv 

0 2V ® 
x-2 x-2 x-2 
--+--+--=0 

4 4 4 

0 

I 
2V 

~ x=2V 

B!l 

8!l 

As x = 2V current in all resistors of circuit is zero. 

' . 
(vh) (a) Distributing potentials and currents in circuit as 
shown in figure. The current in 3fl resistance is 8A. 
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@u"rrerit Electricity 

® 
IA 

4!1 

3A 

2A R 

T' tA® 
I 

3!1 

8A 

0 

E, 
.i 
'I 

7A 
® 
6!1 

SA 

(b ), ( c) Using Ohm's law for resistances, we have 

X 

3 =8 

x=24 

using 
E1 ~24 
-- =3~E =36V 4 I 

and 
£ 2 -24 
~-

6
- =5~E

2
=54V 

and 
54-36 
-- =2~R=90. 

R 

(viii) The current in circuit is given as 

12+6 
J=--=3A 

1+2+3 

Now distributing potentials at circuit junctions 
we get the potentials of different points as shown in figure 

@) /=3A 
A 

~ 
IQ 

B 

@ 2!1 

C 

6V m 

@) 
D 

VA=l2V 

VB= VA-3 x I= 12-3=9V 

Ve= V8 -2 x3=9-6=3V 

Vn=-6V 

If 6V battery is reversed circuit current becomes 

12-6 
I= 1+2+3 IA 

_-_: ~-~ ~-: __ -~~--------5-3~3j 

Now the potentials will be 

VA=l2V 

V8 ="'.,-lx l=llV 

Ve= V8 -2x l=ll-2=9V 

Vn=6V 

Solutions of PRACTICE EXERCISE 3.6 

(i) In the given circuit the two 30V batteries can be replaced 

by their equivalent battery of same EMF 30V (as EMF of both 

batteries are equal) and with internal resistance 0.120. and the 

resistances 40. and I 0. are also taken in parallel of value given 

as 4 x 1/(4 +I)= 0.80.. Now the whole circuit will reduce to a 

single loop circuit in which by the polarity of batteries we can 

state that current is in anticlockwise direction, which is given 

as 

24+30-14 
J=-----------

0.8+3 +0.6+4+ 0.12+ 2+0.4 

40 

10
_
2 

=3.92A 

(ii) Fignre shows the current distribution in the circuit. 

Writing KVLequation for i1 gives 

5i1 -2i2=-l 

Writing KVL equation for i2 gives 

6i2-2i, =-2 

Solving equations-(!) and (2) gives 

i =-~A 
I 13 

and 
6 

i =--A 
2 13 

(a) Potential difference between Band D is given as 

V. -V. =2(i -i )= 2(J_) = _3_=0.154V 
B D I 2 13 13 

... (I) 

... (2) 
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(b) Potential difference across terminals of cell G is giveo as 

6x3 
V =E +i R=3--=1.615V 

G G 2 13 

Potential difference across terminals of cell His given as 

V =·E -i R=l-(-S) (l)-=l 384V 
H F I . 13 · 

(iii) Figure shows the current distribution in circuit. 

20V 4!l 

6V. 

(;2 
2Q 

A, 
In IOV 

s 

CurCeni Electi(cL\~ 

4.Q 

6V. A, 

0 ;, 
2Q A, 

KVL equations for all the loops of the circuit are written as 
-2(i,-ii)+l5=0 . 

2i1 -9i2 -2i
3 

- II+ i4 =O 

i2 + i3 + 3 =O 
l0-(i4 -;,)=0 

Solving these four equation, we get 
i1 =12.5A 
i2 =5.0A 
i3 =-8.0A 
i4 = ISA 

...(i) 
... (ii) 
... (iii) 
... (iv) 

(a) Writing KVLequation for i1 gives 
-2(i1-i2)+15=0 

Using the above curreots we can list up the reading of all the 
· · · (i) ammeters in the table below. 

Writing KVL equation for i2 gives 

-4i2 + 20-2(i2-i,)- )5 - i2 

- I0-2(i2 + i
3
)-6 = 0 

=> 2i1-9i2-2i3 - ll =O 

Writing KVL equation for i3 gives 

-2(i2+i,)-6=0 

=> i2+i,+3=0 

Solving above three equation gives 
i1 =9.5A 
i2=2A 

and i3 =-5A 

... (1i) 

... (iii) 

Using the above currents we can list up the reading of all the 
ammeters in the table below. 

Anuneter Ai A2 A, A4 A; ~ 
Reading (amp) 9.5 9.5 2 5 5 2 

Anuneter A, A2 A, /4, A; ~ 
Reading (amp) 12.5 2.5 10. 7 8 5 

And the current through switch is 15A. 

Analysis we did as above is quite leogthy in solving the 
equations. Students are advised to solve this circuit using 
method ofKCL and verify the results as well as compare which 
method is better in handling such circuits. 

(w) As we know that in steady state no current flows through 
the capacitor branch so there are two loops in the circuit in 
which the curreot flow. Figure shows the same circuit redrawn 
and the current distribution is also shown in this figure. 

30!1 

~ 
20n 

IV 

10n 

4V 

To find the potential difference across switch we write the Writing KVL equations for currents i
1 

and ;
2 

gives 
equation of potential drop from point B to A as 

V
8

+ 10+ I x2= VA 30i1-20i2 =4 ... (!) 

=> VA- V8 =l2V and 50i2-20i
1 
= I ... (2) 

(b) After closing the switch S circuit is redrawn as shown in 
figure and the cuireots are distributed in all loops of circuit as 
shown. 

Solving equations-( I) and (2) gives 

i 1 =0.2A 
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le -- ---- --Current Electricity __ 

and i2 =0.IA 

To find !be potential difference across !be plates of capacitor 
we write equation of potential drop from point A to B as 

VA-I +10i1 = VB 
=> VA-VB=2-1=1V 

(v) The circuit given in the question is reduced and redrawn 
as shown in figure below. At last step we found the equivalent 
battery of the middle branch across terminals A andB. Calculation 
of equivalent battery for any circuit is taken up under article-3.8 
ofThevenin's Analysis. 

A~-~--------A 
2n C SV A A 

4µF 4n m 4n 

B B 
JOY D m a~-~-----~--

t 
4n 

4n 

m 
,n 

C D 

2µF IOV 

4 F 

t 
2n 

A m B 

The currentthrough the battery is given as 

5 
i=-A 

4 

B 

2µF 

B 

The potential difference across terminals A and Bis given as 

5 
V +5- - X2=V 

B 4 A 

5 
V-V=-V 

A B 2 

The charges on capacitors are given as 

5 
q =2x -=5µC 

2µF 2 

5 
and n. =4x -=IOµC 

-..µF 2 

("-1 The circuit arrangement as described in the question 
and the current distribution is shown in figure. 

B 

In 1n In 

~2V I G: 
A C 

m D m 

C • ;, 

IV ,n 

Writing KVL equations for currents i1, i2 and i3 gives 

4il - ;, -2i3 =-2 

and 4i,-i,-2i3=2 

and 6i3-2i2 -=I 

Solving equations-(!), (2) and (3) gives 

i1 =-0.2A 

and 

and 

i2=0.6A 

i3 =0.3A 

The currents in different resistances are given as 

IAB=0.2A 

/oc=0.6A 

lco =0.3A 

IAD=0.5A 

... (I) 

... (2) 

... (3) 

(vii) Applying KCL at junction A, we get the current in AD 
branch as 3A. 

Now using KCLatjunctionB, wegettbecurrentin CB branch 
as IA. 

To find the potential difference across !be capacitor we write 
equation of potential drop from A to B as 

=> 

VA -5 x 3 - I x 3 -2 x I = VB 

VA-VB=20V 

The energy stored in the capacitor in steady state is given as 

I I 
U= - CV"= - x (4 x J0-0)(20)2 

2 2 

U=0.8 x 10-3 J 
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(viii) Considering velocity components of the electron coming 

out, we use 

V. V. 
1an370 = _..!'_ = _!'_ 
. Vx Vo 

Where velocity component ,ry is obtained dne to the electric 

field between the plates and if t is the time spent by electron 

between the plates, we have 

=> 

=> 

=> 

=> 

=> 

=> 

qEy / 
V=at=--x
Y Y m Vo 

V iR BR 
E=-=-=---

y d d (R+r)d 

3 qi BR -v. =V=--X---
4 ° Y mV0 (R+r)d 

3 2 16 3 x R 
-Vo =-xl012 x---- x3x9JxJ0-2 

4 91 (R+2)10-3 

2.5R+5=3R 

5=0.5R 

R=IOQ 

(ix) The current distribution in the above circuit is shown in 

figure. 

Writing KVL equations for the currents i" i2 and i3 gives 

i1R1 - iiR, = E0 ... (I) 

and i2(R1 + R2+R3)-il1 -i3R3 =0 ... (2) 

and ii(R + R3)- iill3 = E ... (3) 

Solving above equations-(!), (2) and (3) for i3 gives 

. E(R2 +R3)+EoR3 
l = 3 R(R2 +R3 )+R2 R3 

(x) (a) In steady state no current flows through the 

capacitor branch so distributing currents in the two loops of 

circuit as shown in figure. 

Current EleGf[lifm 

---=..-µ+=----~ 

c__01on 
+8~- 6Q 

JV 6µF -1 µ: +_--11 ~ _ _J 

Writing KVL equations for i I and i2 gives 

s;, -3i
2 

=4 

and 

Solving equations-(!) and (2) gives 

i1 = 0.698A and i2 = 0.53A 

Current in 3!.1 resistance is given as 

·1m = i 1 -i2 = 0.168A 

(b) Current in 8V cell is given as 

I,v = i2 = 0.53A 

... (]) 

... (2) 

(c) The potential difference across capacitor V can be given 
by writing the equation ~f potential drop from one side to another 
as 

=> 

=> 

8+3+V_:6i2 =0 

- V= 11- 6x 0.53=7.82V 

V=-7.82V 

Steady state charge on capacitor is given as 

q=CV 

=> q = (6 X JQ-') X 7.82 

q =46.92 x !o-'C 

Solutions of PRACTICE EXERCISE 3. 7 

(i) . Figure shows the current distribution in the circuit. 

2Q 

. __ r:'\ mr:'\ __ 
7V \ ., ) \ -

2 
) IV 
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Lcurrent Electricity __ -·-

Writing KVL equation for i I gives· 

+ 7-2i1-3Ci1-i2) = 0 

Writing KVL equation for i1 gives 

-1+3(ii-;,J-2i2=0 

Solving equations-(!) and (2) gives 

i1 =2Aandi2= IA 

Power supplied by battery of EMF £ 1 is given as 

P1 = E1i1 = 14W 

But supplied by battery ofEMF E2 is given as 

P2 =E,i2 =-IW 

... (1) 

... (2) 

Second battery will consume power as current i2 is going into 

its positive terminal. 

(il) Current in first case is given as 

E 50 
i=--=--

5+x 5+x 

Power supplied to the resistance is given as 

400 
P={1R= xx 

(5+x)2 

In second case, current is given as 

E 

i'= [5+(x~6)] 

Power supplied by the battery now is given as 

400 · 6x 
P'=iaR'=-----

[5+(6~JT (6+x) 

Power supplied in two cases are equal so we use 

400x 400 6x 
--~=-----x--
(5+x)2 [5+___i:_] (6+x) 

(6+x) 

x=7.5!1 

(iii) As discussed in maximum power transfer theorem the 
maximum power which can be transferred is given as 

£2 
p =-

nm 4r 

Here E and rare the equivalent EMF and internal resistance of 
the equivalent battery when the given batteries are connected 

----- ------·'1 

------ ---- 5EJ 
in series as in that case EMF will be maximum which gives 

. (4)2 
P =-=2W 

""" 4x2 

(iv) For power supplied to be maximum, tbe current in the 
external circuit should be maximum. In mixed grouping, the 

condition for maximum current is to have external resistance 
equal to internal resistance. Letm rows, each ofn cells in series 

be connected in parallel like a battery grid then the internal 

resistance of battery grid is given as 

nr 
R. =-

mt m 

As R = I 011, and r = 111, we have 

IO=nlm 

As total 24 cells are there we use mn = 24. 

n = J(240) and m = J(2.4) = 1.2 

Thus m should lie between I and 2. The value of m can not be in 
fraction so ifweusem= !, thenn= 24and the current in external 
circuit is given as 

nE 24E 
j=--=--=07£ 

R 
nr 10+24 · 

+-
m 

If we consider m =2 andn= 12 then current in external circuit is 

given as 

nE 12E 
i= -- = -- =0.75£ 

R 
nr 10+6 +-
m 

Thus current in second case in more than the current in first 

case so to get maximum output, 2 rows each of12 cells in series 

must be connected in parallel. 

Figure below shows the circuit and when maximum power 
is transferred to Rx then near to maximum value power remain 
constant for small variation in resistance. It happens when R, is 
equal to the internal resistance of the circuit which is 20!1 in 

parallel with 30!1 as battery is considered to be idea. 
20Q 

30Q 

Thus for maximum power Rx is given as 

20x30 
R, = 20+30 = 12!1 

R, 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



~¥;'~---· ---·. ·-•... 

(VI) From a filament heat generated and transferred to 
surrounding is always proportional to the exposed surface area 
of the filament thus we have 

QocA, 

Ifwe consider I as filament length and r is its radius then its 
surface area is given as 

A=21trl 

Power developed in the filament is given by thermal power in it 

v2 
P=-

R 

For constant temperature of the filament in steady state we use 
power developed is equal to power radiated to surrounding, so 
we have 

v2 
P=-=K.21trl 

R 

K is a proportionality constaot here aod R is the resistance of 
the filament which is given as 

pl pl 4pl 
R=-=-2 =--2 

a 1tr 1tD 

Taking natural log (In) on both sides of above equation gives 

ln(V)2=1n( 4~t') 
Differentiating the above equation gives 

2 dV =-dD 
V D 

dD¾ =- 2 dV % 
D V 

TJ¾=-2% 

(vii) Given thatatT0=27°C aodR0 =75.3Q 
At temperature Twe use 

Vr 
Rr=-. 

'r 

Rr=85.82Q 

UsingtheequationRr=R0[1 + a.(T-T0)], we have 

85.82 =75.3[1 +(1.70 x io--4)(T-27)] 

Solving above equation, gives 

Thus, the steady temperature of the Nichrome element is 850°C 

(viii) (a) Since the current decreases to zero uniformly in a 
time interval Al, the time function of current can be given as 

i= i0 (1-~
1
) 

Where we consider i0 as the initial current 
As total charge q is passed in time Al, we use 

J
ot Jot ( I ) i0AI q= 
0 

iAI = 0 io 1- Al = 2 

. 2q ,,= M 

Thus time function of current is given as 

i= !;(1-~,) 
Heat generated in this time is calculated as 

At.2 ot2q I 

( )

2 

. Q= f. 1 RM= f. M I- M RM 

Q= _! q2R[(i-__t__)']ot = 4q2R 
3M At 3M 

0 

(b) In this case time function of current can be written as 

. . (l)''ot z = 'o -
2 

Above function becomes zero at infinite time so total charge q 
passing can be given as 

foo foo I ioM 
q = Jo idt = Jo ioZ-' A'dt = ln(2) 

. qln(2) 
l =---

0 M 

Heat generated by this current cao be given as 

H= 
J q2Rin(2) 
2 M 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



!Current Electricity ___ -·-· 

(ix) As per the given condition, we use 

=> 

=> 

V2 
. (dT) - =k(_T-T.)+ C -

R o dt 

dT 
v2 
--k(T-T0 ) 
R 

J
T dT 
To V2 

--k(T-T,,) 
R 

dt 

C 

v2 
=> T= T0 +- (I - e-ktll) 

. kR 

(x) Let/ be the length of the fuse wire then its resistance R 
is given as 

=> 

pl 
R=-

A 

22x!0-6/ 
R=----

0.2xl0-2 
... (!) 

Lett seconds be the time taken for melting the fuse wire, then 

Heat produced is given as 

i2Rt 
H=-cal 

4.2 

HereI=30A so we have 

(30)2 x22x 10-6 x /xt 
H= -'-'------'---'- cal 

4.2 X 0.2 X 10-? 

We can also use 

H=msT 

Where mass of fuse wire is given as 

m = volume x density= A x Ix density 

m=(0.2 X 10-2) X / X J J.34 

... (2) 

=> 

=> H=(0.2 x 10-2)/x 1h34 x 0.032 x (327-20) 

From equation (2) and (3) we have 

(0.2 X J0-2) /X J J.34 X 0.034 X 0.032 X 307 

(30)2 x22x!0-6 x/xt · 

4.2x 0.2x 10-2 

Solving above equation gives 

t=0.095s 

... (3) 

.. - ·- ____ .ili] 

Solutions of PRACTICE EXERCISE 3.8 

(i) In steady state current flows only in lower loop of the 

circuit which is given as 

30 
i= 

6
+ 4 =3A 

Potential difference across capacitor is same as potential 

difference across 4Q resistance. 

Vc=iR 
=> Vc=3 x 4= 12V 
Charge stored on capacitor in steady state is 

q=CV=2X 12=24µC 

(ii) In steady state current flows in upper and lower loops of 

the circuit which are i1 and i2 respectively then we have 

and 

10 
i =--=2A 

I 3+2 

20 
i =--=2A 
2 4+6 

Potential differences across points BG and CF are given as 
V8 a= V8 -Va=3i1 =3 x2=6V 

and VCF=Vc-VF=4i2=4x2=8V 

Charge on both the capacitors will be same as sum of charges 

on top and bottom plates ofboth the capacitors must be zero as 
initially these are uncharged. If charge on capacitors is q then 

we write the equation of potential drop in loop BGFC as 

=> 

=> 
=> 

-6 q +8 q =0 
6x!0-6 3x!0-6 

(106)q =2 

2 

q =4 x !o-6C 

q=4µC 

(iii) At the initial moment, the circuit arrangement is shown 

in figure. 

q +q-
A~-+~~------'-1~----4-.B 

;, ;, c, c, 

;, 

;, +q c~----'-1 F------'D. 

c, 

Writing KVL equation for the loop just after making the 

connections, we have 
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30 30 30 -+--- -j X 10=0 
3 6_ 6 o 

Initially, the energy stored in the capacitors is given as 

900 900 900 
U = -+-+- =150+75+75 

1 2x3 2x6 · 2x6 

(v) Let q be the instantaneous charge on the capacitor when 
a steady current i flows through the circuit. From the circui~ we 

can write KVL equation as 

E= !L+iR 
C 

qx "R E=-+1 •oA ... (!) 

When-separation between the plates of the capacitor is x, then 
we use its instantaneous capacitance to be C = •.Alx 

Differentiating equation-( I), with respect to time, we get 

. q (dx) ix o-- - +-•oA- dt , 0A 

Let charge oq flows rough the circuit till a steady state is reached. · ~ q= 
ix 

(dx!dt) 
... (2) 

Then the charges on C1, C2 and C3 will be 
q 1 = (q-oq), q2= (q-od) andq3=q+&J. 

, 
Again writing KVL equation for the loop in steady state gives 

q-oq q-oq q+oq 
--+-----=0 

C1 C2_ C3 

1iq=l5µC 

Now, final energy stored in capacitors is given as 

u = (q-oq)2 + (q-Bq)2 + (iJ.+oq)2 
2 2C1 2C2 2C3 

(15)2 (15)2 (45)2 
U=--+--+--

2 2x3 2x6 2x6 

u,=225µr 

Thus total amount of heat generated is given by loss in total 
electrostatic energy of all capacitors which is.given as 

H= U1-U2
=300-225=75 µJ 

(iv) ( a) Immediately after the switch is closed whole current 

From equation;(2), substituting the value of q in equation-(!) 
gives 

ix2 
E= ----+iR 

, 0A(dx/ dt) 

dx =v= (-i/e0A)x2 
dt E-iR 

_ dx = (i!e0A)dt . 
x 2 E-iR 

. .. (3) 

Integrating the above expression with respect to time, gives 

.!__~ = [i/e0A]1 
x x0 E-iR 

... (4) 

Again differentiating with respect to time, gives 

passes through C1 as it behaves as short circuit which is given ~ 

as 
v= (dx) = (ileoAJx2 

dt iR-E 
... (5) 

E 
i=

R, 

lb) Long time after switch is closed no current will pass through 
C1 and C2 so the total current will be given ·as 

From equations-(4) and (5), we have 

(
i/e0A) 
iR-E 

v= [(il•o_A)1+_.!._]' 
E-,R x,, 
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r-- --- --- -~urrent Electricity ________ _ 

(w") Initial potential energy stored in the capacitor, 

u=.!.cv2 

2 

1 
U= 2 X 5 X lo-6 X (200)2=0.!J. 

When the switch is shifted from contact 1 to 2 capacitor starts 
discharging and during discharging this 0. IJ, will distribute in 
direct ratio of resistance thus heat dissipated in 400n resistance 
is given as 

= 400 x0.1 
H_, 400+500 

H_, =44.4 x 10-31. 

H_,=44.4mJ 

(vii") The current distribution is shown in figure. As we know 
that in steady state no current will flow in the two branches 
consisting of capacitors. 

From figure the currents in th_e two loops are given as 

24 

and 

i =--=4A 
I 4+2 

18 
i =-- =2A 
2 3+6 

In the figure we consider a potential x at the right plate of the 
2mF capacitor and ,zero at the left plate of this capacitor and find 
the potentials at the plates of other capacitor as shown in figure. 

@ 3µF ~ I 

24V 0) 6n 
~-

18V 
4n 

JU m 
A 
~ I 

@2v® 2ftl' 0 

:~~-=:-... =-:~~:-½iJ 
(viii) (a) After long time in steady state capacitor gets fully 
charged by EMF E1 then current through capacitor will be zero 
thus we have 

i =0 
C • 

and = __!i__ = 20 
i~,=iRz R

1
+R

2 
20x103 

i =i =I0-3 A=lmA 
R1 R2 

(b) In steady state with EMF E1 

E, 
V =V =V =-=lOV C Rz R1 2 

Now when the switch is shifted to position B, just after shifting 
capacitor behaves like a battery of 1 0V. The currents in this 
situation can be calculated from the circuit shown in figure in 
which we distribute the potentials at different junctions of the 
circuit as shown. 

. 20 
l = 
RI lOxlO' 

10 
and iR2 = 

10 
x 

10
, 

R, 

2mA 

lmA 

By using KCL at top junction of circuit we can get the current 
through capacitor which is given as 

(ix) (a) Initially the capacitor is uncharged. When the switch 
is put on position l, the capacitor starts charging. After some 
time, the steady state is reached and the change on the capacitor 

Now writing nodal equation for unknown potential x, we have is given as 

2x +3(x-12-18)=0 %= CE, =0.1 x 100= IOC 

5x=90 

x=l8V 

Charge on 2µF capacitor is given as 

q2µF=2x 18=36µC 

Charge on 3µF capacitor is given as 

q,µF=3 x (18-6)=36µC 

Work done by the battery in charging is given as 

Energy stored in the capacitor till steady state is given as 

qi 
U1 = 

2
C =500J 

Heat generated during flow of charge q O is 
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During charging process, the resistances r1 and R are in series 

so heat is distributed in same ratio of resistance values thus 
heat generated across 99f.l is given by 

R 99 
Rm,= (lj +R) xH1 = JOO x500 =495J ... (!) 

(b) When the switch is thrown to position 2, the circuit 

arrangement is shown in figure. In this position, the charge on 

capacitor q decreases because it is connected to a battery of 

EMF 50V. If at any time instant t, the charge on capacitor is 

equal to q and suppose the current flowing in the circuit be i 
then using KCL in this loop gives 

q 'R . E --, -lr. = C 2 2 

~ 10q-50=100i 

lOq-50= 100(-dq/dt) 

Negative sign is used in above equation because charge on 
capacitor is decreasing. 

~ q-5=(-<jd/dt) 

lOdq =-dt 
q-5 

101n -- =-t ( 
q-5) 
q.-5 

q = 5(1 + ct/IO) 

The current in circuit is giv~n as 

. dq I -1/10 ,= -- =-e A 
dt 2 

... (2) 

... (3) 

(c) From equation-(2) steady state charge on capacitor is given 
as 

q=5(1+e-"•) 

q=5C 

Final.energy stored in capacitor is given as 

q2 (5)2 
U2 = 2C = 2x0.l = 1251 

Energy supplied to battery E2 is given by 

W, =E,(%-q) 

w, =50(10-5)=250J 

Heat generated during this process is given as 

H2 = U1-(U2+ W,)=500-(125+250) 
~ H2 =125J 

Heat generated across r 2 is given by 

r2 
H =---XH2 

,z .R2 +r2 

I 
H = -xl25 =l.25J 

,2 100 

(x) (a) The given capacitor is a leaky capacitor which is 
discharging through its medium between the plates. In this 
case charge at any time tis given as 

q = %e-1t-c 
Discharging current in the circuit is given as 

i=(-;q)= ~-e-11' =i0e-'1' 

Here we have 

. qo qo 
l =-=-
0 t CR 

C 

Capacitance and resistance between the plates are given as . 

c·= K~oA 

and 
. d 

R=
crA 

Time constant of the leaky capacitor is given as 

Thnswe have 

Ke0 t=CR=
cr 

. qo crqo 1=--=--
0 Ke0 Ke0 

er 

Substituting the values gives 

(5.0x 10-14)(7t)(4.0)2(15 X 10-,;) K=~--~-~~----c-c-~ 
(l.Oxl0-,;)(8.86x 10-12 ) 

K=4.25 
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I Current Electricity 5431 

(b) Initial energy stored in capacitor which is dissipated as Thus, a resistance of9980Q is to be connected in series with 

heat is given _as the galvanometer to convert it into the voltmeter of desired 

2 I 2 
U= .!_ qo = _ __!k__ 

2 C 2 Ke0A 

d 

2Ke0AU 
d=-~-

q~ 

2x4.25x8.86x 10-12 x 1tx (4.0x10-2)2 x 7500 
d=------~--'--~--'---

(1.0 x I 0-6)(8.86 x 10-12) 

~ d=S.Ox !0-3m=5.0mm. 

(xi) From Kirchofl's Law : 

IR+qlc-E=O 

Rdq +.'L =E 
dt C 

dq 
RC dt =CE-q 

Integrating, 

If the capacitance is. decreased 11-fold, as t= 0, then initial charge 

CE 
% '= + - . Hence the charge available for flow is ,, 

CE 
q -q '=(11-1)-0 o_ 

11 

After this instant (t > 0), charge q changes according to the 
equation, 

CE /RC\ q=(11-l)-(J-e-"1 , ,, 
Current through the capacitor is given as 

!= dq = 11-I EC_!l_e-ta!RC 
dt '1 RC 

I= (11-l) Ee-ta/Re 
R 

Solutions of PRACTICE EXERCISE 3.9 

(i) Using 
V 

R=--G 
ig 

10 
R=--20 

10-J 

R=9980Q 

range. 

(ii) The situation described in question is shown in figure. 

3.4V 

m 

Equivalent resistance of voltmeter and 100 Q resistance 

R'= IOOR Q 
IOO+R 

Current supplied by cell is given as 

3.4 
i=---

(3+2+R') 

( 
3.4 ) 3.4 

0.04= 5+R.' = 5+(100R/IOO+R) 

Solving we get 
R=400Q 

From the above circuit current is divided in resistance and 

voltmeter which are in parallel connection, for which we can 
write 

;, x 100 = (i-i,) R=(0.04-i,) x 400 
~ i 1 =0.032A 

V1000 =0.032 x 100=3.ZV 

For ideal voltmeter R = oo 

In this case current is given as 

3.4 
i= 3 + 2 +100 =0.03238A 

Potential difference across I OOQ resistance is given as 
VIOO =0.03238 x 100=3.238V 

(iii) In a meter bridge null deflection occurs at balancing state 
of Wheatstone bridge for which we use 

10 AC 

R CB 

R= 10(~~) =(I0)('0~~
4
0) = 10(!~) 

R=ISQ 
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("iv) (a) There are no positive and negative terminals on the 
galvanometer because null deflection in needed so this must be 
a bidirectional galvanometer. 

' (b) Figure shows the connections of battery and the 
. galvanometer in the circuit. 

,-----{iG 

X 12n 

A J B C D 

(c) Given that at null deflection distances are 

AJ_=60cm 

and BJ=40cm 

Effective resistance of the circuit in this case is given as 

=> 

50x200 
Rn,t = 1.0 + 2.0 + 50 + 200 

Rnet =430 

Current in circuit which will be the reading of ammeter is given 
as 

4.3 
i= 43 =0.lA 

Reading of voltmeter is given as 

V = i X effective resistance of son and 200n 

=> V= (O.l)(5oxiooJ 
50+200 

=> V=4V 

(b) After the switch is thrown on the other side the circuit is 

· At null deflection the Wheatstone bridge is balanced so we use now shown in figure . 

X 40 2 
=> -=-=-

12 60 3 

=> X=SQ 

(v) Shunt resistance S can be calculated by using 
equation-(136) as 

S=(~)G 
l-lg 

[ 
(50xl0-,;) ] 

S= (5xl0_, -50xl0-6) (100)= I.On 

(w) (a) In initial state the voltmeter is connected across 
resistance R so the circuit is shown in figure in which we have 
considered the voltmeter and ammeter as their internal 
resistances. 

,---j~.3V I.Or! 

son 2.0Q 

200Q 

. . 
'4.3v l.OQ 

50Q 2.0Q 

i, 
i, 

200Q 

Effective resistance of the circuit across battery is given as 

=> 

52x200 
Rne,=l.O+ 52+200 

Rnet =42.270 

Current supplied by the battery now.is given as 

4.3 
i = 42.27 =0.lA 

In the above circuit the current is divided in inverse ratio of 
resistances in parallel combination as 

!!_ = 200 
i2 52 

Ammeter reading is given as 

. = (200Jco.1J 11 252 

=> i 1 =0.08A 

Reading to voltmeter is given as 

=> 

=> 

V = Potential difference across (50 + 2.0)n 

V=0.08x52 

V,;42V 
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fcimen1 E1ectricii;,- · s4s 

(vii) Let R1 = resistance of ammeter and R2 = combined (i) Voltmeter readings are given as 

resistance of ammeter and voltmeter. In the first case, current in 
3 

the circnit is given as V1 = 5 x 200= !WV 

6 
i=

R2 

6V 

Voltage across voltmeter is given as 

V = 6 - voltage across ammeter 

V=6-iR
1 

6R1 V=6--
R2 

... (i) 

... (ii) 

In the second case, reading of ammeter becomes two times, it 

happens when the total resistance becomes half while the 

resistance of ammeter remains unchanged so we use 

6 12 
i'=--=-

R2 /2 R2 

and V'=6-(i?R1 

V'= 6 _ J2R1 

R2 

Further, it is given that 

6 _12R1 =
3

_3R1 

R2 R2 

R1 I 
R

2 
= 3 

Snbstituting this value in equation-(iv), we have 

V'=6-(12)(½) 

V'=2V 

... (iii) 

... (iv) 

(viii) (a) When switch S is open, V1 and V2 are in series, 

connected to 200V battery. Potential will drop in direct ratio of 

their resistors so we use 

V1 : V2 = Rv, : Ry2 = 3000 : 2000 

V1 :V2 =3:2 

and 
2 

V2 = 5 x200=80V 

(ii) When Sis closed then V1 andR1 are in parallel. Similarly V
1 

and R, are also in parallel. Now they are in series and these are 
having equal effective resistances so 200 V will be equally 

distribute between them thus final voltmeter readings are 

200 
V =V.=-=IOOV 

I 2 2 

(b) Figure shows the current distribution after switch is closed. 
The currents are given as 

i, 

. _ 100 __ I A 
12 - 2000- 20 

. 100 I A 
14 = 3000 = 30 

3000Q 

i, 
v, 

2000n p 

i+--IOOV 

2000n 

i, 
v, 

i, 

3000Q 

IOOV~ 

Using KCL at junction P, the current through switch is given as 

I 
is=i2-i4 = 

60
A inupwarddirection. 

Solutio11s of CONCEPTUAL MCQS Si11gle Option Co"ect 

Sol. 1 (A) A will read the potential difference across the 
capacitor andB will real P.D. across its own resistance which is 
in parallel across the capacitor so reading of both voltmeters 
will always be same. 

Sol. 2 (A) The charge on capacitor as a function of time is 
given as 

q= CVe-llRC 

Here CV= q. is termed as steady state charge or equilibrium 
charge so ifwe use q = fq0 then from above relation we get time 
taken for charge to growupto f fraction ofits steady state value 

which is given as t = RC ln( llj) which is independent ofapplied 
EMF. 
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Sol. 3 (B) Ifinitial potential difference across capacitor is less 
than battery·EMF then battery will supply more charge to the 
capacitor and its potential difference increases and if initial 
potential difference across capacitor is greater than battery EMF 
then charge from capacitor flows into the battery and its potential 
difference decreases. 

Sol. 4 (B) In an electrolyte there are positive and negative 
ions which drifts inside the electrolyte chemical when an electric 
field is applied onto it by some external potential difference. 

Sol. 5 (D) As a voltmeter resistance is in general is very high 
so initially very low current flows in circuit and potential 
difference across voltmeter is almost same as that cell voltage 
and current .reading of ammeter would be very low. When a 
resistance is connected in parallel to a the voltmeter then overall 
resistance of circuit decreases which cauSes current to increase 
and the potential difference across voltmeter will decrease. 

Sol. 6 {B) Net resistance wiU decrease by increasing the 
parallel resistance in the circuit. Thus circuit current will 
increase. Reading of voltmeter is the potential drop across the 
resistance of voltmeter and as circuit current is increasing, so 
reading of voltmeter will increase. 

Sol. 7 (D) Here we use 

R = R + _(_R_+_R~0 )_R_ 
o (R+Ro)+R 

R 
Solving the above quadratic equation we get R = j . 

Sol. 8 (A) Figure below shows the situation described in the 
question. 

A.----R~---.B 

2n 

The resistance of the wire along diameter is given as 

R= (....L)(2r) = ! 
21tr 1t 

Here we will now consider lli, lli andR in parallel cx:imbination. 

Sol. 9 (B) In above circuit brightness will be proportional to 
the curre1:t through the bulb as power dissipated is i2 R. In this 
case maximum current will pass through A. 

cuireii1'E~~ 

Sol. 10 (B) Initial current in circuit is given as 

. E1+E2 
' = I R+'i +r2 

Final current, when second battery is short circuited is given as 

. E, '=--
2 R+'i 

We can check that i2> i I if 

El+ Et,+ E1r2 > E1R + E1r1 + E,,R + E2r; 

E1r2 > Ez(R + r1) 

Sol. 11 (B) The current in R2 is given as 

i=[R,:RJ 

We can see in circuit that potential difference across capacitor 

is same as that across R2 which is given as 

V. = iR = [--5_] 
c 2 R +R I 2 

Sol. 12 (B) After closing the switch common potential across 

Jhe two capacitors will be given as 

Charge on the capacitors is given as 

and 

.Q 
Q =CV= -

· I I 3 

2Q 
Q2=C2 V= 3 

Sol. 13 {A) Drift veloci_ty of electrons is the terminal velocity 
of electrons motion in presence of external electric field force 

which is balanced by the opposing force on electrons due to 
their thermal agitation where as average velocity of electrons in 

a conductor is defined only by their thermal motion like gas 
molecules in a gas in their random motion. 

Sol. 14 {C) At anytime inside a metal body velocities of free 

electrons are randomly distributed in different directions average 

of which is zero. 
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Sol. 15 (D) In a current carrying wire due to external electric 

field when free electrons of a metal body drifts their rate of 

collision increases with neighbouring electrons compared to 
the case when there is no electric current due to which heat is 

dissipated and temperature of metal wire rises. 

·Sol. 16 (A) The current is steady that means the total amount 

of charge flowing through all the cross sections of the_ wire are 

same. 

Sol. 17 (C) A fuse wire melts when its temperature rises to its 
melting point. If a fuse wire _oflength I, cross sectional radius r, 
density p is heated due to passage of a current i through it 
then its equilibrium temperature is one when rate of heat 
produced in it due to Joule heating is equal to the rate at which 

heat is radiated to its surrounding which is given as 

i2 R = a(2nrl) (T'- J;) 

i2 ( p/2 J = cr(2nr/) (T'-T') 
"' ' 

( 

·2 )"' I p 4 
T= --,-3 +½ 

2cr1t r 

Thus the equilibrium temperature of a fuse wire does not depend 

on its length. 

Sol. 18 (C) Due to high resistivity of constaniine it is used to 
make variety of resistances within practical dimensions. 

Sol. 19 (B) It is discharging ofcapacitor so current is given as 

I= E e-t/RC 
R 

E t 
lnJ=ln--

R RC 

Intercept is constant thus E & R remain constant 

As slope decrease thus C is increased. 

Sol. 20 (B) When cells are arranged in parallel the current is 
divided in all the cell branches so current capacity of the 

equivalent cell increases. 

Sol. 21 (C) As the two devices are in parallel, voltage across 
both will be same so ifone is switched off nothing will happen 

to the other. It continues to work in the same way. 

Sol. 22 (C) In parallel combioation voltage across all resistors 
is equal and current is divided io ioverse ratio of the resistance. 

Sol. 23 (A) Drift speed of free electrons io a current carrying 

conductor is given as 

vd =Jlne 

For the two conductors of same material we use 

16 

Sot 24 (A) As weknowconductivityofa material is given as 

ne2-r 
a=-·-

m 

Resistance of a conductor is given· as 

pl I ml 
R=-=-=--

A aA ne2'tA 

Sol. 25 (B) If Vis the voltage rating of the two bulbs then 

their resistances are given as 

and 
V' V2 

R2=Jf=100 

R2=2R1 

Sol. 26 (C) !fin general we consider in a copper wire of cross 
sectional area lmln2 ~ng a current of IA, the drift velocity 

is given as 

_ !._= 1/10 .. _ ,. -4 _ -2 

vd- ne 8.5x\Ol' xl.6xl0-19 10 m/s-lO crn/s 

Sol. 27 (D) If the origioal wire is oflength / and cross sectional 

area S, its resistance is given as 

R= pl 
s 

For the bundle with four parts of this wire the length will become 
//4 and cross sectional area will be 4S so its resistance is given 

as 

Sol. 28 (C) As length is iocreased to double that means for 
the constant volume its cross sectional area will decrease to 

half so its resistance will become four times. 

Sol. 29 (B) Resistance of a conductor is given by reciprocal 
of the slope ofI-V curve. This graph shown in figure has a 

slope 1/2 so the resistance of conductor is 2Q. 
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Sol. 30 (C) Power dissipated in the resistance for charging of Sol. 33 (C) The equivalent circuit of the circuit shown in figure 

a conductor is given as 

P=i2R 

_P = (i0e-6")2 R 

p = (iJR) e-211" 

P = P e-1l(sl2J 
0 

From above equation we can see that the time constant for 

power variation is 17/2. 

Sol. 31 (D) Dnring charging ofa capacitor 50% of the energy 

supplied by the battery is lost and only 50% is stored. 

Total energy lost is given as 

J q' I (EC/2) 2 

U=--= 
2 C 2 C · 

E2C 

8 

This energy is divided in the two_ resistances in same ratio of 

resistances so heat dissipated inside the battery is given as 

·1 , r 1 , 
H. = -EC x--=-EC 

battery 8 r + 2r 24 

Sol. 32 (D) In steady state cnrrent only flows through the 

outer loop which is given as 

. [E-E0] ,= 
R+Ro 

Writing the equation of potential drop from left side ofcapacitor 

to right side ofit from the lower branch containing R
0 

gives 

In above equation we considered left plate ofcapacitor is a and 

right one i,s b 

V -V, =(E-E )[1-_&__] 
a b . o R+Ro 

V -V. = R(E-E) 
a b R+Ro 

Thus steady state charge on capacitor is given as 

CR(E-E0 ) 
q = C(V - Vi,)= -~~-

a R+Ro 

is shown below. 

The time constant of this circuit is given as 

CR 
, =CR =-
c , net 3 

Where%= CV is the steady state charge on capacitor. 

Sol. 34 (C) Dnriug charging capacitor and resistance ofits 

wire are independently connected with the battery so the time 

constant of the circuit is given as 

'c=RC 

Dnring discharging capacitor is discharged through both 

resistors in series so the time constant for discharging of 

capacitor is given as 

tc=(2R)C=2RC 

Sol. 35 (B) Just after the switch is closed C1 is short cjrcuited 

and cnrrent passes through R1 and C
1 

only so it is given as 

EIR1• 

Sol. 36 (B) The two branches in circuit are connected to the 

battery of voltage Vwhich maintains the potential difference 

across the two branches so cnrrent in each branch can be given 

by the transient analysis of charging of capacitors as 

and 

(v)-' i1 = 2R e 6CR 

5t 

!!_ = e6CR 

i2 2 

Above ratio is increasing with time. 

Ashish Arora Electrostatics and Current Electricity with www.puucho.com

www.puucho.com

W
at

er
m

ar
k



@§ent. EJectrtdiy · _· · __ · · __ 

Solutions of NUMERICAL MCQS Single Options Correct 

Sol.1 (B) In steady state current in the branch containing the 
capacitor is zero so current flows in outer loop and it gives the 

potential difference across capacitor which is same as potential 

difference across R2 given as 

ER2 --=2V 
R2 +r 

=:, q=CV=2µC 

Sol. 2 (B) When the switch is shifted from position I to 2 due 
to higher voltage of battery further current starts flowing as 

shown in figure below. 

CL l---+_J2R 

0 zs 

Writing KVL equation for the loop gives 

V. +2"-2iR- !L = V. o -, c o 

We use current in circuit as 

=:, 

. dq ,=-
dt 

q I J dq =fdt 
cs(l __ q J o 

R 2RC 

1n(½-zk)I:, 
(- 2~c) 

ln(2~C-qJ = __ t_ 
~C 2RC 

q = 2~C - ~Ce·tl2RC 

q = ~C(2 - .-l/2R') 

and 

=:, 

dq CV -I/RC f=--=-e dt RC 

. V -I/RC 1=-e 
R. 

at t = 0 circuit current is given as 

V 
i=~ 

R 

Sol. 4 (A) In parallel current distributes in ratio ofresistance 

so we use 

=:, 

=:, 

=:, 

JG = §_ 
18 G 

G=U:}s> 
G= (50;020}12) 

G=l8Q 
Sol. 5 (A) For the currents through galvanometer and shunt 

resistance we have 

=:, 

JG = §_ 
Is G 

s=(~;JG 

S= (:8JG =: 
Sol. 6 (B) Power of a heater is given as 

v2 
P=-

=:, 

=:, 

R 

I 
Poc -

R 

P2 _!i=!i_ 
lj R2 1, 

p 2 = (i)Jj = (-1 Jlj = 1.11P1 1, 0.91 

So, power will increase by 11 %. 

Sol. 3 (B) When switch is shifted to position b discharging Sol. 7 (B) In a potentiometer internal resistance of cell is given 
will take place as 

and 

=:, 

q= q
0
e-tlRC 

q=CVe·•RC 
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Sol. 8 (B) Drift speed of free electrons in a conductor carrying Sol.14 (B) Total EMF of battery IOV is equally divided between 
a current i and cross sectional area A is given as 50!1 and other parallel combination ofl 00!1 and voltmeter. IfR 

i i 
V =-= 

d neA ne(1tr2) 

i => vcc-
d ,,2 

Thus drift velocity will reduce to half. 

Sol. 9 (D) .For making voltmeter of higher range, high resistance 
is required. 

Sol. 10 (D) Potential difference across the three resistance in 
parallel is given as 

V2QQ=20x0.3=Rx0.8 

. R= 30n 
4 

4 I 1 1 
=> -=-+-+-

30 R1 20 15. 

Solving we get R
1
=60Q 

Sol. 11 (C) We use for 3V battery 

E-ir=O 

=> 3-( 3+15 ){l)=O 
1+2+R 

Solving this equation we get, 

R=3!1 

Sol. 12 (A) We use Ohm's law for the given part of circuit as 

!O0 = (s)[ (2500R)] 
· 2500+R 

Solving this equation we get 

R=20!1 

Sol. 13 (C) If the unknown resistances areP and Q, then for 

first case we have at nup point 20cm 

P 20 · 
Q = 100-20 or Q= 4P 

=> l'<Q 
In second case we have null point at 40cm 

P+l5 40 
-- =---'---

Q 100-40 

P+l5 2 
--=-

Q 3 
=> 

Solving above equations we get, 

P=9!1 

... (i) 

... (ii) 

is the resistance of voltmeter then their net resistance should 
be same so we have 

I00xR 
I00+R =SO 

=> R=toon 
. . 

Sol. 15 (D) In the figure shown below at null deflection we 

have VAc = V08 

2V IQ ~-----
Af----i------,----+---4=n~--'B 

D 
1.2V 

=> i(RAd = E= 1.2 

=> ( _2-_)(~x/) =1.2 
4+1 100 

=> /=75cm 

Sol. 16 (C) Considering the two batteries in parallel equivalent 
circuit is shown in figure below 

:

zv o.sn 

1.----------l ~~-w~. 

R 

Maximum power across R is obtained when R = r = 0.50 
Maximum current in circuit is given as 

2 
i=--=2A 

R+r 

=> P""" = i2 R=(2)2(0.5)=2W 

Sol. 17 (D) Circuit current flows in clockwise and it is given as· 

10-5 1 
i=----=-A 

2.5+2.5+40 9 

Writing equation of potential drops from B to A gives 

V.-15i-25i=V .B A 

=> V -V. -40i=-
40 v 

A B 9 
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Sol. 18 (C) When Kis open equivalent resistance of the circuit 
is given as 

R,qI =3R/2 

2E 
. i = E/(3R/2) = -
. 1 3R 

When K is closed equivalent resistance of the circuit is given 

as 

R = 2[Rx2R] = iR 
0

•
2 

• R+2R 3 

·3£ 
i = E/(4R/3) = -
2 4R 

' Sol.19 (B) For the current distribution between galvanometer 
and shunt resistance we use 

JG=~ 
ls G 

s=(~; )a 
S= _(li 34l x3663=lllfl 

(33 /34) 

Sol. 20 (C) In the given circuit we can see that the equivalent 
resistance across AB is given as 

RAB= 2(Equivalent resistance of infinite series) + 1 fl 

In parallel net resistance is always less than the I fl. Thus 
equivalent resistance of infinite series is less than 3fl thus we 

have 

Sol. 21 (B) By symmetry we can open the middle junction of 
the circuit due to which the circuit is reduced as shown below. 

A 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

R 

B 

Now using series and parallel combination we can calculate 
that the net resistance across A andB terminals is 3R/2 because 
the resistance of both the branches across A and Bis 3R which 
are in parallel 

Sol. 22 (B) As voltmeter is ideal no current will flow through 

voltmeter so current through two batteries in the circuit is given 

as 

1.5 -1.3 0.). 
i= =--

1j+r2 1j+r2 

Voltmeter reading is given as 

V=E
2
-i,2 

1.45= l.5-(~)(r2 ) 
1j +r1 

Solving this equation, we get 

r1=3r2 

Sol. 23 (C) As the given ammeter and voltmeter are not 
considered ideal, we use 

4(R+ R.J =20V 

R=5-RA 

Where R Ais the resistance ofammeter 

Sol 24 (D) In the circuit shown below all the currents are 
indicated which can be obtained by KC! at all junctions. 

2A 

B 7A C 
SA 5Q 3A 

2A R 

' ,. 
IOOV 

Writing KVL equation in closed loop we have 

+ l00-30-35-2R =0 

2R=35V=VR 

V,n =7X 5=35V 

Vsn . 
-=J 
VR 

Sol. 25 (D) Asresistance·varies linearlywith time, its variation 
function of time is given as 

R=at+b 

From the graph at t= !Os, R = 200. 

=} 20= l0a+b 

From the graph at t= 30s, R =40fl 

40=30a+b 

Solving above two equations we get 

a= lfl/s 

and 

=} 

b = !0fl 

R=(t+l0) 

... (i) 

... (ii) 
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Current in circuit is given as 

Charge flow is given as 

J30 
!J.q= idt 

IO • 

!J. = -- dt f30( 10 ) 
q IO t+J0 

!J.q = 10 In (2) 

Sol. 26 (B) Suppose n (< I) fraction of the length ofresistance 

is stretched tom-times. Then its new length is given as 
(t-,- n)I+ (n/) m = 1.51 

nm-n=0.5 
Resistance is given as 

R= pl 
A 

... (i) 

Sol. 28 (q In parallel combination current is divided in inverse 
ratio of resistances so we have 

9Q 0.9n 
f t~0-.01-A----<:J 

A QIQ B 

O.QJ 0.1 

l-0.01 9+0.9 

· /=IA 

Sol. 29 (D) Equivalent EMF of the two batteries s1 and I;, in 
parallel combination is given as 

s= s1lr1 +s2 lr2 
l/'i +l/r2 

R= L [Visthevolumeofwire] => 
(V //) 

s= c212)+(4/6) 

(l/2)+(1/6J 

' p/2 
R=-

V 

Rocf2 [As Vremain constant] 

The final resistance becomes four times so we use 

(1-n)R+(nR)m3 =4R 

nm2 -n =3 

Solving above two equations we get 

l 
n=-

8 

.. '(ii) 

Sol. 27 (B.) Initially if /1 is the balancing length then we have 

11 X 2 
100-11 =Ji= 3 

2 
I = -x!00 

I 5 

11 =40cm 

If the new balancing length is 12 then we have 

12 X = 12 = i 
100-12 R' 8 2 

3 
/2= 5x!00 

12 =60cm 

Thus J is displaced by 

12-11 =20cm 

s=2.sv 
At balancing length we have 

VAN=s 
=> JAN (RAN) =s 

=> (4+1:x4)<4)(/)=2.5 

25 
1=-m 

24 

Sol. 30 (D) When K1 and K2 both are closed RI is short 
circnited and circuit resistance will be 

R,.=(50+r)Q 
When K 1 is open and K2 is closed, current remains half. 

Therefore net resistance of the circuit becomes two times. 
50+r+ R1 =2(50+r) 

For the given options in questions, above equation is satisfied 
for 

r=0andR1 =50Q 

Sol. 31 (A) All these. resistors are in parallel combination 
acro~s the battery so equivalent resistance is given as 

R 
R = -+r =4Q 

eq 3 

So circuit current is given as 

E 
i=-=IA 

R.,q 

Current through either of the resistance is 
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i I 
i=-=-A 
R 3 3 

Thus voltmeter reading is given as 

V=iR= G}9) =3V 

Sol. 32 (D) As the given circuit is a balanced Wheatstone 

bridge, the potentials of points A.and B would be equal. 

Sol. 33 (B) At null deflection in galvanometer we have 

Eo= VAc=iArflAc 

£ 0= (~)('~ x0.2) 

· ·-. -_ ~--_-·_·_-_-_--__:sc.:_@::.i3 

This potential difference will be equally divided across the two 
capacitors so potential difference across each capacitor is given 
as 

V= s/1 
2(R +r) 

Sol. 37 (A) The current in 2P resistor is given as 

2 
. i= 2 = IA 

Potential difference across 2Q resistor is given as 

V=2X1=2V 

Charge on the capacitor is given as 

q=l0x2=20µC 

E 
E=

o 5 

In second case w_e have 

... (i) Sol. 38 (A) At an·instant when 

Vc=3VR 

E =(__!___)('0xo.3) 0 IO+x I 

Solving equations-(i) and (ii) we get, 

x=5Q 

... (u) 

Sol. 34 (B) Resistance between A and B can be removed as 

resistances between points CEHF are acting as a balanced 

Wheatstone bridge. R0 E and R0 H are in series and they are 
connected in parallel with I OV battery so the current in DE is 

given as 

/ 0 E=2.5A 

Sol 35 (B) Effective resistance oqkn and voltmeter in parallel 

is 2kn which is in series with another equal resistance. The 
applied I OV is equally distributed between 2kn and 2kn so 

reading of voltmeter is given as 5V. 

Sol. 36 (C) The current in the circuit flows only in one loop 

which is given as 

. I; ,=---
(R+r) 

The potential difference across resistance R is given as 

V=iR=[~] R+r 

We also have 

which gives Ve= 9V and VR =3V 

Time constant ofthe circuit is 

~=RC 

~=4 X 10,<; X 2.5 X 106 = !OS 

The potential difference across capacitor is given as 

V= V
0
(1- e-th) 

9=12(J-e-'"") 

etllO =4 

t 
- =ln4 
10 

t=l0x2ln2 

t=ZOx 0.693= 13.86s 

Sol. 39 (B) We know that charging current in RC circuit is 
gi~en as 

t 
lni=lni-

o RC 

( ") t· lni=ln R - RC 

When resistance is doubled the equation will be 

., E t 
lnz =ln----

2R ZRC 

... (i) 

... (ti) 

Thus Q represents the correct graph in which intercept is 
reduced and slope is also decreased. 
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Sol 40 (C) After closing the switch circuit current is given as 

9 
i= - =IA 

9 

Potential difference across.the capacitors.are given as 

V1=3x 1=3V 

and 

and 

V2=6x!=6V. 

q1=3X3=9µC 

q2=6X6= 36µC_ 

Charge at junction x on the two plates of capacitors is 

Aq=-9+36=27µC 

Initially when the switch was open charge at junction i at the 

two plates of capacitors was zero so the charge which is there 

on the two plates after closing the switch is flown through the 
switch from y to x when it is closed. 

Sol. 41 (A) At anytime, the level ofliquid between the plates 
is given as 

x1_= (f-vtJ 
The thickness of the air capacitor above the liqnid is 

At anytime the equivalent capacitance of the capacitor is given 
as 

Where 

Time constant 

C= CiC2 
C1+C2 

C=<=okA andC=<=oA 
I X ' 2 X 

I 2 

,=CR= [ 
6Eo R] 

5d +3vt 

Sol. 42 (A) By short circuiting the battery the effective circuit 
across C is ,shown in figure below for calculation ofThevenin 's 
resistance. 

R 

R R 

3R 
Req = T =I.SR 

,=C~'"=I.SCR 

Sol. 43 (C) In steady state, the current fo the resistors are 
shown in figure. 

If q be the charge on each of the capacitor, then for the left loop 
we use 

8- i -2x3_ i =0 
3 6 

q=4µC 

Sol. 44 (D) Forno current in galvanometer at anytime including 
transient duration, then we use 

I 
2 J_ =:, -
6 1 

C 

=:, C=lµF 

Sol. 45 (A) Current in R2 will be half of the current in transient 
duration which charges the capacitor and it is given as 

1 20 --'- 10 -'-
i = -x-e 2x3 :::::::: -e .6 

2 3 3 

Heat produced in resistor R2 is given as 

00 

H= I i'Rdt 
0 

100 00 
_,_ 

H=-Je 3 x2dt 
9 0 . 

200 
H=-µJ 

·3 

Above heat can also be directly calculated as total heat 
dissipated is halfof the work done by the battery in above case 

and heat is distributed in same ratio ofresistances in the two 
resistances RI and R/2 in series. Students are advised to verify 
the result using this method also. 
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Sol. 46 (A) Across the capacitor internal resistance of the 

circuit is given as 

R =3Q 
eq 

Thus time constant of the circuit is given as 

t=R C ,q 

=> t=6 X 3= 18 µs 

The current in resistance R3 is given as 

=> 

=> 

i=ie-th. 
0 

io = i e-,1. 
e o 

t=t=ISµs 

. ________ 5_5_51 

Sol. 50 {B) The two resistances can be .used either 

independently, in series or in parallel so the given values can be 
obtained by resistances of 40 and 12Q resistances. 

Sol. 51 {C) Current in the circuit is given as 

3 
i= 10+20 =O.IA 

Potential drop across the wire is given as 
V=iR=O.l x 20=2V 

Thus potential gradient is given as 

V 2 
1..= 1 = 

10 
=0.2V/m 

Sol. 52 (A) The potential gradient across points B and C is 

Sol. 47 {A) Just after closing the switch, uncharged capacitor given as 
behave like short circuit and charged capacitor behave like an 

ideal battery so current in circuit is given as 

V 
i=-

3R 

Sol. 48 {B) For the given circuit effective time constant is 

given as 

t=RC=6x J0---6x (
8

x
4

) =·16x I0---6s 
8+4 

Ifi is the current in capacitor then it is given as 

{
16xl0---6) 

=> i= 160 e 16,10---6 = !QA 
16 e 

Ifi1 and i
2 

are the currents in 4Q and SQ respectively, then 

and 

10 
i +i =

I 2 e 

4i1 =8i2 

Solving above equation gives 

20 

and 

i =-A 
I 3e 

10 
i =-A 
2 3e 

... (i) 

... (ri) 

Sol. 49 {D) If R is the resistance of the wire which was broken 

then we use 

I I I 
-=-+-
1.2 R 2 

I I I 
=> - =--- =-

R 1.2 2 3 

=> R=3Q 

Sol. 53 {D) Resistance of bulb is given as 

(I.5)2 
Rb= 45 = 0.5 Q 

The equivalent ofO.SQ and IQ in parallel combination which is 

connected acros~ the battery is given as 

0.5xl . 
R= 

0
_5+! =0.330 

Current drawn from battery is given as 

E E 
i= . =-

2.67+0.33 3 

Current through the bulb is 

E I 2E 
i =-X--=-
b 3 1+0.5 9 

For correct power dissipation in the bulb we use 

(
2E)

2 

9 x0.5=4.5 

=> E=13.5V 

Sol. 54 {B) Att = 0, when capacitor is undercharged it behaves 
like short circuit. In this case 6Q and 3Q will act as in parallel 

combination thus total resistance across battery is 

R,q =(I +2)Q=3Q 

Current through battery and IQ resistance is 

12 
i=-=4A 

3 

Sol. 55 (A) In the circuit shown in figure if a current i is supplied 

by the battery then it is divided in resistances R and 3R in 

parallel as shown. 
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a 
" b 

i/4 
i/4 " 

3i/4 j 

' I 
E 

In steady state no current will flow through the branch of 
capacitor so equivalent resistance across the battery is given 
as 

R = R+ (3R)(R) = 2_R 
eq (3R+R) 4 

Thus current through battery is given as 

E (4E). 
i=·(7/4)R"' 7R 

In above circuit writing KVL equation from terminal a to b of 
capacitor gives 

V _!_R-iR=iR=f'. 
a 4 b 

5. 
V - I-'. = -iR = 10 

a b 4 

Substituting value of current. in above equation, we get 

E=l4V 
Sol. 56 (A) Writing equation of potential drop from terminal A 
to B give_s 

. 9 
V -6-3x2+--3x3 =V: 

A I B 

VA-V8 =12V 

Sol. 57 (D) Just after closing the switch capacitors behave as 
short circuit so all the current passes through the.capacitors so 
no current will pass through PQ. 

Sol. 58 (D) As for the capacitor given circuit is open and there 
is no return path or closed circuit is available so capacitor will 
not be charged. 

Sol. 59 (C) When capacitor is discharged its total energy is 
dissipated as heat in the two resistances in inverse ratio. Total 
heat produced is given as· 

I 2 
H=-CV 

2 

H=25µJ 

Heat produced in SW resistance is given as 

10=25(__!!___) 
R+5 

R=(';)n 
Sol. 60 (C) In position-I, maximum current is. 

V 10 
io= R = 5 =2A 

At the given time when switch is shifted to position-2 current is 
IA or half of the above value. Thus at this instant capacitor is 
also charged to halfofthe final value of 5V 

Now it is shifted to position-2 where in steady state it is again 
charge to 5V. but with opposite polarity. So in final steady state 
the energy stored in capacitor is same as it had at initial instant. 
Thus total work done by the lower battery is converted into 
heat. As battery polarity is reversed total charge supplied by 
the battery is 2CV so total heat produced is given as 

H= (!iq)V=(2CV) (V)=2CV2 

H=2 x 2 x J0-6 x (5)2 

H= 100 x 10-0 J 

H=lO0µJ 

Sol. 61 (B) Initial rate of charging is fast so ·Q, > Q2 and in 
second case as amount of charges are equal in the two intervals 
sot2 >t1• 

Sol. 62 (B) Current in In resistance is given as 

7 
i = - =7A 
in I 

Charge on 2µF capacitor is given as 
q2µF= CV= l2µC 

Sol. 63 (A) Distributing currents in left and right loops ofthe 
circuit the currents are calculated as 3A in left loop and 3A in 
the right loop both clockwise respectively. 

18V 
m 

m 

3A 

3µF 
+ -

q 

q 
- + 

2µF 

15V 
4!1 

2r 

2.5A 
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Charges on both the capacitors will be same. If the charge is q, 

we write KVL equation for the middle loop with capacitors as 

q q 
--+]5-2x25---3x]+l8=0 

3 . 2 

q=30µC 

Sol. 64 (A) By changing the resistance only the time in which 

E 
-x5 =25 
5.1 . 

=> E=2.55V 

Current through battery is given by equation~( I) as 0.05A. 

Charge on capacitor plates is given as 

q = e 0 AE=8.85 x 10-12 x 100 x J04 x 5000 

total heat is dissipated will increase. The total amount of heat => q =42.25 X JO-IIC 

reinain the same as initial and final charges on the capacitors 

will be same in steady state of capacitors. 

Sol. 65 (C) The given time can be considered as the halflife 

time of the exponentially decreasing equation which is given as 

I 112 = (1n 2)tc= (ln 2)RC 

t 
R = (ln2)C 

R= 2(1n2)µs =4!1 
(ln 2)(0.5µF) 

Thus resistance ofammeter is equal to 2!1. 

ADVANCE MCQs One or More Option·correct 

Sol. 1 (A, B, D) When Sis open equivaient capacitance is 2µF 

and charge on the two capacitors is 36µC and when Sis closed 

current of2A flows in left loop and potential difference across 

' 3µF capacitor will be 6V and that across 6µF capacitor will be 

12V so their charges will become 12µC and 72µC. Thus options 

(A), (B) and (D) are correct. 

Sol. 2 (All) At I = 0 just after closing the switch capacitor 

behaves like a short circuit so equivalent resistance across 

batterywill be 3kn. 

So current in battery is 4mA and that is equally divided in R2 

and R
3 

so current in R3 is 2mA. After a long time in steady state 

current through battery will only be in left loop which is 3mA 

and that in capacitor branch will become zero. Thus all the 

given options are correct. 

Sol. 3 (A, D) In steady state the potential difference across 

capacitor is given as 

V=Ed=50 x 0.05=2.SV 

Current through the battery in steady state is given as 

E E E 
i=--=--=-

r+R 0.1+5 5.1 
... (!) 

Potential difference across capacitor is given as 

Force between plates of capacitor is given as 

I 
F= 2qE =0.5 x44.25 x l0-11 x 5000= 1.1 x l~N 

Thus options (A) and (D) are correct. 

Sol. 4 (A, C) H amount ofheat is produced by first heater in 

t~me t1 so we have 

v2, 
R =--1 

I H 

Similarly for second heater its resistance is given as 

v2, 
R =--2 

2 H 

In series combination same heat is produced in time given as 

( v
2 

J H- --t 
R1+R2 

H(R1 +R2) 
t= v2 

Substituting the values of R 1 and R2, we get 

t=t1+t2 

In parallel combination same heat is produced in time given as 

v2 
H=-t 

11,,.,, 

2 ( I I ) H=V t -+-
R1 R2 

H=V t -+--2 ( H H) 
V2t1 V2t2 

1112 t=--
11 +12 
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Sol. 5 (B, C, D) Figure below shows the equivalent circuit of 

the two cells in parallel combination. 

Circuit-current is given as 

6-5 
i= -- =0.2A · 2+3 

Terminal potential difference of cells is given as 

V1 =E1-ir1 =6-0.2 x 2 

v1 =5.6V 

When both cells are of equal EMF then no current will flow in 

the above circuit. Thus options (A), (C) and (D) are correct. 

Sol. 6 (A, B, D) In series current is always same 

Potential difference across terminals is given as 

VA+VB=Ve 

=> J,_RA+[JIB=lcfie 

In parallel current distributes in inverse ratio ofresistance so 

we have 

JB = Re 
le RA +RB 

Tons options (A), (B) and (D) are correct. 

Sol. 7 (B, C) In series current in same so we have 

As voltmeter resistances are different V1 * V2 
Terminal potential difference is given as 

Thus options (B) aod (C) are correct. · 

Sol. 8 (A, BC) As they are in series, current must be same so 
for equal resistances their potential difference must be same. 

. . I 
As resistance is given as R ·= .e_ and R is same so cross . A . 

sectional area should be smaller in first wire. 

Drift speed in conductor is given as 

i 
vd= neA 

Thus v,is inversely proportional to A. A of first wire is less. so 
drift velocity.in it should be more. 

As electric field in the conductor is given as 

V 
E=-

1 

1 
Eoc-

1 

Thus electric field in second conductor will be less. Thns 
options (A), (B) and (C) are correct. 

Sol. 9 (B, C, D) Depending upon the value of Ethe potential 

on right terminal of battery may be more, less or eqnal to 2V 

that will decide the direction of current in the resistance r. 
Thus options (B), (C) and (D) are correct. 

Sol. 10 (All) If switch Sis open, 

iipl=E2 

where i1 is the current in primary circuit and pis resistance per 
unit length of potentiometer wire. 

Thus at mill point balancing length is given as 

Ei. 
/=-

i1P 

If jockey is shifted towards right; resistance in primary circuit 

. will increase so current i I will decrease and/ will increase. 

If E I is increased, i I will also increase so / will decrease. 
As I oc E2 with E2_ I will increase. 

If switch is closed then nnll point will be obtained 
corresponding to the potential difference 

Vz=E2-i2r2 

Which is less than E2 so null point balancing length will 
decrease. Thus all given options are correct. 

Sol.11 (A, C) By closing switch S1, net external resistance 
will decrease this increases the circuit current so ammeter 
reading will increase. 

By closing S2, equivalent EMF will remain unchanged but 
equivalent internal resistance ofbatterywill decrease and this 

increases the circuit current so ammeter reading will increase. 
Thus options (A) and (C) are correct. 

'· 
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!Current Electricity .... _ _ 

Sol. 12 (A, D) Ifwe consider current in circuit from b to a as 

shown in figure below, by writing equation of potential drop 

from b to a gives 

Vb+ 10-1i=V. 

~ v.-v.=2i-l0=2V 

~ i=6A 

~ V-V =2x6=12V , a 

a 2Q IOV b 

C 

Sol. 13 (B, D) Between a and c, the Wheatstone bridge is 

balanced so equivalent resistance is r. Across all other points 
simple series and parallel grouping ofresistors can be used. 

Thus options (B) and (D) are correct. 

Sol. 14 (All) At t = 0 just after closing the switch capacitor 

behaves like EMF 6V and circuit current will be 

6 
i= -- =2A 

1+2 · 

Halflife time of the circuit can be given as 

t112 =(In 2)tc=RC(ln2)=6 ln(2)s 

In half-life time all circuit parameters get halved 

Potential difference across capacitor will be 

6 
V =-=3V 

C 2 

Current in circuit will be 

2 
i=-=IA 

I 

Potential differences across IQ and 2Q resistances will be 

Vm=iR=lV 

V1!2=iR=2V 

Sol. 15 (B, C, D) In steady state 

qc=ECandq2c=2EC 

Time constant is same for both the circuits tc= 2RC. 

At time t charge on the two capacitors is given as 

qc=EC(l -e") 
q,c= 1EC(l -etl') 

qc = .!. 
q,c 2. 

~ 

Thus options (B), (C) and (D) are correct. 

Sol. 16 (B, D) The initial currents, 

5/S9j 

Sol. 17 (B, C, D) In steady state current through branch of 

capacitor is zero. Thus current flows through 200Q and 900Q 

and ammeter A2 in series combination. 

Potential difference across the capacitor is given as 

q 4xl0-3 

V =-=---=40V 
c C IOOx!O--,; 

This is also potential drop across 900Q resistance and I 00Q 

ammeter A
2 

in series of which the total resistance is 1000 n. 
This I 000Q and 200Q resistances are in series so we use 

Viooon 40 v,= v,00<1= -
5
- = 5 =SV 

Thus battery EMF is given as 

E= V1ooon + V.,00n=48V 

Current through the battery is given as 

. E 
i=-
. R 

~ 

Thus options (B), (C) and (D) are correct. 

* * * * * 
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