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FOREWORD

Tt has been pleasurc for me to follow the progress Er. Ashish Arora has made in teaching and professional career. In the [ast 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 scicntists, Physics Galaxy is one such
example of numercus efforts he has undertaken.

The Physics Galaxy series provides a good coverage of various topics of Mechanics, Thermodynamics and Waves, Optics &
Modern 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” ofthe book is also
being launched to allow easy access to all,

After release of physics galaxymobile app on both i0S and Android platforms it has now become very easy and on the go access
tothe online video lectures by Ashish Arora to all students and the most creditable and appreciable thing about mobile app is that
itis free for everyone so that anytime anyone can refer to the high quality content of physics for routine school curriculum as well
as competitive preparatton along with this book.

The structure of book is logical and the presentation is innovative. Importantly the book covers some ofthe 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.

1 am sure the book will 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 0, (UK), B.Tech. FIETE, MIEEE
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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 difficult to achieve a goal in the present age of comipetitions.
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. Actualty physics is the surrounding of our everyday life. All the six parts of general physics-Mechanics,
Heat, Sound, Light, Electromagnetism and Modern Physics are the constituents of our surroundings. [f 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 vou try to sofve a physics problem, first create a hypothetical approach rather than theoretical. Whenever you try to
solve 2 physics problem, first create a hypothetical world in your imagination about the problem and try to think psychologieally,
what the next step should be, the best answer would be given by your brain psychelogy. For making physics strong in all respects
and vou 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 approa‘ch 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 vou will learn 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 everypart of mechanics is explained in a simple and interactive experimental way. The book 1s divided
in seven major chapters, covering the complete kinematics and dynamics of bodies with both translational and rotational motion
then gravitation and complete flnid statics and dynamics is covered with several applications.

The best way of understanding physics is the experiments and this methodology T am using in my lectyres and 1 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 1 wish to highlight that most of the student afier reading the theory of a concept
start working out the numericat problems. This is not the efficient way of developing conecepts ir brain. To get the maximum
benefit of the book students should read carefully the whole chiapter at least three or four times with all the illustrative examples
and with more stress on some illustrative cxamples included in the chapter. Practice exercises included after every theory section
in cach chapter is for the purpose of in-depth understanding of the applications of concepts covered. IHlustrative examples are
explaining some theorctical concept in the form of an example. After a thorough reading of the chapter siudents can star{ thinking
on discussion guestions and start working on numerical problems.

Exercises given at the end of cach chapter are for circulation of all the concepis 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 coneeptual
MCQs which helps in enhancing the theoretical thinking of students and building logical skills in the chapter. Third section of
numerical MCQs helps in the developing scientific and anatytical application of concepts. Fourth section of advance MCQs with
one or mmore options correct type questions is for developing advance and comprehensive thoughts. Last scction 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 of NSEP, INPhO or IPhO.

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 mativated and was on my side whenever [ thought to develop some new learning
methodology for my students.
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I don’t have words for my best friend mywife Anuja for always being together with me to complete this book in the unique style
and formet,

1 would like to pay my gratitude to 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 1o make this book error free but owing to the nature of work, inadvertently, there is
possibility of errors left untouched, I shall be grateful to the readers, ifthey 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, Malviva Nagar, Jaipur-302017
e-mails; ashisharora@physicsgalaxy.com
ashashi2345@gmail.com
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Magnetic Effects of Current & Magnetism

FEW WORDS FOR STUDENTS

First fime playing with magnets is always a fun for every child. With age everyone gets aware that
magnets have two poles, designated as north and south poles. All of you might have seen a compass used
by travellers for the puipose of navigation. In ancient times compass was the only tool available for
determining the directions. The needle of such a compass is a small, thin magnet. Magnets and magnetic
effects are very important in diffevent industrial applications as well as these are very important in
wunderstanding many natural and lab phenomenon related to magnetism. Even many birds use the
nragnetic field of Earth for navigation along with directions from the location of Sun and stars during
lony distance migrations. This whele chapter is covering effects and phenomenon of magnetism ro
strengthen understanding of this topic to a decent level.

CHAPTER CONTENTS
4.1 Biot Savart’s Law
4.2 Magnetic Induction due to different Current

Carrying Conductors Configurations

43 Magnetic Induction due to Extended Current
Configurations

4.4  Ampere’s Law

45 Electromagnetic Interactions

4.6 Magnetic Force on Current Carrying
Conductors

47 Motion of a Charged Particle in
Electromagnetic Field

COVER APPLICATION
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4.9

4.10

4.11
4.12

A Closed Current Carrying Coil placed in
Magnetic Field

Relation in Magnetic Moment and Angular
Momentum of uniformly charged and uniform
dense rotating bodies

Magnetic Pressure and Field Energy of
Magnetic Field

Classical Magnetism

Terrestrial Magnetism

. Figure-(b) .

Aballistic galvanometer is used to measure charge which passes through the device. When charge is suddenly passed through a coil in magncetic field, it
imparts an angular impulse to the coil which deflects the ¢eil once and a small mirror attached to the coil axis alse rotates along with the coil due to this.
Torsional springs restores the position of coil back to normal but the deflection of a Jight heam falling on the mirror is measured an a scale and amount of
charge can be caleulated. Figure-{a) shows the sctup of ballistic palvaniometer experiment and figure-(b} shows the industrial or lab ballistic galvanometer
at Ihe center of which there is a stall galss window through which a narrow light beam falls on the mirrer and on the path of reflected beam a scale is
placed.
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"Magnetic forces of attraction and repulsion between magnetic
pol¢s are similar to the interaction between charges but
magnetic poles and charges are not the same thing. However
the way clectric charges produce electric field in their
surrounding is similar to that magnetic poles also have an
associated magnetic field in their surrounding, Magnetic lines
of forces are also similar to electric lines of forces used to
trace the pattern of eleciric field in surrounding of charges.
Tangent to a magnetic line of force in space gives the direction
of magnetic field strength vector at that point and density of
magnetic field lines in a region is a measures of the magnitude
of magnetic field in that region. Similar to charges as we
approach closer to a magnetic pole, density of magnetic lines
increase.

It is also observed that in a region variation of electric field
gives rise to induction of magnetic field and vice versa. A
danish scientist Oersted observes magnetic field in the
surreunding of current carrying conductor. Figure-4.1 shows
the setup of Oersted's Experiment in which when a current is
switched on, deflection in magnetic needle is observed which
verified the presence of magnetic field in surrounding of current
carryving wires. This is called ‘Magnetic Effects of Electric
Current’.

Figure 4.1

In this experiment it is also seen that the direction of deflection
in magnetic needle js opposite when the needle is placed below
or above the current carrying wire which indicates that
magnetic field direction is opposite on the two sides of a current
carrving wire.

In previcus chapters we've already studied abeut electric field
and electric forces. There are some facts listed below
concerning to electric and magnetic field and forces. Students
areadvised to keep these below points always in mind as these
points form the basis of understanding magnetic effects,

(1) A static charge produces only electric ficld in its
surrounding and only electric field can exert a force on static
charges.

(2) A moving charge produces both electric and magnetic
fields in its swrrounding and both electric and magnetic fields
can exert force on moving charges.

-
m.%

(3) A current carrying wire produces only magnetic field in
its surroundings and only magnetic field can exert a force on
current carrying wires,

4.1 BiotSavart's Law

Biot Savart's Law is a basic law concerning electricity and
magnetism which describes the magnetic field generated by a
current carrying wire in its surrounding. The equation of Biot
Savart's Law gives the strength of magnetic field at a specific
point in surrounding of a current carrying wire. The magnetic
field which is associated with electric field at any point for
which we were discussing before this article is often referred
as ‘Magnetic Induction’ instead of magnetic field in technical
terms, This is denoted by * B * and also referred as magnetic
flux density like electric field intensity * £ °.

This law analyzes that the magnetic induction produced due
to an elemental length of'a current carrying wire depends upon
four factors. Consider a wire XY carrying a current 7. To find
the magnetic induction at a point P in its neighbourhood, we
consider an elemental segment A& on this wire of length 4/ as
shown.

Figure 4.2

According to Biot Savart's Law the magnetic induction 45 at
point P due to the elemental wire segment 45 depends upon
four factors which are given as

(i) dB is directly proportional to the current in the elcment.

dB o T .. 4.D
(ii) dB is directly proportional to the length of the element
dB o dl ... (42)

(ii1) dB 1s inversely proportional to the square of the distance
r of the point P from the element

1

dB o = .. (4.3)

www.puucho.com



Study Physics Galaxy with www.puucho.com

?ﬂ‘lgdghd;t.i‘:-:ff-f’éagB?Eﬁ?réﬁ!é a_niClaE;_s-ical_ Magnetism

{iv} dB is directly proportional to the sine of the angle 0
between the direction of the current flow and the line joining
the element to the point P

dB o sin & o (4D
Combining above factors, we have
4B o Id!s:nﬁ
r
- ap = k2458 .. (45)
r

Where K is a proportionality constant and its value depends
upon the nature of the medium surrounding the current
carrying wire, Ifthe current carrying wire is placed in vacuum,
then in 81 Units its value is given as

k="o -

= -7 -
an 107 T-m/A

Here p is called permeability of vactum or free space. Itis a
physical quantity for a given medium which is a measure of
medium's ability on the extent to which it allows external
magnetic fisld to polarize the material inside the volume of
the body. Thercfore Biot Savert's Law is written as

Hp Idlsin @
2

d3=4“ r

... (4.6)
This constant y, is similar in nature to the constant €, we
discussed in the topic of electrostatics, For a given medium its
magnetic permeability is defined as

H= Hght,

Where . is called ‘Relative Permeability of Medium’ which
is casually also referred as diamapnetic constant of the medium.
Unlike to the case of electrostatics where dielectric constant
of any medium is always greater than unity, in case of
magnetism, depending upon the types of mediums value of p_
can be greater or smalier than unity. In the topic of magnetic
properties of material in next chapter we will discuss about
the magnetic permeability in detail. As of now students can
consider that if the current carrying wire is placed in a material
medium then equation-(4.6) can be rewritten as

u Hdisind = Bl Idlsin©

dBR =
Ag 4 r

4D

Above equation-(4.7) gives the magnitude of magnetic
induction produced due to a smail current clement. The
direction of this magnetic induction is given by right hand
thumb rule stated as “Grasp the conductor in the palm of right
hand so that the thumb points in the direction of the flow of

)

current, then the direction in which the fingers curl, gives the
direction of magnetic filed lines”. This is shown in figure4.3.

® ®
______________ —»
o S IIIIITNE
AR T
TN 1 O

Fignre 4.3

In the figure-4.2 using above rule we can see that direction of
vector dB is into the plane of paper which is represented by
® similarly on the points located on the left side of wire
direction of @B is in outward direction from the plane of paper
and it is represented by ©. We can accommodate this direction
in equation-(4.6) which can be rewritten as

75 = ( ﬁ} 1dixr

Ldn r

.. (4.8

In above equation you can sce that the direction of cross product
of the vector of elemental length and position vector of point
P with respect to the element is giving the same direction as
stated by right hand thumb rule.

At point P in figure-4.2 magnetic induction due to whole wire
XY can be obtained by integrating the above expression for
the entire length of the wire within proper limits according to
the shape of the wire and it is given as

.. (4.9)

In above equations many times the term ‘/dI* which is the
preduct of current and length of element is also referred as a
separate physical quantity called ‘Current Element’ which is
measured in units of * dmpere-meter’ or ‘A-m’. In later articles
of the chapter we will discuss its physical significance.

4.1.1 Magnetic Induction Direction by Right Hand Palm
Rule

In previous article we studied that the direction of magnetic
induction in surrounding of a current carrying wire can be
obtained by right hand thumb rule. Same can also be obtained
by ‘Right Hand Palm Rule’ stated as “Stretch your palm of
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right hand keeping fingers straight and put the thumb along
the direction af current and point your fingers toward the point
of application. The area vector of your palm face gives you
the direction of magnetic induction vector at that point”. This
is shown in figure-4.4.

Fipure 4.4

4.1.2 Magnetic Induction due to Moving Charges.

As already discussed that moving charges produce magnetic
field in their surrounding. Biot Savert's law is also defined for
moving charges like current carrying wires we studied in
article-4.1. To analyze the magnetic induction in surrounding
of a moving charge we consider a charge ¢ moving at velocity
v as shown in figure-4.5. In this situation we will determine
the magnetic induction at a point P located at a position vector
r from the instantancous position of charge as shown in fipure.

Figure 4.5

The magnetic inaduction B due to moving charges in
surreunding depends upon four factors which are piven as

{i) B is directly proportional to the charge

Bxg (4103
{11} R is directly pruportional to the speed of charge
Bavy we §4.11)

Magnetic Effects ol Currents and Classicdl Maghietism

{iii) B is inversely proportional to the square of the distance r
of the point P from the element
Beo —

r B}

{iv) B is directly proportional to the sine of the angle 0 between
the direction of the motion of positive charge and the line
joining the charge to the point P

.. (4.12)

Bacsin O ... (4.13)

Combining above factors we have_
Bo 2V s;n [+
¥

gvsin®

2

= B=XK

T (14

Ha )
For free space we can use K = 2, S0 e have
i

_ Ky gvsin0

B41: I

... {4.15)
Vectorially above result ean be rewritten including the direction
of direction vector of magnetic induction is given as

= _ My q(¥xF)
B= i 7

... (4.16)

In above expression of magnetic induction at peint P due to
the moving charge the cross product of velocity and position
vector is wriften in such a way that the direction of magnetic
field obtained by right hand thamb rule is same as that given
by this cross product. In figure-4.5 direction of magnetic
induction at point P is into the plane of paper (inward) as
shown in this figure,

4.1.3 Units used for magnetic induction

In Sl units magnetic induction is measured in ‘7esla® denoted
as ‘7" and magnetic flux in space throngh any area is measured
inunits of ‘weber’ and denoted as * WhH’. As magnetic induction
is algo referred as magnetic flux density or flux passing through
a unit normal area in a region like electric field was defined.
The units teska(T) and weber{ Wb} are related as

1 T=1 Wb/m? {417
4.2 Maguetic Induction due to different Current
Carrying Conductors Configurations

Equation of Biot Savarts Law gives the magnetic induction
due to a current element in its surronading,. For different shapes
of current carrying conductors this needs to be integrated
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differently to obtain the net magretic induction due to the
conductors in their surrounding at specific points. Next we
are going to discuss some standard configurations ofthe current
carrying conductors.

4.2.1 Magnetic Induction due to & Long Straight Current
Carrying Conductor

Figure-4.6 shows a long straight wire carrying a current I, To
determine the magnetic inducticn due to the wire at point P
situated at a normal distance r from the wire we consider an
element of length 4J in the wire at a distance y from the point
0 as shown. By right hand palm rule we can see that the
direction of magnetic field at point P is into the plane of paper
{inward).

Figure 4.6

The magnetic induction dB at point P is into the plane of
paper and given by Biot Savart's Law using equation-(4.6) as

e oy Ia;ysmzﬁ
dn  (r'+y9)
In above equation we can substitute sin0 = ————= gives
r+y
H ldyr
dB= Ift' x W .. {4.18)

As due to all the clements in the wire the magnetic induction
is in inward direction at point P, the net magnetic induction at
point P is given by integrating above equation-(4.18) for the
whole length of wire witkin limits of y from —oo to +e0 a8

Idyr .

y=tom

Hy
B = dB: LV —
I e 4n ( +y2)m
L )
= B= 4 _'[,("2 +y2)3f2

To integrate the above expression we substitute
¥=rtanf
dy = r sec’ d0

With the above substitution limits of integration also changes
as

o
at y=—c0 > 0=—7

2
and aty=+m—>9=+%
opdr +f rsec’ 0460
= B= e i (?2 '{'?‘1 tan: 9)3.’2
1
pIr "7 rsec’ 840
= B==— CYE
4 _L, rsec @
+1i2
= B= Bol J cos 040
"r —nf2
= 5= B [sine]72
T 4mr -
{
= B= Eopio(-1y
4qr
I
= B= 3% . (4.19)

As already discussed that the direction of magnetic induction
due to a long straight wire in its surrounding is along the
tangent to the concentric magnetic lines as shown in figure-4.7.
This is given by either of right hand thumb rule or right hand
palm rule.

Figure 4.7
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8
4.2.2 Magnetic Induction due to a Finite Length Current
Carrying Wire

Figure-4.8 shows a wire 4B of length L carrying a current [,
In the surrounding of wire consider a point P as shown which
is located at a perpendicular distance » from the wire such
that the point is subtending angles 6, and 6, at the end points
of the wire as shown in figure,

Ar

—y

3 e —

Figure 4.8

To calculate the magnetic induction at point P we consider an
element of length 4/ at a distance y from the point O as shown
in figure-4.8. By using Biot Savart's law the magnetic induction
d3 at point P due to this current element is given as

Wy dlsin®

B = 47: (r +y)

As due to all the elements in the wire the magnetic induction
is in inward direction at point P, the net magnetic induction at
point P due to wire 4B is given by integrating above
equation-(4.18) for the whole length of wire 48 within limits
of y from —r cotB, to +r cotB, as

y-trootfy
U, Tdyr
= |dB= X
B I y=—;[ma, an (P +y)"
+reaty
Bodr dy
= B==
4n -r&[a r* + y")*

To mtegrate the above expression J)vk: substitute
y=rcoth
dy=—r cosec’d d9

1

With the above substitution limits of integration also changes
as
at y=—rcot, - 6=-0,

and at y=+rcoth, — 8=+89,

Magnetic Effects of Currents and Classicel Magnetism ]

1, Fr T‘ rcsc’ 649

= B=- T (r* +r? cot’ §)**
Ir‘ rése? 840
= p=-b j‘ —
4n 3 rosc b
7 ’
= B=-£o [ sinodo
47r L4
K { +&
— B= 4; [cos8] N
= B= —[{:059 —{—cos8,)]
= B= E{msﬁl +cos8, ] .. (4.20)
47r '

The direction of magnetic induction in surrounding of a finitc
length current carrying wire can also be given by right hand
thumb rule as shown in figure-4.7. Equation-{4.20) can also
be used to calculate the magnetic induction due to an infinite
current carrying straight wire in which both the side angles 8,
and 8, will tend to zero. In this equation if we substitute both
angles zero then it gives the expression given im
equation-(4.19).

+ . 4,23 Magnetic Induction due to a Semi-Infinite Straight

Wire

Figure-4.9 shows a very long wire 4B carrying a current fand
Pis a point at a perpendicular distance » from the end 4 of the
wire. Using right hand thwmb rule here we can state that the
magnetic induction at point P is in outward direction.

The magnitude of the magnetic Induction at 2 can be calculated
by using equation-(4.20). If we look at figure-4.9(b), we.can
see that at point 4 point 2 is making an angle 90° with the
length of wire and at point B which is located far away distance,
the angle between the line PB and wire can he considered as
0° Thys magnetic mducnon at point Pdueto this semi mﬁmte
wire is given as

B= B feos(90°) + cos(0°)]
4mr

= z=Blgyn
4nr

I
. B= Hg

e . @421
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Figure 4.9

- The magnetic induction given in above expression given in
cquation-(4.21) is half of that obtained due o an infinitely
long wire as given in equation-(4.19) which can be directly
stated as both the halves of an infinite wires are identical with
respect to point P in figure-4.9 on the two sides of it and if one

" half is removed then due to the remaining half the magnetic

induction is also reduced to half.. '

A
B@ ’IJIL
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’I' ! -
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A » X B
: - 7
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r N r
. 6 .
A . 2
A I
W
" Figare 4310 °

Figure-4.10(a) and (b) shows ancther semi infinite wire but in
this case we will calculate the magretic induction at points P,
and P, which are located at same distance from end point 4 of
‘wire at same perpendicular distance » from the line of wire.
Again using equation-{4.20) we can calculate the magnetic
induction at these points which 1s given as

e s e
I
B= Bo? [cos € -+ cos (0]
4nr
= p- Bl | o) (4.22)
_ - Axr T

In both of above cases the direction of magnetic induction is
given by right hand thumb rule as shown in these figures.

4.2.4 Magnetic Induction at the Center of a Circular Caoil

Figure-4.11(a) shows a circular coil of radius R carrying a
current . If we consider an element of iength df along its
circumference as shown then due to this element by right hand
thumb rule or palm rule we can sce that the direction of
magnetic induction dB at the center of coil is in outward
directicn as shown in figure-4.11(b). By Biot Savart's Law the
mapnetic induction at the center of this coil due to this current
element is given as

_ pty Jdlsin(90°)

a8 4r R?
. _ trpddl :
= " dR= AR v (4.23)

I
dB
®

90°

*

dl
' @

(b)
Figure 4.11
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.
As shown in figure-4.11(b) the direction of magnetic induction
due to all the elements of the coil are in same outward diréction
at every interior point of the coil and the magnetic lines are
making closed loops from cutside of the coil as shown. Thus
net magnetic induction at center of coil can be given by

integrating equation-(4.20} for the whole length of the coil
which s given as

iR

ol
dl
4nR’ !,‘

B=J'dB=

= p=Pd ko
4ArR?
_ Bl
= B= 2% . (4.24)

If there are N turns of wire in the coil then totat length of wire
will be 2n&N se for N turns in coil, the magnetic induction at
the center of coil is given as

B= B IN

R ... (4.25)

Like a circular coil for any closed current carrying coil of any
shape in a plane the direction of magnetic induction can also
be calculated by using right hand thumb rule in a different
way. For this we circulate our right hand fingers along the
direction of current in the loop as shown i figure-4.12(a)
then the direction of our right hand thumb gives the direction
of magnetic induction at interior points in the plane of the
loop and at all the points outside the loop in its plane the
direction of magnetic induction is opposite as shown in

figure-4.12(b).

N ~_ Conductor
Magnetic Lines 3O

of Foice

Curreat Flow

(c}
Figure 4.12

Figure-4.12(c) shows the configuration of magnetic linesin a
diametrical plane of a circular current careying coil which is
explained in figure-4.11.

4,2.5 Magnetic Induction at Axial Psint of a Circular Coil

Figure-4.13 shows a current carrying circular coil of radius R
mounted in ¥Z plane carrying a current I. We will calculate.
the magnetic induction due to this coil at a point P located on
the axis of coil at a distance x from its center as shown. By
using right hand thumb rule as described in previous article,
we can see that the direction of magnetic induction at point P
due to the carrent in this coil is in rightward direction,

4Y

> X

Figure 4.13

To calculate the magnitude of magnetic induction at Pdue to
the coil we consider a small element of length d! at the top of
the coil as shown in figure-4.14. Due to the current flowing in

www.puucho.com



Study Physics Galaxy with www.puucho.com

[iagnetic Effects of Currents and Classical Magnetism

this element if we find the magnetic induction dB at point P
then its direction can be given by right hand thumb rule as
shown in figure. To understand the direction of dB at point P
students can imagine their right hand palm placed in the figure
with thumb along the direction of current in di and fingers
pointing toward the point P then you can feel that the direction
of dB is perpendicular to the palm of your right hand.

Figure 4.14

If we resolve the magnetic induction 4B in mutually
perpendicular directions along the axis and perpendicular to
the axis as shown in figure then the component &8 cost which
is normal to axis gets cancelled out due to the element on coil
which is diametrically opposite to the element considered and
the other component dB sin® which is along the axis will all
get added up as due to all the elements on the coil these
components are in same dircetion and the resultant magnetic
induction at point Pis in the direction as stated in figure-4.13.

The magnetic induction at peint P due to the element
considered can be given by Biot Savart's law as

u, fdlsin(90°)

B= %
d 4n (R*+x%)
u, Jldl
= dB= R .. (4.26)

The magnetic induction at P due to the coil is given by
integrating the above expression for the whole tength of the
circumference of the coil. Thus it is given ag

B= _[dB sin0
= B= T 47 (Rz +x) \/ﬁji-x
= 4::(;0i T ) I a4
- - ﬁﬁ[znn—m
- - ﬁ . (4.27)

"
by
28]

Above expression given in equation-{4.27) will be used as a
standard result for many advance cases of determining
magnetic induction. This result can be modified if coil has N
turns and it can be given as

1, NIR?

T AR 2P - (428)

4.2.6 Helmholtz Coils

A setup of twe identical circular coaxial coils separated by a
distance equal to their radius when carries current in same
direction then in the region between the two coils near their
common axis magnetic induction is found to be uniform. Such
a system of two coils is called " Helmboltz Coils’. Figare-4.15(a)
shows the setup of Helmholiz coils and the variation graph of
magnetic field with distance of the two coils on their common
axis.

(b)
Figure 4.15

In above graphs it is observed that the drop in magnetic
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Lio.
induction due io one coil on either side from + R/2 position

(mid point) is equal to the increase in magnetic induction due
to other coil because of which the overail magnetic induction

between the two coils remains almost uniform. The magnitude
of this magnetic induction can be calculated by using
equation-{4.28) at x = R/2 due to both the coils.

B =28

Helmhioltz x—Ri2

B ,NIR?

= BHeImﬁo!:z =2 Z(Rz il )3f2
A=Ri2

~ u,NIR®

= ‘BHefmkoIrz_ (R2 +(R,"2)2)3“
8 \u, NI _

= Bttt = [ 545 ] - (4.29)

Above magnitude of magnetic mductxon as given 1n
equation-(4.29} is approximately constant in the rcgmn

between the two coils as shown m ﬁgure-4 15(b). This setup.

of Helmholtz coils is used o setup uniform magnetic field in
lab frame for various experiments and expenmental
demonstrations,

Magnetic Effects of Cur
Using above expression given in ‘equation-(4.30) we can

caleulate the magnetic induction due to a semicircular current
carrying wire which is given by substituting 6= 27 as

B=:L

AR .. (4.31)

Above expression- in equation-(4.31) is half of the magnetic .
tnduction due to a circular coil.as given in equatmn {4.24)
because ducto all clements of a circular coil magnetic induction
is in same direction so making the coil haIf reduced the
magnetic induction also to half, Slmliarly we can statc that
due to a guarter circular arc carrymg a current [ magnetic
induction at its center wﬂ} bc one fourth of that of a circular

" coil glven as

ol

8= 3R

o (432)

#I!Iusfrq!ivé Ex;!r:;ple 4.1 - g _- '- _

A current i=1 A circulates in a round thin wire loop of radius
r= 100mm, Find the magnetic induction - G

(a} At the centre of the loop

© (b)~At a pdint lying on'the axis of the loop at a distance

©x= 100mm from.its centre..

4.2.7 Magnetic Induction at Center of a Circular Are.

Figure-4.16 shows a circular arc of radius & carrying a Current’
I. Due to al the current elements on this arc magnetic induction
at its center O are in same inward direction which is given by .
right hand thumb rule as shown. For the angle 0 = 2 it will
be a circular coil and for angle 8 subtended by arc at its tenter”
the magnetic induction can be directly given by using the .
expression of magnetic mduction due to a circular coii‘g,iven_

as

_ml 8 -
2R 2xn
T4

= B= IR (4.3'0)

Fipure 4.16

.S&Iqﬁou_ o

P

‘(a} At the center of a circular loop magnetic induction is

given as
KR . "‘tUiF sy
B: R
. 2
: _4nx107 1.0
. 2X0;1 .
S0 7 RS 6.28% 10 Wh/m? = 6.3 T

(b} As studied at 2 point on the axis of the loop magnetic
induction is given as

Y
41.: (x +r2)332

4x107 x1.0x(0.1)?

] =

2x(0.02)*2
= B=222%106T
= B=222yT
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# Hlustrative Exampie 4.2

Find the magnetic induction at the point O due to the loop
current i in the two cases given below The shape of the loops
are iliustrated as

{a} In figure-4.17(a), the radu g and b, as well as the angle ¢
are known.

(n)
Fipure 4.17

{b) In figurc-4.17(b), the radius a and the side b are known.

N

®
Figure 4,17

Solution

(a) Magnetic field at O due to segment KE which is a circular
arc is given as

8= o)

Magnetic field at O due to part LM and KN is zero because
the point @ is located on the linc of current

Magnetic field at O due to arc MN which subtend an angle ¢
is given by

Hof Hot
B,= 4nh ¢
Total magnetic induction at O is given as

aoi [21-¢ é]
+R, = — 4=
B=B +B,= 4m [ a b

e AT
(b) Ficld at O duc to arc KL is given as

p.ni 37{
1= 4~ta 2

Field at O due to parts LM and PK is zero because the point O
is located on the line of current.

Field at O due to part MN is given as

= _EQ_ xSin 45° = Ho? X !

2 4nb

Total magnetic induction at (3 is given as

B=B,+B,+B,
Moi| 3m - 1 1
= 5= 4fr[2a NN
weil 3¢ 2
— '—+_
= 5= [Za b :}
# Husrative Example 4.3

Figure-4.18 shows a current carrying wire bent at an.angle o.”
Find magnetic induction at a point P located on the angle
bisector at a distance x from the point O at the bend.

Figure 4.18

Solution

Asgshown in figure-4.19 below the angle subtended by point P
at point O is o/2 and at the other point at infinity is 0° so we
can use the expression of magnetic induction due to a finite
wire by cobsidering these angles to find the magnetic induction
at point P due to the two wires which is given as

B,=2B

cne wire at P

ol
= [-—"T——[cosa/2+c0s0
- By [4msinu!2[ }}
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2 .

= B,= F:Lier{a?[l + cos a/2}

= Bp= ‘m—;‘::(;f—z f2cosZ o/2]

= Bp= 4nxsinapf0;cosa/4xzcosz af4
= B, %cotz

Figare 4.19

# Dlustrative Example 4.4

A current i flows along a thin wire shaped as a regular polygon
with n sides which can be inscribed into a circle of radius R,
Find the magnetic induction at the centre of the polygon.
Analyses the obtaincd expression at # — o,

Solution

The situation described in question is shown in figure-4.20.

Figure 4.20

In figure, OC'is the perpendicular distance of one segment of
polygon from the centre. Here /408 = (2x/n) as there are n
elements like AB thus distance OC is given as

OC = R cos (/n)

The magnetic induction at O due to a straight current carrymg
element AR is given as

B_Lo

() ()]
x——————|gin| = |+sin| =
4n  Rcos(n/n) n n

Magnetic Effects of Currents and Classical Magnelism }

i)

As there are n sides in the polygon, the tofal magnetic
induction due to polygon is given as

198 Bl 1

= B,= 4 R cos(rt;’n)

.. (433)

ygni L
B=>"—tfan|— .. (4.34
2rnR (nj (434
When n — o, tan (/i) ~ n/n which gives
_ BoHfRY  pi
= ok (’J kT .. (435)

Above expression in equation-(4.35) is a result of magnetic
induction due to a circular coil as a polygon with infinite
sides transforms into a circular coil.

# Hlvstrative Example 4.5

A pair of stationary and infinitely long bent wires are placed
in the X-¥ planc as shown in figure-4.21. The wires carry
currents of i = 10A each as shown in figure. The segments L
and M are along the X-axis and the segments P and 0 are
parallel to the Y-axis such that OS = OR = 0.2m. Find the
magnitude and direction of the magnetic induction at the
origin O of the coordinate system as shown in figure.

o
14

i i
|

; 2

__w L E H ¥ @
8 B e
P
H
i :
1
%0
Figure 4,21

Solution

We consider the magnetic induction B at O due to cach
segment separately. Magnetic induction at O due segment
and M-is zero because current point O is located on the line
of these currents.

Magnetic induction at O due to segments P and 0 are in same
direction which can be seen by using right band thumb rule
in outward direction and equal in magnitude due to symmetry
which is say B, can be calculated by using the result of
magnetic induction due o a semi infinite wire given as

(Bl
B, = (411: r]
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4xx107% 1
= BI: Lx_.o_ Wb’me
47 10.02
= B, = 0.5 x 10~ Wh/m?

As magnetic induction due to segments P and Q are equal,
net magnetic induction at O is given as

B,=2B,
= B, =10 Wb/m’

As discussed that the direction of B, is perpendicular to X-¥
plane and directed outward from the plane of paper.

# Mustrative Example 4.6

Figure-4.22 shows two long wires 4 and B, each carrying 4
current [, scparated by a distance / and oriented in a plane
perpendicular to the plane of paper. The directions of currents
are shown in figure. Find the magnetic induction at a point P
lecated at a distance [ from both wires as shown in figure-4.22.

P
l‘\
£
rd [
l'/ \\
; A
r kY
’ "\
r AN
17 I
.f’ \\
/" \\
# \
/
!’ \\\
¢ "\

Vs .
; 1 \
o e
i I
Fipure4.22

Solution

Magnetic induction at point P due to both wires is given as

ol
- 2nd
L]
1
B H B
;
i
30 EA 30
L2
A3
TN
s Y
I!I \\\
I’ \\
I‘l \\
{ ,f’ \\\4’
’f’ LY
I’I \\\
I’ \\
¥ b
'J', ‘\
l| L]
A Q8
I I
Flgure 4.23

e ]
The directions of magnetic induction due to individual wires

is perpendicular to the line joining the wire to point £. From
above figure at point P net magnetic induction is given as

I
B,=2Bsin30° = 2x 2« 1
2nl 2
Hol
= = ——
B2

# Hlustrarive Example 4.7

In figure-4.24 a current carrying wire configuration is shown
with current 7. Find the vector of magnetic induction at origin
of co-ordinate system O.

AY
c '/’
‘N,’
B ,?/ -‘\
Id> a ra
/!’ 2a
z 2 D N
M " A (¢ x
i
z S
f’E
Figure 4.24
Solution

The magnetic induction at origin can calculated by vector sum
of magnetic inductions due to separate segments of this wire
configuration which is given as

- - - -
Bo= Bas + Beop + Bpg

In above vector sum we have not considered the wire scgments
M4 and BC as origin lies along the line of currents so

pof . - Mol - ol , =
= (k) + (k) + — (-
Bo =" —(K) + (k) o~ ()

g uof 3 i 1 -
B Sk —
¢ Ba [2 ﬂ:J
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# niinstrative Example 4.8

Figure shows a circular wire loop in which a current [ enters
« at point A and lsaves from point B through straight wires.
Find magnetic induction at centre O.

Figure 4.25

Solution

If we consider current is divided as /; and Z, in the two parts of
the circular loop which will be divided in inverse ratio of
resistance or length of the arcs of the loop and these currents
produces magnetic inductions ¥, and B, at center O
respectively then net magnetic induction at O is given as

B,=B,-B, ... (4.36)
- B,= _llnfoe _Holy(2n-6)
' 4nR AnR
: —

I 8

= L=1 (23-)
T

Substituting above current values in equation-(4.36) we have

B,=B,-B,=0

# Hiustrative Example 4.9

A current i flows in a long straight wire with cross-section
having the form of a thin half-ring of radius & as.shown in
figure-4.26. Find the induction of magnetic field at the point
0.

Figure 4.26

Solution

Consider elemental wire of width dx in the cross section as
shown in figure-4.27

Fipure 4.27

Current in the elemental wire is given as

The magnetic induction due to a long wire can be used to
calculate the magnetic induction due to this elemental wire
at point O which is given as

_ Hodi _

2R

oid
2R

' All the components dBsind will be cancelled out due to the

corresponding elemental wires on the other half of the cross
section as these are in opposite directions and the components
dBeosd due to all the elemental wires are in same directions
so will be added up. Thus net magnetic induction due to the
total current in the complete wire with the cross section shown
is given by integrating dBcosd which is given as

B,= [dBcosg
= BO—ZL;W["‘:f:}cosdl
- B,= Pza [sind)]“"z
= Bo= £ 11-(0)]
= B,= %’i
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Practice Exercise 4.1

(i) Find the magnetic induction at the centre of a

rectangular wire frame whose diagonal length is equal to

d = 16cm and the angle between the diagonals is equal to

$=30°, the current flowing in the frame equals i = 5.0A.
(6.l mT)

(ii) Find the magnetic induction at the point O due to a
current § flowing in a current carrying wire which has the
shape as shown in figures-4.28 (g, b, ¢). The radius of the
curved part of the wire is R and the linear parts are assumed
to be very long.

M . .
@
T "" M
L
(<}
Figure 4.28
@ ) 212 ](c> @+l

@iii} Find the magnetic induction at the point O if the wire
carrying a current [ has a shape as shown in
figure-4.29 {a, b, c). The radius of the curved part of the wire
is R and consider the linear parts of the wire arc very long.

2
Sy
“

®
Figurc 4.29

{ﬂi =t
in R

(v

, _
4, B0t flran?, -Ej}é%\bnha

]

In the figure-4.30 shown two circular arcs are joined to

make z closed loop carrying current £, Find the magnetic

induction at the common centre O,

Flgure 430

Bol(3, 1
[ 8|{a+b]]

™
carTying wire AB as shown in figure-4.31

Find the magnetic induction at point £ dve to a current

4 —]90“

Figare 431

\ﬁpol ]

[ &l
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{v1) Find magnetic induction at point O in the figure-4.32
shown due to the current carrying loop with current f as shown.

---------

-
..........

n 3

{%’[ﬁ—l}]

(vii) Find the magretic induction vector at origin O due to

the current carrying wire configuration as shown in
fipure-4.33.

Figure 433

(viii) Figure-4.34 shows a spiral of inner radius a and outer
radius b with total N turns wound in it. Ifa current i flows in
it, calculate the magnetic induction at the centre of spiral,

Figure 4,34

wiN (b
[ 2b—a) In[a) ]

(ix) Figure shows a long and thin strip of width b which
carries a current J. Find magnetic induction due to the current
in strip at point P located at a distance r from the strip in the
plane of strip as shown in figure-4.35,

Figure 435
Bof\ (r4b
[2ﬂb l.n[ r ]]
(x) Two long parallel wircs camying currents 2.5A and

4A in the same direction directed into the plane of the paper
are held at points P and 0 as shown in figure-4.36 such that
they are perpendicular to the plane of paper. The points P
and () are located at a distance of 5m and 2m respectively
from a collinear point R as shown.
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Figure 4,36
Find all the positions at which a third long parallel wire

cartying a current of magnitude 2.5A may be placed so that
the magnetic induction at R is zero.

[#1lm from point R along x-axis]

4.3 Magnetic Induction due to Extended Current
Configurations

In previous articles we've studied the magnetic induction due.
to current carrying long and finite straight wires, circular coil
and arcs, In this section we will study the magnetic induction
due to some current configurations in which the results
obtained in previous articles will be used as building btocks.
Such current configurations are called extended current
configurations.

4.3.1 Magnetic Induction Inside a Long Solenoid

Figure-4.37 shows a long tightly wound solenoid with core
radius R which carries 2 current J. The number of turns per
unit length of solenoid are n.. We consider tightly wound
solenoid becausc in this case we can consider each tarn of
wire wound on solenoid core as a circular coil otherwise if it
takes a helical shape then we cannot use the expression of
magnetic induction due to a circular coil.

Figure 4.37

To determine the magnetic induction at the axial point of the
solenoid we consider an elemental ring of width 4x on the
solenoid core at a distance x from an axial point O as shown
in figure-4.38. Number of turns in this elemental ring will be
ndx and duc tothis elemental ring, magnetic induction at point
Q is given by using equation-(4.28) as ,-‘J .

i1, (ndr) IR

= W ... {437

gt

. |
e e ek s b,

e
.-

Figure 438

_ Net magnetic induction at point O due to whole solenoid can

be calculated by integrating above expression within limits
from —oo 10 +oo which is given as

b= [ap- | aDE

(R2 +x° )3:2
2 4w
= B= LLGH;R _'[:(Rz _ﬁ;)aiz

To integrate the above expression we substitute
x=R tanB
dx = R sec?0 db

With the above substitution limits of integration also changes
as

T
at x=—w = 0= -7

2
x
and at x=+o = 0= +-5
_ ik ]—E Rsec’ 048
= T2 L(R+Run’8y”
)
IR *¥* Rsec® Bd0
= B= T3
2 J, Risec 8
+ri2
= R= Ho J' cosfdB
-nf2
Tl
= B= Poz [sin 6177
1
= B= 2 gl [1- (1]
= B=yugnl ... (4.38)

Above expression, given in equation-(4.38) is valid only for
the case when the solenoid is very long and tightly wound on
its core. If there is a gap between turns of solenoid then these
turns cannot be considered as circular coilsusing which above
result is derived.
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L8 .
4,3.2 Direction of Magnetic Induction Inside a Long
Solenoid

A P bt e e At A e

In upcoming articles we will discuss if in a region at every
point magnetic induction is in same dircction then it must be
uniform thronghout any cross section in that region. This will
be discussed in details under article-4.4.9 but students must
keep this fact in mind for using this in different applications.
As at every point on the axis of a long solenoid magnetic
induction is given by cquation-(4.38) which is a constant thus
we can conclude that throughout the volume of solenoid at
every cross section magnetic induction will remain uniform
as shown in figure-4.39. 1t is also observed that for closed
pack or tightly wound solenoid outside magnetic induction is
zero as .all magnetic lines form closed loop from negative
infinity to positive infinity along the length of solenoid and at
every exterior point of solencid magnetic induction due ta
different parts on diametrically opposite sides of solenoid
cancelled out.

rF Y ¥

TV g

B O S L

L S 4
B

B=0
Figure 4.39

Figure-4.40 shows a loosely wound solenoid on a core. As the
wires in turns are not closely packed magnetic induction due
to cach wire tuen will be in form of concentric circles close to
the wire and at some distance inside and outside the resulting
magnetic induction is shown by the magnetic lines in this
figure. As wire turns are not closely packed outside magnetic
field exist in opposite dircetion, If turns are very close or almost
touching each other the magneétic induction between the wire
turns will be zero as due to the two close turns the magnetic
field cancels because these are in opposite direction (See point
Ain ﬁgllre)-’— . e e - - : Lot

A~
&7

o

Il

4 daid

é&umwﬁ?;
iy
S

Figure 4,40
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4.3.3 Magnetic Inductian due o a Semi-Infinite Solenoid

Figure-4.41 shows a semi-infinite solenoid carrying a current
1, core radius R and number of turns per unit length ». The
magnetic induction at the end of solenoid at its axial point O
can be directly given as halfof that due to the long solenoid at
any of its axial point. This is because if we consider another
semi-infinite solenoid adjoining to this one to complete the
infinite solenoid then at point O the magnetic induction due
to two halves of the long solenoid will be equal which is given
by equation-(4.38). Thus the magnetic induction at the point
O on the axis at terminal cross section of this semi-infinite
solenoid is given as

1
B= kol

. (439)

Flgure 4.41

Students can also derive the above expression given in
equation-{4.39) by integrating the result due fo an elemental
circular coil as considered in article-4.3.1 within limits from
0 to infinity for the magnetic induction at point O due to this
semi-infinite solenoid.

4.3.4 Magnetic Induction due to a finite length Solenoid

Figure-4.42 shows 2 finite length tightly wound solenoid of

core radius R and current / with number of turns per unit - _- '
length n. In this case we will determine the magnetic induction

at a point P at axis of solenoid where the terminal '
circumference of solenoid cross sections subtend angles 6, and
8, as shown in figure.

"Rcotl B,

Fignre 442

" To find tlit;_mégneti;: induction at point P we consider an
‘elemental coil of width dx at a distance x from 7. Number of

turns in this elemental coil are nd%. Magnetic induction due
to the elemental coil 48 at point P is given by using
equaticn-(4.28) as
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B= o (ndx) IR’

= W ... (4.40)

Net magnetic induction at point P due to whole solenoid can
be calculated by integrating above expression within limits
from —Rcot8, to +RcotB, which is given as

+Rootby
B=[dB=

—Rentd,

11, (ndx)IR?
2(R2 + x!)fﬂz

~ uoanz +ReotBy dx
- 2 (Rz +x2)m

—Reotéy

To integrate the above expression we substitute
x=R cotb
dx=— R csc?8 46

With the above substitution, limits of integration also changes
as .
at x=-Rcoth, > 0=-9,

and at x=+RcotB, > 8=+8,
. _ poniR T Resc? 640
2 4 (RP+R*cot’ 82
2 +8; 2
- B _yonIR Rtisc E:de
) 2 2 Resc' 8
nIH}g -
= B=- 2 [ sinede
2 5
nf
= B= P rcos0pe.
2 _‘3.
1 o
= B= Ep{,nl[cos 8, —(—cosB,}]
. 1
= B= Epnnf{cosﬁl +cos8,] (4.41)

Using above expression we can also calculate the magr;ctic

induction due to the semi-infinite solenoid by substituting

angles 0= 90° and'8,= 0° which also verifics the expression
obtained qualitatively as eqation-(4.39) in article-4.3.3.

4.3.5 Magnetic Induction due te a Large Teroid

Figure-4.43 shows a large toroid with its radius R to be very
large compared to its cross sectional radius » (R >>r). Due to

v et e et

184

farge radius turns can be tightly wound on the toroidal core
(also called as tore) of toroid. If there are total N turns of wire
wound on the toroid then number of turns per unit length can
be given as '

... (4.42)

Figure 4,43

This toroid can also be imagined by considering a long solenoid
is bent in circular shape so that its both far ends are joined
together to close the toop for inside magnetic lines. In case of
tightly wound turns with R >> r the magnetic induction inside

- the cross sectional region of toroid can be given by
equation-(4.38) as

- B- [i)I
= Hy R
. ' - NI
= . {4
= B - (4.43) "

Ifthe cross sectional radius of toroid is not very small compared
to the average radius of the toroid then number of turns per
unit length at inside and outside periphery of the toroid will
be different due to which the magnetic induction inside the
toroid cross sectioni ‘will also be different near to inside and .
outside edge as shown in figure-4.44-which approximately

shows the magnetic lincs density inside. As near to inner edge -
, (at point I shown in figure-4.44) turns are closer so magnetic
_induction will be higher and at outer edge (at point % shown

in fipure-4.44) turns scparation is large so magnetic induction .
will be lesser. In this case af outside points of toroid also |
magnetic induction will be non zero because of the same reason
as discussed in article-4.3.2.
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Figure 4.44

4.3.6 Magnetic Induction due to a Large Current Carrying
Sheet

Figure-4.45 shows a large meta] sheet carrying -current
throughout its cross section with finear current density i ampere
per meter. The direction of magnetic induction due to this
sheet above and below can be given by right hand palm rule
as shown in figure-4.45(a). We can see that the direction of
magnetic induction above and below the sheet are opposite
and as the sheet is considered to be very large the direction of
magnetic induction is considered uniform in the region. Figure-
4.45(b) shows the cross sectional view of the sheet and the
direction of magnetic indiction due to the current in sheet,

®
g
R IR SOOI -/ N
- iAhn
N B
)
Figure 4.45

Sy T T,

. Magnefic'Effects.of Curfenis and Classical Maghheaty

To determine the magnitude of magnetic induction at a point
Plocated a distance r above the sheet we consider an elemental
wire in the sheet of width dx at a distance x from the sheet as
shown in figure-4.46. This fignre shows the cross section of
the sheet which carries a linear current density i A/m. The
current in the elemental wire is given as :

di =idx

Magnetic induction 48 due to the elemental wire on sheet at
point P can be calculated by equation-(4.19) as discussed in
article-4.2.1 which is given as

. Hodl
. BT
2rx" +r
F-5:4 s‘in 0 . dB
ég dB cos §
AN
\‘\\
\\ :
d NE
\\‘
\\\“
0 Y
IXE T K K X LRI X T
e X gy 4
Figure 4,46

The dircction of 48 is shown in above figure which students
can verify by placing their right hand thumb along the
clemental wire pointing inward and fingers toward the point
P so that right hand palm gives the direction of 4B.

In figure-4.46 we can see that the component of 4B normal to

.the sheet dB sin@ will get cancelled out by the opposite direction

component at P due to another elemental wire on sheet on the
other side of point O at the same distance x, Other component
of magnetic induction along the surface of sheet dB cos8 will
be added up due to all the elemental wires on the sheet thus

‘net magnetic induction at point P due to whole sheet will be

given by integrating dB cosé for the whole length of sheet
from.—oo o 400 given as-

B= [dBcoso

' 22rdxt 00 et
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Moi? ¢ dx
= B=t | ———
2n i(xzi—r’)
= B= &[Lm'l (f)]m
2r | r rjl.
_Wilfm) [ ®
= 5= Zn[@ [ 2)]
1 .
= = Eilgf ... (4.44)

4.3.7 Magnetic Induction due fo a Revoiving Charge
Particle

Figure-4.47{a) shows a point charge ¢ is revolving in a circle
of radins R with velocity v. If the charge is revolving at stow
speed then the magnetic induction at its center due to motion

of charge can be calculated by equation-(4.15) as discussed in-

article-4.1.2 which is given as

_ Hggv
4ArR?

B= ... (4.45)

—

- =
S

“““““

b -

)
Figure 447

r———

The direction of above magnetic induction is given by right
hand thumb rule as shown in figurc-4.47(b). If the charge is
revolving at high speed then it can be considercd as a
continuously flowing current in coil. For a charge revolving
at an angular speed o then its equivalent current in the circular
path is given as

Current = Charge % Frequency of revolution

=5 I=sgx—="7"— ... (4.46)

Thus magnetic induction at the center of this circle can be
calculated by using equation-(4.24), given as

_ B
' 5=k

= Ho 90
2R\ 2n

— Hhg®
4xR

= B

= p= Hd¥ [Asm=%} .. (4.47)
Above equation-(4.47) is same as equation-(4.45). In case of
magnetic induction at center of circle both of these results can
be censidered same but in case of a point on the axis of circle
in first case due fo revolution of charge particle the
instantaneous direction of magnetic induction is shown in
figure-4.48 which changes with the location of the particle on
circular path in YZ plane as shown and its magnitude is given
as

e id
= ... {4.48
4n(R* +x%) @48)
. o
- »x
B
L 4
rd
Fipure 4.48

If we consider revelving charge as a continuons circulating
current of magnitede given by equation-(4.46) then for an axial
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point at a distance x from the center of circle the magnetic
induction direction wilt be given by right hand thumb rule as
shown in figure-4.49 and its magnitude can be calculated by
using equation-(4.28) given as

B= _f'_‘?Rz_ ge
2(R2 +x1)3f2 21{

Hyg@R?

=7 ... {4.49
4n(R* + x*)*"? (4:49)

b S

Fipure 4.49

4.3.8 Magnetic Induction due to a Surface Charged
Rotating Disc

Figure-4.50 shows a circular disc of radius R and charged
with a surface charge density ¢ C/m?. The disc is rotating ata
constant angular velocity @ and due to the rotating charges
we will determine the magnetic induction at the center of the
disc,

oC/nr

E 3

Firure 4.50

To calenlate the magnetic induction due to rotating disc we
consider an elemental circular ring of radius y and width dy
on the disc surface as shown in figure. The charge dg on this
elemental ring is given as

dg=ax2ny - dy
The current in elemental ring due to its rotation is given as

d
ar= 22

—z-ﬂ— = gy - d};

Magnetic Ef_féct-s"._' of Currgmg %Ein('_f{;gsicai ﬁ;fz;éﬁ;ﬁgrﬁ_}

The magnetic induction 4B at the center of disc due to this
elemental ring can be caleulated by using the result of magnetie
induction of a coil which is given as

Comedl 1
dB= 2y =3 Ko oady
Net magnetic induction due to the whole disc at Hs center is
given by integrating above expression within limits from 0 to

R for the complete sueface of disc which is given as

B= jd3=f Hoaedy
1}

1
2

1
= B= EHBGGJR ... {450
Magnetic induction at the axis point of above rotating disc
can be calculated by integrating the magnetic induction at axial
point due to the above chosen elemental ring. Students can try
on their own to get the result and verify it with the result

given below.

B - 1,00k

s = W {450

# I”ust_rative Example 4.10

A very long straight semi-infinite solenoid has a cross-section
radius R and » turns per unit length. A direct current 7 flows
through the solencid. Suppose that x is the distance from the
one end of the solenoid, measured along its axis. Calculate

(a) The magnetic induction B on the axis of solenoid as a
fanction of distance x,

(b} Draw an approximate plot of B w/s ratio x/R.

(¢} The distance x; to the point ou the axis at which the
vatue of B differs by ny = 1% from that in the middle section
of the solenoid. (Consider x, >> R}

Solution
(a) Intermsofangle 8, and 8,, the magnetic field at a point

on the 2xis Is given as

Mot

B= EN [cus 8, + cus 0,]

Figure 4.51
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For a semi-infinite solenoid we use B, = 8 and 8, = 0° and
from figure we have

X

cos B= (x2+R2)m

Thus magnetic induction as a function of distance x is given
as

B= ll;m x[(xz +;2)m +i} ... (4.52)

(b) Equation-(4.52) is plotted as shown in fipure-4.52.

B
4

1339 - A st

1 .
E?‘lum

Figure 4.52

{c) Atx=x,magneticinduction is taken as 8.99y% so from
equation-(4.52) we use

Ughi Xy 59 .
#l|= =
2 x]:(xg-i-Rz)”Z ] 100"

—xo_._;_] —Qr
= 50 (r§+R2)”2 | =99

In above expression x, >> R so we can use binomial
approximation as

50 1+(—R— +1{ =99
;]
= 1 L +1 _2
T )T 0
b4
= 2—-198= R,
2x,
= 0.04 x3=R?
= x;= 3R

# Hlustrative Example 4,11

A straight long solenoid produces magnetic induction B at its
centre. IT it is cut inte two cqual parts and same number of
turns wound on one part in double layer. Calculate magneltic
field produced by new solenoid at its centre,

Solution

Magnetic induction produced by a long solenoid having n turns
per unit length on its core and carrying a current I at its center
is piven as

B=pupnl
If same number of turns wound over half length in double
layer on the solenoid core then number of turns per unit length

on the new solenoid becomes 2n so for the same current in the
solencid the magnetic induction will become 25.

# Ilustrative Example 4.12

A very long straight solenoid carries a current J. The
cross-sectional area of the solenoid is equal to 5, the number
of turns per unit length is equal to . Ffr?d%hg: magnetic flux
of vector 5 through the end plane of the solenoid.

Salution

Magnetic induction at the end planc of a semi infinite solenoid
is given as

1 .
= — g
B zugs

Similar to the way we calculate electric flux using electric
field strength as flux density, in the same manner magnctic
flux can also be calculated using the magnetic induction ata
plane. In this case as throughout the cross section magnetic
induction is uniform and direction is perpendicular so to the
cross scetional surface, here the magnetic flux can be given

s i
¢= [BdS
= 4= [ BdS cos(0?)
= = B|dS =BS
1 . 1 . B
= §= Ep(,mXS = EyﬂmS

www.puucho.com
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# {llustrative Example 4.13

A non-conducting sphere of radius R charged uniformly with
surface density o rotates with an angular velecity @ about a
diametrical axis passing through its centre. Find the magnetic
induction due to the rotating charge at the centre of the sphere.

Solution

Figure-4.53 shows the charged sphere on which we consider
an elementsl ring at an angle 8 from the axis of angular
width d6. The surface area of the elemental ring is given as

dS = 2rRsind x Rdo
The charge on the elemental ring surface is given as

dg = aodS

Figure 4.53

Current due to rotating charge on the elemental ring is given
as

_ dq0
YT o
- di= (2noR? sin BdB)w
2%
= di =oc@R?sin 040

Magnetic inductton at the centre O due to the current in
clemental ring is given as

1odi(Rsin 6)2 -
B= (R cos? 0+ R: sin? 072
_ Hodisin’@ "
= dB ~or

Substituting the value of current di we get

.2
dB= %“x caR?sin0do x S0 9

Magnatic Eﬁg&s_gib_@éﬁi_s:gn-a Classical Magnelism |

1
= dB= 3 H TaRsin’040

Net magnetic induction at O is given by integrating above
cxpression within limits of 8 from O to n given as

B=[d8 = -lé-pﬂcmRI:sins 846

1 I, N
= —p,00R| —cos” B—cosB
= 2Hn 1:3 2 :L
- cmR[1{—0—(—1')—5(1%(1)]:
= B= 2!-‘0 3 3 A
.2
= B= EuucmR

4.4 Ampere’s Law

‘Ampere’s Law” also called “4mpere’s Circuital Law’ relates
the hine integral of magnetic field along a given closed path
and the currents which are enclosed by that closed path. The
law is stated as

“Line integral of magnetic induction along a closed path is .
equal to 1, times the total current coming out and enclosed

by that closed path.”

In fipure-4.54 M is a closed path in free space where some
current carrying wires are present with direction of currents
indicated in the figure. Such a path chosen for applieation of
Ampere’s law is called *Ampere’s Path’. Along the path ata
point we consider an element of length dl and at the location
of this element if net magnetic induction due to all the wires
in the region is B then line integral of magnetic induction
aleng the given path M is written as

L= cﬁ.&i
MM

+ve

Figure 4.54
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Aecording to Ampere’s law this line integral is equal to the
product of i, and the total current enclosed by the closed path.
This gives

PBA =y, e . (4.53)
M

Expression in equation-(4.53) is the called *Eguation of
Ampere’s law', For the given sifuation as shown in figure there
are three currents enclosed by the path M so we use

I

enclosed Il + 12 - 13 ' e (454)

Substituting the above value of I, .. .in equation-(4.53) gives

$Bdl = (1, + 5~ 1) ... (4.55)
M

In equation-(4.54) direction of currents on right hand side of
equality is decided by right hand thumb rufe as shown in
figure-4.54. Here right hand fingers are curled along the
direction of line inteprat on the path M and thumb gives the
positive direction or the currents in the direction of thumb are
taken positive and opposite oncs are taken negative.

It is important to note that in equation-(4.55) on LHS the
magnetic induction B is dve to all the currents in the region
but on RHS only enclosed currents are included. This isbecause
due to every individual currents magnetic field is closed loop
in surrounding of that current thus line integral of magnetic
field for a closed path in surrounding of any current is always
zero if the path is not enclosing the current as shown in
figure-4.55. If B is the magnetic induction at the location of
an element 4 chosen on the path Z then we have

$8.d -0

2

Figure 4.55

Qualifatively we can state that totat inward magnetic lines on
a path are equal {o total outward magnetic lines from the path.

4.4.1 Applications of Ampere’s Law

_In application of Ampere’s luw under different situations we

need to choose the path in such a way that the line integral of
magnetic induction along the path can be carried out easily, If
the path is randomly chosen then many times the integral can’t
be sobved so students must be careful about the below mentioned
general points for selection of Ampere’s path for its application
in different situations. These points are

(i} Path should be chosen in such a way that at every point of
path magnetic indaction should be either tangential to the path
elements or normal to it so that ‘dof’ product can be easily
handled.

(i} Path should be chosen in such a way that at every point of
path magnetic induction should either be uniform or zero so
that calculations become easy.

To have better understanding of applications of Ampere’s law
we consider some cases of determining magnetic field using
Ampere's law which is one of the most common application.

Just like in electrostatics we've studied that in cases of
symmetric and uniform charge distribution calculation of
electric field becomes easier if we use Gauss’s law similarly,
in cases of uniform current configurations Ampere's law 1s
easier than Biot Savart's law that is discussed in upcoming
articles.

4.4.2 Magnetic Induction due to a Long Straight Wire

Figure-4.56 shows a straight wire carrying a current  and we
will determine the mapnetic induction due to this wire at a
point P located a distance r from wire as shown in figure, This
we've already done in article-4.2.1 but here we'll do this by
using Ampere's law.

Is

Fipure 4.56
LS

To apply Ampere's law we need to choose a path along which
we will calculate the line integral of magnetic induction. As
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shown in figure-4.57 we consider a circular path M with point b d .
. . A —
P located on this path. We've chosen this path because we nm . ¥ J\
know that direction of magnetic induction at every point of NN NN N ST TSNA ST NN
this path is tangential to the path or parallel to every element ' J\ fr\ ’\ 4 e A/ B o ";F\ Bi\
on this path and its magnitude remain constant bhecause of 7 , i ,’ } \ : ) ,' :: ‘ H ,’ 1
: I N I % T A KV T I :
Symmetr: | NI INIRIN I EEiINAN S
’ ‘\;J' "\'J?‘-: '-"\_)’ TRV KW .j A VIRV Y o
Figure 4.58
¥ . To apply Ampere’s law we consider a rectangular path ABCD
I i as shown in figure such that the path lies in a radial planc
e T e passing through the axis of cylindricai core of solenoid and
4 F nP part CD of the path is lying outside and parallel to the axis of
Tvee B _V_fr’/f_;' solenoid. The dimensions of the path are taken as 4B = x and
e CD =y so the total number of turns passing through the path
ABCD are nx. Now applying Ampere’s law on path ABCD
gives
‘§ Bl = ] rosea
ABCD
Fipure 457 _— .
. = ¢ Bdl =pymx) ... {(4.57)
Total current enciosed by this path is I'so on applying Ampere's ABCE . ‘
law on this path, it gives , . In above equation to solve the line integral on LHS of-
' equation-{4.57) we split the integral for the different parts of
(ﬁB.df =P the closed path ABCD as
M .
.B_ _ C _ D__ . A
N § Bl cos(0%) = pyl IB-d!-l-_[B +[B-di+[B-di=p,(xh) ... (4.58)
i A & 4 o
As the magnetic induction inside a tightly wound long solenoid
= B‘JS‘” = ! is uniform, for path length 4B magnetic induction vector is
M along the element length so first term in above equation-(4.58)
= B.2aR = pd o can be given as
ol 5.7
= o B-dl = B|dl=Bx ... (459
= B=_to .. (4.56) £ _[ (4.59)

Above equation-(4.56) is same as equation-(4.19) of For the parts BC and D4 we can see that the portions which

article4.2.] which was obtained by Biot Savart's law. Students 2% outside the solenoid, magnetic induction is zero and the
portions which are inside the solenoid magnetic induction is

perpendicular to the path elements thus for the whole length
of these paths second and fourth ferms on LHS of equation-
(4.58) will be zero which are given as

should note that for application uf Ampere’s law it is essential
to know the direction of magnetic induction in surrounding of
current configuration with the use of right hand thumb rule so
that we can choose the Ampere's path propérly.

" .
J’B’-3=0 ... (4.60)

4.4.3 Magnetic Induction due to a Long Solenoid )

In article-4.3.1 also we've analyzed the magnetic induction and TE Fi=0 (4.61)

due to a long solenoid which now we’'ll calculate again by 5

using Ampere’s law. Figure-4.58 shows a tightly wound long g e remaining path CD as it is completely outside the

- solenoid with corc radius R, number of turns per unit length #  gylencid where magnetic induction is zero so this term will
and carrying a current I. also be zero as at every point of path CD, B = § given as
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o
J'E}-Ei =9 ... {4.62)
c
Substituting above values in cquation-(4.58) gives
Bx= p, (mxl)
= B=ppnl ... (4.63)

Expression in above equation-(4.63) is same as cquation-{4.38)
of articte-4,3.1 which was caleulated by inteprating the
magnetic induction due to ring efements over the whole length
of solenoid.

4.4.4 Magnetic Induction due to a Tightly Wound Toreid

In article-4.3.5 also we've analyzed the mapnetic induction
due to a large toroid which now we’ll calculate i again by
using Ampere’s law. Figure-4.59 shows a tightly wound large
toroid with average tore radius &, cross sectional radius r
{(r << R), number of turns per unit length »# and carrying a

Figure 4.59

To apply Ampere’s law we consider an approximately
rectanglar path ABCD as shown in above figure similar to
the case of solenoid such that the path lies in the plane
perpendicular to the axis of toreid at point © and part CD of
the path is lying outside the toroid. The dimensions of the
paths are taken as AB = x and €D = y s the total number of
turns passing through the path ABCD are nx. Now applying
Ampere’s law on path ABCD gives

él ﬁ‘_ﬁ = pﬂlcncluscd

AvCD

= cﬁ Bdl = wy(nxi)

ABCD

... {4.68)

In above equation o solve the line integral on LHS of

.
2

equation-(4.64) we split the integral for the different parts of
the closed path ABCD similar to the analysis we did for sclenotd
as

>

by

ram D.... — A— —
B-dl +jB-dz+J'B-dz+j'B-df= I (ixl) ... {4.65)
] o il

As the magnetic induction inside a tightly wound long solenoid
is uniform, for path length AB magnetic induction vector is
along the element length so first term in above cquation-(4.65)
can be given as

... (4.66)

e 1=

B
B-dil = Bjd! = Bx
A

For the parts BC and DA we can see that the portions which
are outside the toroid magnetic induction is zero and the
portions which are inside the toroid magnetic induction is
perpendicular to the path clements thus for the whole length
of these paths second and fourth terms on LHS of equation-
(4.65) will be zero which arc given as

.. (467

by f——y T}
)
Bl
Il
o]

and ... (4.68)

T My
-1}
&l
[

o]

For the remaining path CD as it is completely outside the
solenoid where magnetic induction is zero so this term will
also be zero as at every point of path CD, B = 0 given as

5
jﬁ-mﬂ} ... (4.69)
C
Substituting above values in equation-(4.65) gives
Bx = p, (xi)
= B=pgpnl ... (4.70)

If total number of turns in toroid are N then # is given as

N
n.:
7R
Thus equation-{4.70) becomes
d N
—_ — I
B Po[%[R]
_ M
= B= 2R . (471

Expression in above equation-{4.71) is same as cquation-(4.43)
of article-4.3.5 which we've now calcutated using Ampere’s
faw.
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4.4.5 Magnetic Induction due to a Cylndrical Wire

Figure-4.60 shows a long straight cylindricat wire of radius R
carrying a current I. To determine the magnetic induction at
outside point P located a distance x (x > R) from its axis we
consider a circular Ampere’s path of radius x on which applying
Ampere's law gives

é’ﬁ -di = p'clmlosed
M

= ¢ Bdlcos(0°) =
M
= Bdl =y
M
= B-2mx=pl
_ Bl
= B = g o (472)
] .
U S S 7
—%p
e . ‘_"..'-v ¥
§ A
Figure 4.60

If point P is located ou the surface of cylindrical wire we can
use x = R for which the magnetic induction is given by
replacing x with R in equation-(4.72) as

_ Hol
Bs= xR

.. (4.73)

To determine the magnetic induction at an interior point P at
a distance x from the axis of wire again we consider a circular
path as shown in figure-4.61 and apply Ampere’s Iaw on this
path which gives

Bl =pgl_ . .. (A1)
M

Magnatic !Eif_gc!é_o:f C!;lgeﬂts and Classical Magne_tis_'mq!

Figure 4.61

As the current 7 is considered to be uniform!y distributed over
the cross section of cylindrical wire, the current enclosed in
the circalar path M of radius x as shown in above figure is
given as

2

= —XTIY
L enclosea nk?
I
= cncfosed R?

Thus fromn equation-(4.74) we have

o I
= (?Bdlcas(o ) = po[F]
M

sz
= Bdi = pu(FJ
M
Ixz
= B * 21'Ex= }10[?]
I
- B- ;TOR"' ... (4.75)

For outside and surface points of the cylindrical wire the
expressions of magnetic induction as obtained in
equations-(4.72) and (4.73) are same as obtained in
equation-(4.56) thus for a uniform cuerent carrying cylindrical
wire on its outer and surface points we can determine magnetic
induction by considering its current concentrated along the
axis of wire. '

Ifcurrent density in the cylindrical wire is J then we can rewrite
above expression in equation-(4.75) as
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I .
B= -i-nolx ... {4.76)

If position vector of point P is considered as X then direction
of magnetic induction at point P is perpendicular to X thus
equation-(4.76) can be vectorially written as

= 1 o

B=E”a-7x1 .. (477
Above equation~(4.77) can also be written as

= 1 -

B=-2-;10(Jxx) ... {4.78)

" Using equation-(4.72), (4.73) and (4.75) we can plot the
variation curve of magnetic induction magnitude in

" surrounding of the cylindrical current carrying wire which is
shown in figurc-4.62.

Ba
Bl
ZnR i
/|
3/ 1 N\JIer
i
1 et ey e —
1 h..x
x=R

- Figure 4,62

4.4.6 Magnetic Induction due to a Hollow Cylindrical Wire

Figure-4.63 shows a hollow thin walled long cylindrical wire

carrying a current 1. Similar to what we discussed in previous

article here also we can say that due to uniform current
distribution for outer and surface points we can consider that
current is concentrated on the axis of ¢ylinder thus magnetic
induction at outer and surface points of the wire is given as

Mol

Forx>R B .= ox - ... £4.79)
I -
Forx=R By= % . (4.80)

Above resulis can also be obtained by considering a circular
Ampere's path and applying Amperc's law like the way we
did for a solid cylindrical wire.

Figure 4.63
For interior points ofthe hollow cylindrical wire if we consider

a point P as shown in figure-4.64 and apply Ampere's law on
the circular path M shown then we have

(ﬁﬁa = u[)‘{enc!()sed
M

Figure 4.64

in this case for the path shown enclosed current will be zero
as current is flowing only on the surface of the hollow cylinder.
By symmetry of path we can assume that magnetic induction
is uniform along the path M which gives

gSIé.E? =0
M
= B, .. =0 .. (8])

Using equation-(4.79), (4.80) and (4.81) we can plot the
variation curve of magnetic induction magnitude in
surrounding of the cylindrical corrent carrying wire which is
shown in figure-4.65.
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B=0 v e e .
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Figure 4.65

4.4.7 Magnetic Indoction due to a Large Current Carrying
Sheet

Figure-4.66 shows the cross section of a current carrying large
sheet with linear current density i A/m flowing in it. In
article-4.3.6 we have already discussed about the direction of
magnetic induction above and below the sheet as shown in
figure-4.45. To determine the magnetic induction at a point P
located at a distance  above the sheet using Ampere's law, we
consider a rectangular path ABCD as shown in figure-4.66.
The dimensions of the path chosen are AB = x and BC = y.
Along path 4B and CD we can see that magnetic induction
direction is parallel to the direction of element chosen and for
paths BC and DA direction of magnetic induction is
perpendicular to the element, Thus by applying Ampere's law
on the path ABCD we have

(ﬁ Ez = !'lI)Ienclosed

ABCD

—
a_p

ry A + B
-
|, 3B,
¥dl
¥
I x X x x % X XX x
FAfm
EF]; i
-—
x B
— D P |1?;;| C
la X »
| ]
Figure 4.66

As linear current density in the sheet is f A/m, the current in
length x of the sheet which is enclosed by the path ABCD is
piven as ix ampere which gives

$ Bdl = pyfiv)
ABCD

... (4.82)

In above equation to solve the line integral on LHS of

Magnetc Efcts of s s iasaai Maghil

equation-(4.82) we split the integral for the different parts of
the closed path ABCD similar to the analysis we did for solenoid
as

Wt

- . C_ . D_‘ — A_ -
-d{+jB-di+IB-di+IB'dI=pn(:’x) ... {4.83)
B C D

Second and fourth term in LHS, the magnetic induction is
perpendicular to the element along paths BC and DA thus dot
product will result zere and for paths AR and CD magnetic
field is uniform and parallel to the element this gives

7 [l
Bldl+B[dl -, (%)
A C

= Bx + Bx = p(ix)
= 2B8x =y (%x)
1 .
= B= = Ho? ... (4.84)

Expression in above equation-(4.84) is same as obtained in
equation-(4.44) which we soived by using long integration
process.

4.4.8 Magnetic Induction due to a Large and Thick
Current Carrying Sheet

Figure-4.67 shows the cross section of a thick large sheet of
thickness 4. The current flowing in the sheetis having a current
density J A/m2. As discussed earlier in this case also the
direction of magnetic induction above and below the sheet is
given by right hand thumb rule as shown in figure-4.45. To
determine the magnetic induction magnitude at point P ocutside
the sheet we consider the rectangular path ABCD with point P
located on the line AR of the path as shown in figure-4.67.
The dimensicns ofthe path are AB = x and BC=y. By applying
Ampere's Jaw on this path we have

@ EE} = l'l(ij'cm:lusecl ‘

ABCDH

dl

—

dl JA/m?
X b b x %
aax
,+ -
B
N
ol
bt Ip
Ja X »
Figure 4.67
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Ascurrent density in the cross section of sheet is J A/m?, the
current i length x of the sheet which is enclosed by the path
ABCD is given as Jxd ampere which gives

¢ B-dl = olxd)

ARCD

... (4.85)

In above equation to solve the line integral on LHS of
equation-(4.85) we split the integral for the different parts of
the closed path ABCD similar to the analysis we did earlier as

[y o A
B-di+[B-dl +[B-dl+[B-dl = (Jxd) ... (4.86)
B [ n

eyt

Second and fourth term in LHS, the magnetic induction is
perpendicular to the element along paths BC and DA thus dot
product will result zero and for paths 4# and CD magnetic
field is uniform and parallel to the element which gives

& n
B{di+B[dl = p )
A [
= Bx + Bx = p{/xd)
= 28x = p(Jxd)
1
- B= hold .. (48T

To determing the magnetic induction at interior points of the
thick sheet at 2 point P at a distance x from the central plane
of the sheet as shown in figure-4.68, we consider a rectangular
path ABCD as shown with dimensions 48 = y and BC = Zx,
On applying Ampere's law on this path, we have

(ﬁ B-di= uolcm:loscd

ABCE

Fipure 4.68

Ascurrent density in the cross section of sheet is J A/m?, the
current enclosed by the Ampere's path ABCD is given as J{2xp)
which gives

95 B-dl = He(27x3)

ABCD

... (4.88)

In above equation to solve the line integral on LHS of
equation-(4.88) we split the integral for the different parts of
the closed path ABCD similar to the analysis we did earlier as

.

n
IE-E+
C

C
*-EI'+J'-§-E+
B

a—yw

Again Jike previous analysis second and fourth ferm in LHS
of the expression above, the magnetic induction is
perpendicular to the element along paths BC and DA thus dot
product will result zero and for paths AB and CD magnetic
ficld is uniform and parallel to the element this gives

B]i di +BTdI = 1(Z/xy)
A c

= By + By=n(2Jxy)
= 2By = py(2Jxy)
= B=p,Jx ... (4.90)

From equation-(4.87) and (4.90) we can plot the variation of
magaetic induction with distance from the central planc of a
thick sheet which is shown in figure-4.69.

B
*

L I

7t

x == df2

"y

x=d2

i
'-?_uo.fd

Figure 4.69
4.4.9 Unidirectional Magnetic Field in a Region

Consider the confignration of magnetic lines of forces as shown
in figure-4.70 in a region. In this region at every point in
space magnetic field is in same dircction but the density of
magnetic lines is different that means in this region magnetic
induction is not uniform everywhere. If m this region we
consider a rectangular path PQRS as shown in figurc and we
apply Ampere's law on this path PQRS then it gives

Pigﬁ.dt:{} 4T

»

n
>

k J

Y

L4

rs
(=

YYYY Y ¥ ¥

Figore 4.70
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Right hand side of the above equation is zero as there is no
current enclosed in the closed path. Equation-(4.91) can be
expanded for the integrals on the four straipht line paths as

a R b3 P

i o R 5

For the path segments PQ and RS we can see that magnetic
induction vector and 4/ are perpendicular to each other so
first and third term of the above equation will vanish and if B,
and B, are the magnetic inductions at path segments QR and
SP which are of lengths x then we have

0+Bx+0-Bx=0

= B,=B, e (4.93)
Thus it is clear that above situation is possible if and only if
magnetic induction at path segments OR and SP are equal.
‘This means the configuration of magnetic lines which is shown
in figure-4,70 is practically not possible. With the above
analysis we can also state “If in a region of space magnetic

' Jield is unidirectional then at every point of space it must be
uniform in magnitude also.”

# Mlustrative Example 4,14

Figure-4.71 shows a coaxial cable which consist of an inner
solid cylindrical conductor of radius a and outer hollow
cylindrical shell with inner radius & and outer radius ¢. A
current J flows in both conducters in opposite directions as
shown. Find the magnétic induction at a point located at a
_ distance r from central axis with b <r<c.

Figure 4.71

Solution

In the figure-4.72 shown below we consider a point P at a
radial distance r from the axis and consider a circular path M
which passes through point P.

Magnetic Efiects of Currents end Classical Magnelism |

Figure 4,72

The current enclosed by the closed path M can be given as

SN SR Yy -

I =
enclosed n(cz _bz)

Using Ampere’s law on the path M gives

- = _ I % 2 _p?
; J?;Bdl = IJ'O[I ﬂ(cz_bz) R(’ b )]

¢ —b?
I{c2-r*
B=pi T .2
2rrl o —h

# Hlustrative Example 4.15

2_ 2
¢ —r
= B2y = bl [_2—]

=

Inside a long straight uniform wire of round cross-section,
there is a long round cylindrical cevity whose axis is parallel
to the axis of the wire and displaced from the axis by a distance
7. A direct current of density J flows along the wire, Find
the magnetic induction at a general peint inside the cavity.
Consider, in particular, the case [ = 0.

Figure 4,71
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Solution

Consider a cross-section of the cylinder perpendicular to its
axis as shown in figure-4.73. The cylindrical cavity is shown
ata distance [ from the axis O of the cylinder. We will calculate
the magnetic induction at the point P inside the cavity. The
cavity mcans an absence of current which we consider as an
equivalent opposite current of same current density in the
cavity. Magnetic induction at point P inside cavity is given

by subtracting the magnetic induction due to opposite current

considered in cavity region from the tolal magnetic induction
at P due to complete solid cylindrical wirc which is given as

Figure 4.74

Expressions for the magnetic induction due to wire and that
due to the opposite current in cavity is given by using
equation-(4.77) as ’

L1 . 1
Bp = Sl Y1 m oMl X,
I R
=] B;_. = EP.;J(.VL—-H)
I
= By = E-HOJ(IL) ... (4.99)

Above expression of magnetic induction as given in
equation-(4.94) is a uniform magnetic induction in the
direction normal to the line joining ¢’ as shown in figure-
474,

If separation between O and O’ becomes zero then the cavity
will be coaxial with the axis of cylindrical wire and from
above expression giveri in equation-{4.91) it gives there is no
magnetic field in the cavity or inside of a hollow cylindrical
current carrying wire.

SRS e i s o

B

_ - o e b e A e

# Nlustrative Example 4.16

In a long cylindrical wire of radius R, niagngtic induction varies
with the distance from axis as B = ¢r* Find the function of
current density in wire with the distance from axis of wire.

Solution

At a distance r frem the axis of wire we consider a closed path
M as shown in figure-4.75. We apply Ampere's law on this
path gives

-+ - _
(ﬁﬂ'dl = "lolencloscd
M

If J(x) is the current density inside the wire as a function of
distance x from the axis of wire, the enclosed current within
the closed path M is given by integrating the current in the
elemental ring of radius x and width dx considered in the cross
section of wire as shown in figure-4.75 given as

L tosed™ I J(x).2mx.dx
€

i
[
i
|
L
1
1

1

Figure 4.75
,
> Bfdl = o[ T()2meds
M ﬂ

= B2 = PDIJ (x).2mx.dx
]

r

= crttl= pu_[J(x)x.dx
0

Differentiating the above expression with respect to x gives

(a+ Der*=n,fir). r

o 9= ((a:ne}a_}
0
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# Mlustrative Exaniple 4,17

Figure-4.76 shows a region of space in which a uniform

magnetic induction B, is présent between the planes z =0

and z=a. Using Ampere's law prove that such a field cannot
" exist between two planes as described here,

A

Yy 1F]r\r+'1r .
=]
=

Figure 4.76
Solution ) .

For the given magnetic ficld we consider a small rectangular
path PORS partly above and partly below the plane z = a as
shown in figure-4.77. Now we apply Ampere's law on this
path which gives :

Bdl=0
Pg’“ . (499)
z
A
R
SN0 DU, JENEPSPRIN SRR . -
> 8,
e > x

Figure 4.77

Right hand side of the above cquation is zero as there is no

current enclosed in the closed path. Equation-(4.95) can be

expanded for the integrals on the four straight line paths as

’ e R 5 . P
I§E+I§E+IEE+I§Z’ =0 ... (4.96)
P g R 5 -

For the path segments PQ and RS we can see that magnetic

induction vector and g are perpendicular to each other and

for the path segment OR it is located cutside the magnetic

field where no magnetic induction exist so first, second and

third term of the above equation will vanish and as B, is the

magnetic inductions at path segments SF which is considered
of lengths x then we have

Magnetic Effects of Currents and Classical Magnetism |
0+0+0-Bx=0

= B,=0

Thus with by applying Ampere's law on the path shown in
above figure we get B, = 0 that means such a non-zero magnetic

field cannot practically exist.

# Rustrative Example 4.18

Figure-4.78 shows a toroidal solenoid whose cross-section is
rectangular in shape. Find the magnetic flux through this
cross-section if the current through the toroidal winding is 7,
total number of turns in winding is ¥, the inside and outside
radii of the toroid are g and b respectively and the height of
toroid is equal to A, )

Solution

To find the magnetic flux through the cross section shown in
figure, we consider an elemental strip of width dx at a distance
x from the axis of toroid as shown in figure-4.79.

+ Figure 4,79

The magnetic field at a distance x from the axis of the toroid

is piven as
N NI
AN

2mx 2mx
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Magnetic flux through an elemenial strip of radial thickness
dx and height 4 as shown in figure is given as

do= R4S = BdS
_ M
= db= . . dx

Total magnetic fiux through the cross section of the toroid is
given by integrating the above elemental flux within limits
from @ to b which is given as

I
)= - g VI dx
; 2mx
. o NIh *j- L,
= ¢= 2n o X
uo Nif &
= 9 2r [ ]"
o NIt
= —2——Jlnb-Ing
= o= 1 ]
po VIR b)
o BoM b0
= 9 2n [d
!
~ _ Terice: it Wi, hysicspalaxy.c
3 S .
¢ Age Group - Giade 11 & 12 | Age 17-19 Years
Section - :i;gaetig: Effects
; Topic - Magnetie Effects of Current
¥ Module Number - 21 1o 35

Practice Exercise 4.2

(© A tightly wound long solenoid having » turns per unit
length is kept above a large metal sheet carrying a surface
current of linear current density i A/m. The solenoid is oriented
such that magnetic induction at its center is found to be zero
when a current is passed through it.

{2)
(b)  Hthe solenoid is rotated by 90° then find the magnetic
induction at the center of solenoid.

Find the current in the solenoid

P B
E{ﬂlﬂ,(b) \5]

(ii) A coaxial cable carries the u current f in the inside
conductor of radius g as shown in figure-4.80 and the outer
conductor of inner radius & and outer radius ¢ carries a
current ¢’ in opposite direction. Find the magnetic induction
due to the coaxial cable at distance r from the central axis of

—

Figure 4.80

R
Yo i (b)

Wt

IV R s
Zﬂr'(c) Zr;r{i I[c:‘ —h’]}]

(iii) A thin conducting strip of width % is tightly wound in
the shape of a very lung cylindrical coil with cross-sectional
radius R to make a single Jayer straight solenoid as shown in
figure-4.81. A direct current f flows through the strip. Find
the magnetic induction inside and outside the solenoid as a
function of the distance » from s axis.

(@)

Figure 4.81

Had

' 2nr

Bl ,_(L)’
h xR
(iv) A long cylinder of uniform cross-section and radius R
is carrying a current 7 along its length and the cutrent density
is uniform. There is a ¢ylindrical cavity of uniform cross-
section and radius r in the cylinder parallel to its length. The
axis of the cylindrical cavity is separated by a distance d from
the axis of the cylinder. Find the magnetic field at the axis of

cylinder. '

Figure 4.82

[_L’:--
2md(RT =)
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{(¥)  Two straight infinitely long and thin parallel wires are
spaced 0.1m apart and carry a current of 1A each. Calculate
the magnetic induction at a point distant 0. 1m from both wires
in the two cases when the currents are in the (a) same and
{b) opposite directions.

[(2) 346 x 105 T3 (b) 2 < 157 T]

(vi) A capacitor of capacitance C is connected to a battery
of EMF E for a long time and then disconnected. The charged
capacitor is then connected across a long solenoid having n
turns per meter in its closely packed winding on its core,
After connections it is found that the voltage across the
capacitor drops to E/1) in a time Az. In this period estimate
the average magnetic induction at the center of solenoid.

wnCE(, 13
= (”n)}

(vii) A current J flows along a lengthy thin walled tube of
radius R with a longitudinal slit of width 4. Find the magnetic
induction inside the tube under the condition / << R.

Ji7

[4"::11‘3:' ]

(viii) A direct current J flows along a lengthy straight wire
which terminates perpendicularly on an infinitely large
conducting plane. From the point O, the current spreads all
over the infinite conducting piane. Find the magnetic
induction at ati points of space above and below the conducting
plane at a distance 7 from the axis of wire.

H

o
Figure 4,83

ol
==,
(o 2 O3

{ix) A toroid of total 1000 furns is made by using a tore of
average radins 25cm. What is the magnetic induction inside
the tore if a current of 2A is passed through it and the relative
magnetic permeability of the tore material is w, = 160,

(£6 x 102F}

g

Magnetic Effects of Currents and Classical Magnet

4.5 Electramagnetic Interactions

We've already discussed in beginning of this chapter about
how electric and magnetic fields interact with static and
moving charges. Electric field can exert force on both static
and moving charges whereas magnetic field can only exert
force on moving charges. As motion is always measured in a
specific reference frame thus magnetic force is also dependent
upon frame. Actually the electric end magnetic forces acting
on a charge particle are two types of a single force called
*Electromagnetic Interaction’ which is the net force applied
by these force fields on a charge. When the situation is observed
from different frames ofreferences then for all inertial reference
frames the net electromagnetic force on charge particle remain
same like what we discussed in topic of statics and dynamics
but from different frames the electric and magnetic force
vectors may be measured differently. Always the vector sum
of electric and magnetic forces experienced by a charge particle
remain constant in all inertial frames which gives the total
electromagnetic force on the specific charge particle. In
upcoming articles we will discuss upon these forces in more
details,

4.5.1 Electremagnetic Force on &8 Moving Charge

When a charge g moving at velocity ¥ enters in a region of
magnetic ficld with magnetic induction B, it expericnces a
force piven as

F =g(#xB) ... (497)
I in space electric field E also exist then the nct
eleciromagnetic force on the charge particle is given as

F = gE +¢(¥xB) ... (4.98)
The expression of force as given in e(iuation-(4.98} s called
‘Loventz Force Equation’ which gives net electromagnetic force
on a particle. First term in above equation is the clectric force
on charge and second term is the magnetic force on charge.
The two forces may be different as observed from different
frames of reference but for all inertial reference frames the
total force given by this equation will be a constant. This is
because in different frames due to their motion the effective
electric and magnetic field changes as variation in one field
induces the other and vice versa. This phenomenon of induction

of one field due to variation in other will be studied in next
chapter of electromagnetic induction.

For some upcoming articles we will restrict our discussion
only upto megnetic forces as we've already discussed about
electric forces at a decent level in previous chapters.
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4.5.2 Direction of Magnetic Force on Maving Charges

Asalready discussed in previous article that the magnetic force
on 2 moving charge 1n magnetic field 1s given by
cquation-(4.97).

The direction of maggetic force on charge particle can be given
by the cross product using right hand thumb rule as shown in
figurc-4.84,

This figure shows a fegion with magnetic field in inward
direction and a charge g enters the region with a velocity v
toward right as shown,

Using cross product in equation-(4.97) we can rotate our right
hand fingers from the direction of velocity vector (right) to
the direction of magnetic induction vector (inward) and in
this state direction of right hand thumb gives the direction of
magnetic force shown in figure-4.84. '

{ E * * x
3
E —
a
Fh % P x
. .
-
¥
+g e . ! » ® x
% % X X
x x x

\?{igward)
‘> Y(right)
2 —_——

Figure 4.84

Right hand thumb rule is a common way of finding the
direction of magnetic forceon a moviné charge but in many
three dimensional cases another method ‘Right Hand Palm
Rule’ is also very helpiul in determining the direction of
magnetic force which is stated as

“Stretch your right hand pahm with fingers straight and thumb
in same plane. If you point fingers along the direction of
magnetic induction and thumb along the direction of velocity
of positive charge mation then area vector of your right hand
palm gives the direction of magnetic force.” '

For the above case shown in figure-4.84 we can also determine
the direction of magnetic force using right hand palm rule as
shown in figure-4.85.

IX X k. X
1
[}
1
_.‘I
X X X *
F
3
v
: X X X X
*gq I X
1
i
1 % X X %
1
: —
i B
T
1 x x x x

Figure 4.85

In many cases right hand palm rule is advantageous tc apply
s0 in upcoming cases we will prefer to use right hand palm
rule however students are free to usc any of the rule whichever
they feel comfortabte.

4.5.3 Work Done by Magnetic Force on Moving Charges

From cquation-(4.97) it is clear that direction of magnetic force
is always perpendicular to instantanecus veloeity of the particle
thus it can never do work on freely moving charge particles.

Thus in magnetic field we can state that speed of a fieely
moving charge particle can never be changed due to magnetic
forces acting on it.

As-magnetic force acts in direction perpendicular to the
instantaneous velocity of particle, it can change the direction
of metion of the moving charges. In upcoming articles we
will discuss different cases of projection of charge particles in
magnetic field,

4.54 Projection of a Charge Particle in Uniform Magnetic
Ficld in Perpendicular Direction

When a charge particle with charge g4 is projected with an
initial velocity ¥ in magnetic field from point 4 as shown in
figure-4.86 then as velocity is perpendicular to magnetic field,
the magnctic force on charge at point 4 can be calculated by
equation-(4.97) which is piven as

F=yvB ... (4.99)
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x x ® X

®
Prlas S

Figure 4.86

By right hand palm rule direction of force on g at point 4 is in
vertically upward direction as shown. Due to this force the
direction of motion of charge changes and with the change in
direction of veloctty vf charge, the direction of magnetic force
on it also changes with motion. As speed of particle is constant
and force on it is always in normal direction so motion of
particle will be circular and the magnetic force will provide
the necessary centripetal force for this uniform circular motion.
If particle is moving in a circle of radius R, we have

g
7 R
mv
- r= ... (4.100)

The angular speed of particle in circular motion is given as

gB

v
0= 5= .. (4.101)

Time period of revolution of particle in circular motion is given
as

]

T 2um
= —=— -4
Pl ... (4.102)
From equation-(4.101) and (4.102) we can see that the
revolution angular speed and time period does not depend upon
the projection 'speed of particle, it only depends upon the
spectfic charge and magnetic induction magnitude in the

region.

4.5.5 Projection of a Charge Particle from Outside into a
Uniform Magnetic Field in Perpendicular Direction

Figure-4.87 shows a situation in which a charge particle with
charge 4, mass m and moving at a velocity v is projected toward

Magnetic Effects c_f-_(:iu;reﬁts andCiass}cari-iﬁnggneﬁi@_}

aregion of magnetic field such that its velocity is perpendicular
to the magnetic field as well as its boundary as shown,

As soon as the particle enters the region of magnetic field, it
experiences a magnetic force F= gvB of which the direction
is given by right hand palm rule shown in figure. As discussed
in previous article, the path of motion will be circular with
center lying on the line of action of the force acting on it. The
partiele will follow a circular arc and come out of the field as
shown. The radius of the circular arc is given by
equation-(4.106).

Figure 4.87

There can be many different cases of metion of a charge particle
which enters into a region of uniform magnetic field with iis
velocity perpendicular to the magnetic field direction. In alt
cases the motion of particle will be a circular arc after it enters
into the magnetic field and till it comes out. Seme of the cases
are shown in figure-4.88.
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x x x
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Figure 4.58

In each case when particle enters the magnetic ficld we can
find the direction of magnetic force on particie and somewhere
on the line of force we can locate the center of circular trajectory
of particte and draw the arc until it comes out of the field.

Always remember that a charge particle which is projected
into a magnetic field from outside space will never be able to
complete the circle inside the ficld, it will certainly come out
at some point. To complete the circle in magnetic ficld particle
must be projected from a point inside the field as discussed in
article-4.5.4 or this is possible if magnetic field vary with time
in some cases, discussion of such cases is beyond the scope of
this book.

4.5.6 Projection of a Charge Particle in Direction Parallel
fo the Magnetic Field

When a particle is projected such that its velocity vector is
parallel to the direction of magnetic induction then from
eguation-(4.97} the magnetic force on the particle is zero and
hence the trajectory of particte will be a straight line as shown
in figure-4.89.

F=0 ... (4.103)
7 ”
+g > -
F=0
Flgure 4.89

4,57 Projection of 3 Charge Particle at Some Angle to the
Direction of Magnetic Field

Figure-4.90 shows a particle with charge ¢ and mass m is
projected with initial speed v at an angle 8 with the direction
of magnetic field vector of magnctic indnction B. In this case
the magnetic force on the charge particle can be calculated by
cquation-(4.97) which is pgiven as

F=gvB sind . (4.104)

F, = g{v sin0)8
3 vsind

k4

Figure .30

At the point A where the particle enters the magnetic field
region, we resolve the particle’s velocity in twe rectangular
components along and perpendicular to the magnetic field
which are veos and vsind.

In this case the component veost) is parallel to the magnetic
field direction so it will not experience any magnetic force
and due to this component we can consider the motion of charge
particle will be straight line.

Other component vsin® is perpendicular to the magnetic field
direction on which the magnetic force will be given by
equation-{4.104) and the direction of this force is into the plane
of paper (inward) which is given by right hand palm rule as
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mﬁjﬁ;- T

" showm in figurc-4.90, As the component vsin® is perpendicular
-to the direction of magnetic induction, the motion due to this
component will be circular and effectively if we see the
resulting motion of charge particle due to the two velocity
components then it will be a helical trajectory as shown in
figure-4.91¢a).
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——— ”'—-\ :,r - ”"
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- i Ry A”
4 7 L |
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(®)
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x X = = k4
/,..-. \\
. 4 H
*x, 'Y R x\;lvsme 13
H
—7 -
i < z
LY }
X \ E3 X, X x
\'\-___d'/
L4 x x = %
¥
“¥
(b}
Figure 4.91

Figure-4.91(b) shows the side view of figure~4.91(a) if it is
seen from Ieft side. In this view only the component vsin® is
seen as other component vcosB is into the plane of paper.

Thus whenever a charge is projected in & magnetic field at
some angle, its trajectory is helical as shown above with radius
of helical path is given as

mvsind

H- gb
Anather characteristic of the helical path is considered as its
pitch P, which is the distance travelled by the particle along

the axis of helical path in one revolution as shown in
figure-4.91(a} which is given as

.. (4.105)

Py=vecosOxT

Ml Erfets of 7o 378 CIasSa sgRaiire]
2nm
= Py=vcos8 x B
2nmvcost
= PH—q—B (4.106)

The helical trajectory of the particle is enveloping a cylindrical
region of which the cross section is seen in figure-4.91(b). In
this view particle is observed in uniform circular motion with
speed vsind,

4.5.8 Deflection of a Moving Charge by a Sector of
Magnetic Field

Figure-4.92 shows a sector of magnetic field of width 4. A
charged particle of mass m and charge ¢ is projected toward
this sector in perpendicular direction at velocity v. When the
charge enters into the magnetic field, it experience a magnetic
force = gvB and follows a circular trajectory of radius given
by equation-{4.100) about the center C as shown in figure, If
width of the sector is less than its radius then particle will
come out of it after getting deflected by an angle of deviation
& as shown in figure,

g ——m
4 x o
¢ %\\
K w X *
'\\Js
"‘\ 5
D d TS
x x B
Fa %
m ¥ ,-"'38
—— = L] 1
+q A % x x
x X x
> x .8
‘.
1
Fipure 4.92

From the above figure we can calculate the angle of deviation
in direction of motion of particle which is given from ABCD
as

d
sind= R
. d
= sind= v 4B)
. 1 gBd
. 5=sin 1[%?) .. (4.167)
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If in above situation the sector width is more than the radius
of circular trajectory of the particle then as shown in figure-
4.87 we can state that angle of deviation will be 180° and
particle will return: in the direction opposite to that at which it
enters the magnetic field after following a semi-circle in the
field.

# HMustrative Example 4.19

A charge 4uC enters in a region of uniform magnetic ficld
with a velacity (47 —7) m/s experiences a force (5 —Cj) N.
Find the value of C.

Solution

As we know magnetic force is always L to velocity of charge
particle, given as

F. = q(@xB)
As F is L to v weuse

F3=0
= (5i-CH.(4+7)H=0
= | 20-7C=0

20

= C=*:7“

# Hlustrative Example 4.20

A charge particle of mass m and charpe ¢ is accelerated by a
potential difference ¥ volt, It enters in a region of uniform
magnetic field 5 as shown in figure-4.93. Find the time after
which it will come out from the magnetic field.

b3 X x

x x *

X o x
Figure 493

Solution

As charge is accelerated at a voltage ¥, thekinetic energy gained
by the particle is written as
: qV= 1 mv*
2

As particle's velocity is perpendicular tc the applied magnetic
field, it follows a circutar path with center lying on the Iine of
force which acts on the particle when it enters the field as
shown in figure-4.94. The angular speed of particle during its
circukar motion s given as

Figure 4.94

From above figure we can sec that in the magnetic field the
particle follows a circular arc subtending an angle 2x— 20 at
C so time spent any particle in magnetic field is given as

2r-20
®

2m
1= —(n-8
= qB( }

# Hlustrative Example 4.21

Aproton of charge 1.6 x 10"Cand massm=1.67 x 10?7 kg
is shot with a speed 8 x 10° m/s at an angle of 30° with the
X-axis. A uniform magnetic fistd B = 0.30T exists along the
X-axis. Show that path ofthe proton is a helix. Find the radius
and pitch of the helical path followed by the proten.

Solution

The velocity comnonents of the proton are given as
v, =v cos 30° = (8 x 10%) (0.866)

= v =693 x 10%m/s
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v, =vsin 30°=(8 x 109 x {0.5)

= v, =4.0-x 105 m/s
The magnetic force due to v, is given as
F=qv Bsin0°=0

The magnetic force due to v, has nox-component so the motion
along x-axis is uniform at speed v, and due to v, proton moves
in circular path and overall motion will be helical.

The radius of circular transverse motion is given as

mv,  (1.67x1077 )(4x16%)
qB (1.6x1079)x03

r= ={L139m

Thus radius of the helix is 0.139 m.

Time taken to complete one circle in transverse motion is

E _ 2x3.14%0,139

r= 3
v, 4x10

=2.16 x 10775

The pitch of the helix is the distance travelled by the proton
along x-axis i ime 7 which is given as

p=v,xT
= p=(6.93 x 105 x (2.19 x 1079
= p=1515m

# Mustrative Example 4,22

An a-particle is describing a circle of radius 0.45m in a field
of magnetic induction of 1.2T. Find its speed, frequency of
revolution and kinetic energy. What potential difference will
be required which will accelerate the particle so as to give
this much of the kinetic energy to it? The mass of a-particie
is 6.8 x 1072 kg and its charge is twice the charge of eléctron.

Solution

In case of circular motion in magnetic field we use

2

¥

eBr
= y=—
n

Substitoting the given valuey, we get

b 3.2x1071% x1.2x0.45

B0 =2.6% 107 m/s
R34

Magnetic Effects of Currents and Classical Magnetisni |
The frequency of revolution is given as

v 26x10
2ur  2x3.14x0.45

The kinetic energy of a-particle is given by

=9.2x 1085

"=

1
K= va

|
= = EX 6.8 x10¥x26x107]
= K=23x10"12)

23x1072
= = -1 ©

1.6x10
= K=14 x 108 eV =14 McV

An glectron will acquire this amount of energy (14MeV) when
it is accelerated through a potential difference of 14 x 10%V,
Sirce a-particle carries a charge twice that of an electron it
will gain this much amount of kinetic energy when accelerated
through half of the potential difference of electron which is
7 % 105V,

# Hustrative Example 4.23

A small ball having mass m and with a charge g is suspended
from a rigid support by means of an inextensible string of
length 7. 1t is made to revolve on a horizontal circular path in
a uniform magnetic field of magnetic induction B which is in
vertically upward direction. The time period of revolution of
the ball is T. If the thread is always tight, calculate the radius
of circular path on which the ball moves.

Solution

The situation described in question is shown in figure-4.95

Figure 4,95

~ For stable circular path we use

TcosO=mg ... (4.108)
2
and Tsine—qvaz% ... (4.109)
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From equation-(4.108) and (4.109) we have Solution
mg ) o gBro = mre? l(a) If the dlr‘ectmn of magnetic field is directed along 'the
cos9 inward normal o the plane of the paper, the path of the particle

will be an arc of a circle of radius OF as shown in figure-4.97.
From figure, we have

I P2 5 * h
sin 0= — andcos 0= —-g—g
f ! 6
900 F A ®
mgr . &
= ?—qBrm = mrm £35°
GI —r } (4] ("Eggo--—--- oo x
- R~ .
_ 1 _ o gBo WNE =
(*-r% & mg 45"
A % x
/)
= P-H=
(o g)+(gB!mg)f Figure 4.97
e (T/2m)* From the figure, we can see that § = 45° and we have
: - = L
[(2r/ gT")+(gB/ mg)F EF= 2R cos 45°
T2 )2 Radius of circular motion is given as
2 %
= r=1F-
[ {(2mgrf)+(q3;mg)}2] mv  1.6x1077 x107
=B o a® = 0.Im
g IxE.6x10
# Mustrative Example 4.24 = EF=2%01x (1/ \E} =0.141m

A particle of mass m = 1.6 x 10°*7 kg and charge (b) If the direction of the magnetic field is directed along
g= 1.6 x 1071 C enters a region of uniform magnetic ficld of  the outward normal to the paper, the path ECH of the particle
strength 1T along the direction as shown in figure-4.96, the  in the region of magnetic field will be a circular arc in the
speed on the particle is 107 m/s. The magnetic field is directed clockwise direction with radius R as shown in figurc-zz and
along the inward norma to the plane of the paper. The particle  from figure we can see that

leaves the region of the field at the point F. JEO'H=90°

(a) Find the distance EF and angle 8.

. (b} Ifthe direction of the magnetic field is reversed, find the
time spent by the particlc in the region of magnetic field after
entering at £,

ES 4
\
o 4
F|
x *®
E
45 o Figure 4.98
o Radii O'E and O'H are perpendicular at points E and H so
Figure 496 the length of arc is given as
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ECH=mr_ ™ .2
2 2

Time spent by particle alang arc ECH in the magnetic field is
given as

3=k 3x3.14x0.1
o 2x1¢?
= =471 x10%s

# Mustrative Example 4.25

In a nght handed coordinate system XY planc is horizontal
and Z-axis is vertically upward. A uniform magnetic field
exist in space in vertically upward direction with magnetic
induction B. A particle with mass m and charge g is projected
from the origin of the coordinate system at £ =0 with a velocity
vector given as

P=wi +v2z'2
Find the velocity vector of the particle after time ¢.

Solution

The velocity component v, of the particle is along Z-axis and
parailel 1o the magnetic field dircction thus it will not
experience any force and will remain constant, Due to the
other velocity component v, which is in positive x-direction,
particle will experience a force in negative y-direction and it
will follow a circular path with center lying at a point C with
position coordinates (0, —R,0) initially. Due to both velocity
components the resulting motion of the particle will be a

helical trajectory with axis parallct to Z-axis passing through .

the point {0,— R, 0}. The angular speed of the particle in its
helical path is given as
o= "—
in

In a time £ the particle will revolve by an angle 0 along X7
plane which is given as 8 = wof. Thus at time t after projection
of the particle the velocity vector of particle is given as

v =veosti —v sin@ ) + vk

. gBty. . {gBtY . A
= VSV o8| Tom i vy sin| Tom g +v, k

ngé-atm;physiéé':gg'_ ]é:xg__ com
~Grade 11 & 12 { Age'17-19 Years
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Practice Exercise 4.3

() A beam of singly ionized charged particles, having

kinetic energy 1000eV contain particles of masses 8 x 10-%7

kg and 1.6 x 10726 kg cmerge from one end of an aceelerator

tube. There is a plate at a distance 0.01m from end of tube
placed perpendicular to it, Find minimum magnetic induction

in the region so that beam will not strike to plate.

[¥2T]

(i)  An electron moving with a velocity 108 m/s enters a
magnetic field at an angle 6f 20° to the direction of the field.
Calenlate

{a) The valuc of magnetic induction so that the helical
path radius will be 2m,

()  The time required to execute one revolution of the
helical path.

(c)  The pitch of helical path followed by the electron,
[(a) 9.6 x 107T; (b) 3.69 = 1077s; (c) 34.68m]

(iify A streamof protons and deuterons in a vacuum chamber
enters a uniform magnetic field, Both protons and deuterons
have been subjected to same accelerating potential, hence the
kinctic energies of the particles are the same. If the ion-stream
is perpendicular to the magnetic field and the protons move
in a circular, path of radius 15¢m, find the radius of the path
traversed by the deuterons. Given that mass of deuteron is
twice that of a proton.

[0.212m]

{iv) An e¢lectron gun G emits electron of energy 2kcV
travelling in the positive X-direction. The electrons are
required to hit the spot S where GS = 0.1m, and the line GS
makes an angle of 60° with the X-axis as shown in figure-
4.99 a uniform magnetic ficld B parallel to GS exists in the
region outside the clectron gun. Find the minimum value of
B needed to make the electrons hit point S,

[4.73 x 10-*T]
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™
field of magnetic induction 250G acting at right angle to if.
Calculate the radius of the circle.

A 13000V electron is describing a circle in a uniform

[1.66¢m]

(vi) A slightly divergent beam of charged particles is
accelerated by a potential difference V' propagates from a point
A along the axis of a solenoid. The beam is focussed at a point
P at a distance { from A by two successive values of magnetic
inductions B, and B, one after another. Find specific charge
of the particles.
8=

{I‘(BQ-B,]’ ]
© (vii) Adirect current flowing thfough the winding of a long
sylindrical solenotd ofradius R produces a uniform magnetic
induction B in it. An electron travelling at velocity v enters
into the solenoid along the radial direction between its turn
at right angles to the solenoid axis. After a certain time the
electron deflected by magnetic field leaves the solenoid.
Calculate the time which the electron spends inside the
solenoid.

2m, feBR
fﬁm[mﬁ

(viii) Two long parallel wires carrying currents 2.5A and /
in the same direction directed into the plane of the paper are
held at points P and @ as shown in figure-4.100 such that
they are.perpendicular to the plane of paper. The points P
and Q are located at a distance of 5m and 2m respectively
from a collinear point R as shown. An electron moving with
a velocity of 4 x 10° m/s along the positive x-direction
experiences a force of magnitude 3.2 x 102" N at the point R.
JFind the value of 1.

P Ny R
£2)
® R . ¥
2.5A I
—2m—»
b S5m »
Figure 4.100
[4A]
(ix) In a right handed coordinate systcm XY plane is

horizontal and Z-axis is vertically upward. A uniform magnetic
field exist in space in vertically upward direction with
magnetic induction B. A particle with mass m and charge g is
projected from the origin of the coordinate system at ¢ = 0
with a velocity vector given as

V=vi+vk

Find the position coordinates of the particle after time &

[ %sin [%—) . %(i - ms[%‘-n 2 vyl

s

45

(x) Inside a cylindrical capacitor of inner radius a and outer
radius &, an electron is projected from the surface of inner
cylindrical shell perpendicular to it with an initial velocity.
In the annular region between the two cylindrical shells a
uniform magnetic induction B exist in direction parallel to
the axis of capacitor, Find the maximum initial velocity with
which the electron is to be projected so that it will not hit the
outer shell.
cB{b —a®)

[ 2mb

]

4.6 Magnetic Force on Current Carrying Conductors

In previous articles we've studied that a moving charge in
magnetic field experiences a force given by equation-(4.97).
A current carrying conductor contains free electrons
continuously flowing at drift speed. So if a current carrying
conductor is placed in a magnetic field then all its free clectrons
will experience same maguetic force and due to this, overall
the conductor will experience a net magnetic force which is
the sum of magnetic forces on all its moving free electrons.

There are many cases under which we'll study the force
experienced by current carrying conductors. This force may
cause translational or rotational motion of the conductors and
will affect the overall motion as well. In upcoming articles
and illustrations we will extend our knowledge of magnetic
force for current carrying conductors.

4.6.1 Force on a Wire in Uniform Magnetic Field

Fipure-4.46 shows a current carrying wire XY with carrent J
placed in a region of uniform magnetic induction B. If the
free electrons inside the conductor are moving at drift speed
v, then each free electron will experience a magnetic force
F =ev,B.

x = *

-
B
X
— 1%
i
o kS x x
Fm-n———j:
x ® vy ® ®
— t
¥
o b4 ® x

Figure 4.10%
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(4
The direction of these forces on all free electron is given by
right hand palm rule which is toward left as shown in figure.
For applying the right hand palm rule in case of current
carrying conductors we point thumb in the direction of current
flow which is the flow of positive charges in the conductor as
shown in figure-4.1G1.

If i be the free electron density of the conductor, Sis the cross
sectional area of this conductor then total number of free
electrons in this wire X¥ are a/S. Thus total magnetic force on
wire XY is piven as

F=ev B xnl§ ... (4.110)

In above equation-(4.110) nev, is the current density and
product with the cross sectional area § gives the current so it
can be rewritten as

F=Bll .. (4.111)

If the direction of force is expressed in form of cross product
then we use the vectors for length of conduetor [ and that for
magnelic ficld B and the magnetic force vector on current
carrying conductor can be given as ‘

F = I(IxB) ... (4.112)
Thus if a wire is placed in a uniform magnetic field making
an angle 0 with the direction of magnetic field as shown in

figure-4.102 then the magnetic force on this wire is given by
equation-(4.112) as

F= Blising .. {(4.113)

The direction of this force can be given by cross product of
equation-(4.112) which is into the plane of paper as shown.

i

Y .
T{ (along 7 sin 8)

_i?’(inwmﬂ)

Fipure 4,102

In the figure-4.102 magnitude of force on the wire can also be
given by resolving its length into two components along and
perpendicular to the direction of magnetic field. Here we can
see that JcosQ is parallel to magnetic field se a current or a
moving charge which is parallel to magnetic field will not
experience any force as disenssed in article-4.5.6. Other
component iinf is perpendicular to magnetic field similar to

Mosnetc s o v 3 G Vi)

the case shown in figure-4.101 thus the force on it is given by
equation-(4.111) replacing / to Isin® which gives
equation-{4.113).

4.6.2 Direction of Magnetic Force on Carrents in Magnetic
Field

As discussed in previous article about direction of magnctic
force that it can be given by cross product in equation-{4,112),
Same can be given by right hand patm rule as already discussed
for force on moving charges in magnetic field. In case of current
carrying conductor we need to point right hand thumb along
the direction of current which deaotes the flow of positive
charges. Figure-4.103 again illustrates the application of right
hand palm rule for force on a current carrying conductor XY
placed in & magnetic field. In this case the direction of magnetic

force on conductor XY is into the plane of paper (inward).

X
-
> ?1 (aleng 7 sin §)
I 7
{ F{inward}
. -
RF
X
¥

Figure 4.103

Another way of determining the direction of magnetic force
on current carrying conductors in magnetic field is by
‘Fleming's Left Hand Rule’ stated below

“To determine the direction of magnetic force stretch your
index finger, thumb and middle finger of left hand in mutually
perpendicular directions as shown in figure-4,104 and orient
your hand such that your index finger points in the divection
of magnetic field and middle finger along the current then
your left hand thumb will give you the direction of magnetic
Jarce on the conductor.”

I(zlong T)

Figure 4,104
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The situation shown in Figurc-4.103 is redrawn again in
figure-4.105 in which we can verify the direction of magnetic
force on wire XV by using Fleming's left hand rule.

k

L 4

Figure 4.105

While applying Fleming's lefi hand rule if sometimes current
is not flowing in conductor at right angle to the direction of
magnetic field then resolve the components of the length of
the conductor and point middle finger in the direction of the
length component normal to magnetic field.

Students can also use Fleming's left hand rule o determine
the direction of magnetic force on freely moving charges in
magnetic field which is already discussed in previous articles.

4.6.3 Faorce Between Two Paralle! Carrent Carrying Wires

Figure-4.106 shows two parallel wires at a separation » and
carrying currents I, and [, in same direction. First wire is
considered to be very long and second wire XY is of length L
The magnetic induction due to first wire at the location of
second wire is in inward direction which is given as

o

1=t .. (4.118)

Figure 4.106

The foree on second wire due to the magnetic ficld of first
wire at its location is given by equation-(4.111} as

F=B[]
. el
= F= [hr]le
A pof 1od
= - ... {4.118)

Above equation-(4.115) gives the force of interaction between
two parallel current carrying wires provided one wire is very
long. The direction of magnetic force on wire XY can be given
by right hand palm rule as shown in figure-4.106 which is
toward left. According to Newton's third law the force by second
wire on first will be oppusite i.e. in rightward direction. Thus
the two wires will attract each other when they carry currents
in same direction. If the direction of currents in the two wires
is opposite then they will repel sach other which can be easily
proven by using right hand palm rule, cross product or by
using Fleming's left hand rule. Thus in general about force
between two parallel current carrying wires we state that

“Two parallel wires carrying currents in same direction attract
each other and those carrying currents in opposite direction
repel each other because of magnetic force between them.”

4.6.4 Magnetic Force on 2 Randem Shaped Current
Carrying Wire in Uniform Magnetic Field

Figure-4.107 shows a random shaped wire 4B carrying a
current I placed in magnetic induction B. The distance between
end points of wire AB is /. To analyze the magnetic force on
wire we consider coordinate axes as shown in figure with x-

" axis along AB and y-axis perpendicular to AB.

dx = di cos 8
dy=dfsin 0

Figure 4.107

If dF is the magnetic force on an element of length df on the
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wire then it is given as dF = BJdf and direction of the force on
dl is shown in the figure-4.107 which is given by right hand
palm rule. Now we resolve this force in two components along
x and y axis as dF_and dF, which are given as

dF = Bldlsin® = Bidy ... (4.116)

and dF = Bldicos® = Bldx R Y

If we calculate the total force on wire 48 by integrating above
components, we have

F,= {dF, = [ Bray - Bffdy =0 .. (4118
t]

and F,= [dF, = Bl = BI_de =Bl ..(4119)
¢

Thus tetal force on wire is along y-axis i.e. in direction
perpendicular to the line joining the ends of wire AR and it is
given as ' '

F.. =Bl .- (4120}
Above expression in equation-(4.120) shows that the net
magnetic force on a random shaped current carrying wire
‘which is equal to the force acting on a straight wire carrying

same current and which has length equal to the line joining
the end points of the random shaped wire.

If in this case we join terminals 4 and B of the wire and make
a closed loop then /= 0 so F=0. Thus we can also state that if
there is a current carrying closed loop or coil then net magnetic
force on the coil when placed in uniform magnetic field is
zero, About current carrying coils or closed loops we will
discuss in upcoming articles.

# Hiustrative Example 4.26

Two parallel horizontal conductors are suspended by light
vertical threads 75cm long. Each conductor has a mass of
40g per metre, and when there is no current they are 0.5cm
apart. Equal current in the two wires result in a scparation of
1.5cm. Find the values and directions of currents.

Solution

The situation described in question is shown in the cross
sectional view of the current carrying conductors in
figure-4.108.

Figure 4.168

For equilibrium of conductors, we have

" Tcos 6 =mg .. (4.121)

2

PR 7Y iy |
Tsinbo=F o ... (4,122

From equations-(4.121) and (4.122) we h_éve
. :
ano= Lt

tan O 2mdmg ... (4.123)

When D is small we use tan® xsin0 thus from figure we have

gL O5XI0Z 1
75x107% 150

Mass of each conductor of length / is given as
m=40.0 x 103/ kg

Substituting the values in equation-(4.123), we get

1 2x107" x I
150 1.5%10% x40x107% x10
= I=14.14A

As the two conductors are repelling each other, the currents
are in opposite directions.

# Hlustrative Example 4.27

Two long straight parallel wires are 2m apart, perpendicular
to the plane of paper as shown in figure-4.109. The wire 4
carries a current of 9.6A, directed into the plane of the paper.
The wire B carrics a current such that the magnetic induction
at the point P, at the distance of 10/11m from the wire B is
zero. Calculate

(a) The magnitude and direction of the current in B,
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i

(b} The magnitude of the magnetic induction at the point S.
(¢} The force per unit length on the wire B.

A¢
4

2m

Figure 4.109

Solution

{a) As the magnetic field of induction at point P is zcro, for
this the magnetic induction at P produced by current carrying
wires should be equal and opposite so the direction of current
it B must be opposite to that of A4 directed upward and
perpendicular to the plane of the paper.

Magnetic induction at P due to wirc 4 is given as

_ Hoh

D 2wy

If current in wire B is taken as i, then magnetic induction at
P due to wire B is given as

_ Hol

2 2nr

As met magnetic induction at point P is zero, we have

B, =B,
N Holi _ Hob
2an  2an
= 1'2= r—z')(!"

We h =AP= 2+ 0_ E
e have = . T
16
and r2=BP= -I—Em

= LD o6 3a
2 @321 7

Thus the wire B carries a current 3A directed upward and
perpendicular to the plane of paper.

i mara mw o e e enerl ok, e s e B

U ..-4

(b) The magnetic field produced by wire 4 at §

_ Bl 2x107x9.6
Yo2m 16

e

= By=12x 10T

The magnetic field preduced by wire B at §

gtk 2x107" x3
4 o 1.2
= B,=5x107T

According to figure, ZASE = 90° the distances AB, AS and
BS are related as

(ABY = (A8) + (BS)

Thus net magnetic induction at point § is given as

= By= (B} +B})
= Bo= JH12x167) + (5x1077)?]
= Bg=1.3 % 10°6T

(¢} Force per unit length on wire B is given as

Bahiz _ 2x1077 x9.6%3

- 2rryp 2

= F=2.88 x 10°N/m

# IMustrative Example 4.28

Artod AB of mass m and length [ is placed on two smooth rails
P and @ in a uniform magnctic induction B as shown in
figure-4.110. The rails are connected to a current source
supplying a constant current /. Find the speed attained by rod
AB when it leaves off the other end of rails of length L.

Figure 4.119
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Solution

Due to magnetic force acceleration of rod 4R when it slides
on the rails is given as

= B vy v e o Py 21

rest™

F

3

Figure 4.111

As shown in figure4.111 after travelling a distance Z on rails
speed attained by rod v is given as

v =d+2al
= v=2aL
2BIL
= v= ’—-—
m
# Mustrative Example 4.29

Two long parallel wires of negligible resistance are connected
at one end to a resistance R and at the other end 1o a constant
voltage source of voltage V. The distance between the axes of
the wires is 7) times greater than the cross-sectional radius of
each wire. At what value of resistance &, does the resultant
force of interaction between the wires will become zero?

Solution

Figure-4.112 shows the sitnation described in the question.

The two wires form a wire capacitor of which capacitance is
given as
_ meyl
Inn

Figure 4.112

Magnetic Effects of Ctirrents'and, Classical Magagiism |
Charge on the capacitor in steady state is given as
cv nElV
q= - ;II.T[

Due to voltage source a constant current flows in the wires
which repel each other by a magnetic force which is nullified
by the force of attraction on the two wires due to opposite
charges on the two wires as shown in figure. The force of
attraction 18 given as

o g — 2
Fi=g8= q[Znenl(‘qr)]

Substituting the value of ¢ from equation-(4.124} into (4.125},

(nsﬂw]’
In
poiinn)

1 2gegl{nr)

.. (4.124)

.. (4.125)

.. (4.126)

The current flow is in the opposite direction in the two wires
so the net force of repulsion between these wires is given as

o Bl IR
27 2x{nr} 2wy

As the net force between the two wires is zero we use

. (4.127)

(ﬂ'ﬁo{y}z
p[,(V/R)zl_ Inn
2mr 2nepl(nr)

_ [Bolnn
= R= & w

# Huastrative Example 4.30

A rectangular loop of wire ABCD is oriented with the left
corner at the origin, one edge along X-axis and the other
edge along Y-axis as shown in the figure-4.113. A magnetic

-field exist in space in direction perpendicular to the XY plane

as shown and has a magnitude that is given as B = ay where
o is a constant, Find the total magnetic force on the loop if it
carries current I

y
&
@z
B a2 C
A L
- y * D >
Figure 4.113
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Solution

Due to the magnetic indction the four scgments of the wire
loop experience the forces as shown in figure-4.114. On the
segment DA as y = § the magnetic induction is alse zero so
no force will act so we have

FM)=0
i F
3
fw ®B
B L c
Ff 1 + *Fep
y 4 ) > X
Fry
Fipurc 4.114

At the location of wire BC we have y = a at which we have
B = aa so the force on this scgment is given as

Fgo= Bll= (aa)ia = aid’

For the remaining two segments AB and CD the forces are
opposite and equal as for every element on segment A5 at a
position y there is a corresponding etement on CD at same y
for which the force is equal and opposite so the two forces on
these segments will cancel each other so total force on the
wire koop is zlong y direction and it is given as

— -~

F=oiqd j

# Mustrative Example 4.31

An infinite wire, placed alung z-axis, has current 7, in positive
z-direction. A conducting rod PQ placed in xy plane parallel
to y-axis has current 7, in positive y-direction. The ends of
the rod subtend angles 30° and 60° at the origin with positive
x-direction as shown in figure-4.115. The rod is at a distance
a from the origin. Find net force on the rod.

¥
A
P
hHi.-150e -
"\J - -
\60 F 3 I
\\ 2
~
.
LY
Ay
~
LY
hY
LY
\\
~
LY
.
A
LS
\\

Figure 4.115

B

Solution

To calculate the force on rod PQ we consider an clement of

.width dy at a distance y from the x-axis as shown in

fipure-4,116. The magnetic induction at the location of this
element due to the wire at origin is given as

Kol

B= 2y’ +a’

The force on element due to the magnetic induction of wire
at origin is given as

dF = BLdysin8
Net force en the rod PQ is given as

F= [dF = | Bldysin®

+a'taf30° It I p
= F= el Ldy| ——
—suserr 2mfa’ + 37 ’ Jat+ 7t
_ BodiJ ef ydy

=> F= T 3

2 . a+y

+afy3

. Fe Bolid [iln(az-i-yz)

2n |2 iz
= F= &[m(iai)_h’@ai):l

4n 3

4n

In above integration we ignore a negative sign as we are
calculating the magnitude of force only and the direction is
given by right hand palm rule.

f ] 12

¢

Figure 4.116
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# Mustrative Example 4.32

Figure-4.117 shows a long straight current catrying wire with
a current /| and a thin strip of width 5 and length / placed
parallel to it with a current [, as shown in figure. Find the
magnetic force of interaction between current /; and Z,.

¥

Figure 4.117

Solution

We consider an elemental strip of width dx in the strip at a
distance x from the wire as shown in figure-4.118. The current
in the elemental strip is given as

P4
dl= =dx
&

Figure 4,118

The force between 1, and 47 is given as
Idi
2nx

Magnetio Effects of Currents and Classical Magneiism }

Total force on the strip can be calculated by integrating the
above force within limits from x = /to x =7+ 5 which is given
o .

r+h
_ _ Molidyt T dx
F= IdF_ 2xb '! x
Holily! rib
F=—=}[nx],
= b 0¥
Uedidyl r-i-b]
e R
= 2mb b

# Mustrative Example 4.33

A copper wire with density p with cross-sectional area S bent
to make three sides of a square frame which can turn about a
horizontal axis OO’ as shown in figure4.119. The wire is
located in uniform vertical magnetic field. Find the magnetic
induction if on passing a current I through the wire the frame
deflects by an angle 6 in its equilibrium position,

Fipure 4.119

Solution

We consider the side of square wire frame is @, The horizontal
wire of the frame will experience a rightward force B! and
due to this force it experiences a torque about the axis 00’
and the frame will tilt. Torque on frame about G0 is given as

= Bla % acosB = Bla* cos O

Figure 4.120

This is the deflecting torque and at equilibrium this torque is
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balanced by the torque on the frame due the weight mg of the
three sides of the square acting at centre of the wires as shown
in figure-4.120 so at equilibrinm balancing of torques gives

Blalcash = MTgx aSin9+2[£3g-JX(%}sin9

=  Blu’cosb= %Mga sing

Mg
3fa

tan B

= B=

Mass of square wire frame can be written in terms of its
density, length and cross sectional area as

M=13aSp
N B 2(34Sp)g . -0
3la
= B= 2aSpg tan @
Ia

4.7 Motion of a Charged Particle in Electromagnetic
Field

In previous articles we've studied the magnetic force on a
moving charge and a current carrying conductor in magnetic
field. There are many cases in which both electric and magnetic
forces simultaneously act on a moving charge particle. We've
discussed that the tofal clectromagnetic force acting on a
moving charge remain constant when observed from different
frames of reference whereas electric and magnetic forces may
be observed differently from different frames as these two forces
are different ways to analyze a single force calied
electromagnetic interaction. Right now we will restrict our
mathematical analysis of the two forces in ground frame only.

4.7.1 Undeflected mofion of a charge particle in Electric
and Magnetic Fields

When a charge particle is moving in a straight line in a gravity
free region where both electric and magnetic fields are present
then il is possible under two conditions. First condition is if
electric and magnetic forces on the charge particle balance
each other and act in opposite direction with equal magnitudes
and second condition is when both electric and magnetic fields
are in same direction and charge is also moving in that
direction. In first condition the charge is in uniform motion
whereas in second condition due to electric force charge would
be acceleraling,

Figure-4.121 shows such a situation in which a charge g is

............................................ 50

i3 R

moving in a region where mutually perpendicular electric
and magnetic fields are present and charge is moving in
direction perpendicular to both the fields.

=

* x X 'y
» -4 x x
=
e ¥ S
9 vy w ¥ ¥ ¥ ¥E
x * L4 =
Figure 4.121

In the situation shown in figure-4,121 electric force on the
charge will act in downward direction along the direction of
clectric field and the electric foree on it is given as

F,=q4E

The magnetic force on the charge will act in upward direction
which can be given by right hand palm rule: The magnitude
of the magnetie force on the charge particle is given as

F, =qvB

If charge is moving undeflected in a straight line then the two
ferces must balance each other and condition for undeflected
motion of particle is given as

i F€=Fﬂ'.l
= gE=gvB
E
= V=g ... (4.128)

4,7.2 Cycloidal Motion of a Charge Particle in
Electromagnetic Field

Figure-4.122 shows a coordinate system in which an electric
ficld F exist along positive y-direction and a magnetic field of
magnetic induction B exist along pusitive z-direction. At the
origin of coordinate system a point charge of mass m and charge
g is placed and i is released from rest. We will analyze the
motion of this charge under electromagnetic forces acting on
it.

B
>

e

gE

QU=
»

Figure 4,122
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Just after release of charge particle it experiences only an
electric force gF in positive y-direction. Due to this force as
charge starts moving and as it gains some velocity it starty
experiencing a8 magnetic force in positive x-direclion. The
dircetion of magncetic force can be verified using right hand
palm rule. Due to the magnetic force the direction of motion
of the charge particle changes and it moves along a eurved
path as shown in figure-4.123. If we consider the charge
particle at a general point P{x, y) then forces acting on it are
shown in the figure.

Figure 4.123

The velocity components of the particle at point P are given as
v, = vcosd

and v,= vsind

During motion of particle at any point the particle gains
velocity only due to the work done by electric force as magnetic
force does not do any work and will not cause any gain in
speed of particle so at any point P(x, y} the kinetic energy of
particle is given as
1

gEy= Emvz ... {4.129)

If a, and a, are the accelerations of the particle along x and

y-directions then net forces acting on the particle along x and
y-directions are given as

F_=ma_ = qvBsind

and.  F =ma, =qE - gvBcosO
dv B sin 8 v, B

> amr=T0 T . (4.130)
dv E - qvBceosH E—qv B -

- o= GE-qBeos8 _ gE-qvB - 4

¥

dt m m
Dividing equations-(4.130) and (4.131) gives
dv, _ gv,B

dv}‘ - qE—quB

= (E-vB)dv = v, Bdv,

isgnec Efects of Gt ad e MG
Integrating the above expression within limits fom origin of
coordinate system to point P gives

?(E —-v.Bydv, = B} v,dv,
[ 0

tiﬁ =
2

1

2
5 va

va—

. i 2 2 2
= Ev = Esz (As v =V, +Vv))... (4.132)

Above equation-(4.131) relates the net velocity of particle with
its x-component. If we substitute the value of v, from
equation-(4.130) to cquation-(4.129) we get

dfE_md,)_ o8
dt\ B ¢B dt m
d*v; ? '
3 g8 =
= 2 + [?J v,=0 ..:(4.133)

The expression in equation-(4.133) is the basic differential
equation of SHM in v g which indicates that the velecity
component of particle in y-direction is executing SHM hence
its y-coordinate will also execute SHM sa the motion of particle
will be oscillating in y-direction and progressive in x-dircction
as shown in figure-4.124. Even the x-direction motion of
particle is also oscillating with mouving mean position which
can be verified by combining equations-(4.130) and {4.131)
by eliminating v, . This trajectory of particle in xy plane comes
out to be cycloidal path which is similar to the path traced by
a particle on rim of body in pure rolling on a surface. In-depth
analysis of cycloidal motion is nof in our scope so we will
restrice our analysis upto the motion of charge particle under
electromagnetic fields. Using equation-{4.132) and previous
refations in the given parameters the time of periodic motion,
oscillation amplitude {maximuro height along y-direction),
range in x-direction and other parameters can be calculated.

@3B

- X
T-2pmigB

Figure 4.124

In y-direction motion of the particle, mean position is at a
height where the net force on particle in y-direction becomes
zero which happens at y =y, /2 which would be the amplitude
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of oscillations of particle In y-direction. At the topmost point
of the trajectory if v, is the velocity of the particle then it is
given by equation-{4.129) as

i
4Ey, = Em»ﬁ ... (4.134)

At the topmost point as v_= 0, at this point net downward
force on particle must be equal to the nel upward force when
the particle was at origin so we have

gE=gv,B-qk

2
_=> Y= g ... (4.135)
From equation-{4.134) and {4.135) we get

o = L (g ’
V= 2™ B

2mE

= V= 4B ... (4.136)

#-IHustrative Example 4.34

A profon beam 15 fired in space where it passes without
deviation through the region where there are uniform
transverse motally perpendicular etsctric and magnetic fields
exist with electric field strength £ and magnetic induction B.
The beam strikes a fixed solid nonmetallic target. Find the
force exerted by the beam on the target if the beam current is
i. Take mass of proton m,

Solution’

As the proton beam passes without deviation, so we use

evB = gk

E"

= v==
B

Number of protons striking the target per second is given by
using beam current as
i
n=-
[=4
Total mass of protens striking the target per second are
e Xt
m=m, X

Net force on the farget is the fotal momentum imparted to the
target per second which is given as

F=mv
miE

= F=-r
el

it e A o et

551

# Mustrative Example 4.35

A particle of mass 1 x 10%kg and charge +1.6 x [0~"C
travelling with a velocity 1.28 % 10m/s along positive x-
direction in a region where uniform electric ficld £ and a
uniform magnetic field of induction B arc present such that
E =E =0and E = 1024kV/m and B_= B, = 0 and
B, =8x 1072T. The particle enters in this region at the origin
of coordinate system at time ¢ = . Determine the location x,
yand z coordinates of the particleat /=5 x 10-%s. If only the
electric fleld is switched off at this instant, what will be the
position of the particle at £ = 7.45 x 105s?

Solution

The Electric force on the charge particle is given as

F =gF ={1.6 x 107%) (102.4 x 10 N

= F,=163.84 x 10716N

Above eleetric force acts on the particle along negative
z~direction.

The Magnetic force on the charge particle is given as

F,=qvB
= F'u: (]_6 x }0—19) (1.28 w ]06) (8 x 10_12) N
= F,=163.84 x 076N

Above magnetic force acts on the particle along positive
z-direction. Above two forces arc exactly equal and opposite
so the charge particle will go undeflected in the space along
x-direction.

(a) Attime ¢=5 x 107% second, the distance x travelled by
the particle is given as

x=ve=(128x 109 (5% 106 =64m

Thus coordinates of the particle are given as (6.4, 0, ).

(b) When the electric field is switched off, there will be a
force 163.84 x 10-'6.along +z-axis acting on the particle. The
particle moves in uniform magnetic ficld and describes a
cireular path in xz plane as shown in figure-4.125. The radius
of the circular trajectory of particle is given as

—

HV

r=-—

q

_ {(1x107%%)(1.28x10°%) .
" 8x1072)(1.6x107%)

I1m
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The time period ¢ of revolution of particle due to magnetic
field is given as )

The time during which the magnetic field acts -
t,=745% 106-5%106=245x10%

As the time period is 4.9 x 107% and the magnetic field acts
only for a time 2.45 x 1073 which is half the time period so
the particle covers a semicircle as shown in figure and
displaces by 2m along z-direction. Thus final coordinates of
particle are (6.4m, 0, 2m).

0 6.4m F

Lt
Im \
o' o w
i -

o o ’ -

Figure 4.125

# Hjustrative Example 4.36

Uniform eleciric and magnetic fields with streagth E and
induction B respectively are directed along y-axis as shown
in figure-126.-A particle with specific charge qu-!eaves the
origin O in the direction of x-axis with "an initial
non-relativistic velocity v, Find

(a} Thecoordinate y, ofthe particle when it cms's the y-axis
for the n™ time

(b) The angle u between the particles velocity vector and

y-axis at that moment.

' it

Fy i ..

E £ |
B f ST
O T
P
- ' :‘{f”;?‘ﬁ‘.

2) - e

Figure 4.126

Solution

The resulting motion of the particle isﬁaeﬁﬁ&ﬁtr&asing
pitch due to the electric field along y-directiciegillh
revolution the helical trajectory’wzfgi"f _ ;
when the particle crosses it. '

5
*

- ey od
‘.
».«'
iJec
L
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(8) There will be an acceleration a, on the particle due to
electric force which acts along positive y-direction which is
given as

g

a="_

‘If the particle crosses y-axis n® time afier f second then we

Use
*
E
=3z p .. (4.137)
" 2m
If # be the number of revolutions, then we have
2
t=px 7= .. (4.138)
gB

From equation-(4.137) and (4.138), we have
_ g{j‘_x 2wmn : _ 2ntmn’E

< 2m gB o qu

(b} In'y-direction the vi.lécity of the particle is only due to

electric field which is given as

-«

= -4
v, ayr

( qE ] 2rnmn)  2nnE
= y = — X =
¥ m gB B

As along xz plane the particle velocity component will remain
constant at v,, the angle which the velocity vector makes with
y-axis is given as . o—

¥, VB
fano= -2 =
12

# Illustrative Example 4.37

an glectron beam passes through a magnetic field of magnetic
induction 2 x 10T and an electric field of strength
3.4 x 10* V/m both acting simultaneocusly in mutually
perpendicular direetions. If the path of clectrons remains
undeviaied, calculate the speed of the electrons. If the electric
field is removed, what wilf be the radius of curvature of the
trajectory of the electron path after 2s?

Solution

H motion of electron is undeviated then the magnetic and
electric force must be balanciog each other on electron so we
have
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qE=qu *
E  34x10*
= y= o= T <17 % 107 mis
B 2x10

When the electric field is removed, then only under magnetic
field acting in perpendicular direction motion of electron will
be along a circular path of which the radius is given as

B

¥

~
il

Ly

[:4

9x107 x (1.7x107)
r;
(2x107)x(1.6x107"%)

= r=478%x107%m

# Mustrative Example 4.38

There is a constant homogeneous electric field of 100V/m
within the region x = 0 and x = 0.167m pointing along
positive x-direction. There is a constant homogeneous
magaetic field B within the region x = 0.167m and x = §.334m
afong the positive z-direction. A proton at rest at the erigin (x
=0, y = 0) is released. Find the minimurm strength of the
magnetic field B, so that the proton is detected again at point
x =0, y = 0.167m. Take mass of the proton 1.67 x 10-Zkg.

Solution

Figure-4.127 shows the resulting motion of the particle in
the region where electric and magnetic fields arc present as
described in the guestion.

First the proton is accelerated in the electric field. Then it
enters in magnetic field and describes a circular path of which
radius is given as

Fh

Figure 4,127

my

?'=qB

.. (4.139)

After following a semicircular path it leaves the magnetic
field in negative direction. Its motion is retarded in electric
field. Finally it strikes y-axis at the same distance 0.167m.,

3 - BT

- . [P

Thus the radius of the circular path must be half of 0.167m.
Using work energy theorem the velocity of the particle when
it enters the magnetic ficld is given as

%mvz = gE {0.167) .. (4.140)

From equations-(4.139) and (4.140) we have

p= — 2« M(glm)
«(0.167/2) N
2 E>< E

e 0.167

-27
- g o || 20.67x1077)(100)
(1.6x107°0.167)

= B=

-2
= B=—— =7.07x 107 T
V2

et

----- Eh&immcga,mp_;__guy_mh sicsgala
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Section - Magnetic Effects
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Practice Exercise 4.4

(i}  Figure4.128 shows a wire AB of mass m placed en a
rough invtined plane of inclination a and static friction
coefficient pi.-The wire carries a current £, Find the minimum
magnitde of nagnetic induction required to slide the wire up
the inclined plane if direction of magnetic induction is normal
to ptane as shown in figure,

” a
e A o o A o T

Figure 4.128

mg{sina +cosa) 1

t b
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(i) A wire oflength 60cm and mass 16g is suspended by a
pair of flexible supporting springs in a magnetic field of
induction 0.60T. What are the magnitude and direction of
the current in the wire so that the supporting springs remain
unstretched ?

x x x X * 3 "

x x x * X ) "

% % x * X X )

x x x * x ) "
Jr A e,

x * x
——Gliem ——

Figure 4,129
[0.41A, left to right]

(iii) Two long parzlle! wircs carry currents of equal
magnitude but in opposite direction, these wires are suspended
from ceiling by four strings of same length L as shown in
figure4.130. The mass per unif length of the wires is A.
Determine the value of the diverging angle 0 assuming it to
be small.

Figure 4.130

(i T4l |

(iv) A high speed but non-relativistic proton beam move
rectilingarly in the region of space where there arc uniform
mutually perpendicular electric and magnetic fields with
electric field strength E and magnetic induction B. The
trajectory of the protons is found to be a straight line in the
XY plane as shown in figure-4.131 and forms an angle ¢ with
X-axis. Show that if the electric ficld is switched off at an
instant the protons will follow helical trajectory and find the
pitch of the helical trajectory.

Magneli:Efecs o Currents aid Classcal Msaneia]

g

15

\§
\\
N

Figure 4.131

(v) Aloop of flexible conducting wire of length 0.5m lies in
a magnetic field of 1.0T perpendicular to the plane of the
leop. Show that when a current is passed through the loop, it
opens into a circle. Also calculate the tension developed in
the wire if the current is of 1.57A.

[0.125 N]

(vi) Find the magnitude and direction of a force acting per
unit lenpth of a wire, carrying a current i = 8.0A, at a point
¢}, if the wirc is bent as shown in figures-4.132{a) and (b) as
shown in figure-4.132. In figure-(a) wire is bent as
semicircular loop of radius £ = 10cm and in figure-4.132(b)
wire is bent as U-shaped with the straight scgments very long

‘with their separation equal to / = 20cm.

o

@
!
'

R

)
Fipure 4.132

[(a)2 = 10*N/m (b) 1280 x 10~7 N/m)]

(vii) A square cardboard of side / and mass m is suspended
from a horizontal axis XY as shown in figure-4,133. A single
wire is wound along the periphery of board and carrying a
clockwise cutrent 1. At = 0, a vertical downward magnetic
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e

field of induction B is switched on. Find the minimum
magnitude of B so that the board will be able to rotate up to

horizontal level.
Y

e

g

Figure 4.133

g
log ]

{viii} Figure-4.134 shows a horizontal wire 3N of length /
and mass m is placed in a magnetic fietd B, The ends of wire
are bent and dipped in two bowls containing Hg which are
connected to an externat circuit as shown. If key is pressed for
a short time &/.due to which a charpe g suddenly flows in the
circuit. Find the maximum height above initial Jevel the wire
MN, it will jump.

X * % X X x x
B
X % X X % % %
M N
X % X *x x « %
™y
x x X

| ——w
Figure 4.134

quifz

t 2m'g

{ix) A straight segment OC of length L of a circuit carrying
a current / is placed along the X-axis as shown in fipure-4.135.
Two infinitely fong straight wires 4 and B, each extending
fromZ=-w0to+o, arefixedaty=—a and y=+a
respectively as shown in fipure-4.135. If the wires 4 and B
each carry same current f into the plane of the paper, obtain

59 |

the expression for the force acting on the segment OC. What
will be the force on OC if the current in the wire B is reversed.

¥4
&
¢ L
o ¢ .y
/ I
—a
z

Fisure 4.133

(x} Apoesitively charged particle having charge g, = 1C and
mass m, = 40g, isrevolving along a circle of radius R = 40cm
with velocity v, = 5my/s in a uniform magnetic field with centre
of circle at origin O of a three dimensional system. At1=0,
the particle was at (0, 0.4m 0} and velocity was directed zlong
positive X-direction. Another particle having charge ¢, = 1C
and mass m, = 10g moving uniformly parallel to Z-direction
with velocity v, = (40/m)m/s collides with revolving particle
at ¢ = 0 and gets stuck to it. Neglecting gravitational force
and coulomb force, caleulate x, ¥ and z coordinates of the
combined particle at 7= m/40s.

[{6.2m, 0.2m, 0.2m)}

(xi) From the surface of a ronnd wire of radius g carrying 2
direct current / an electron is projected with a velocity v,
perpendicular to the surface along radial direction. Find what
will be the maximum distance of the electron from the axis of
the wire before it turns back due to the magnetic force on the
charge particte by the current flowing in the wire.

Figure 4.1316

2meny

fae ¥
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4.8 A Closed Current Carrying Coil placed in Magnetic
Field

Ags discussed in previous article when a closed current carrying
loop is placed in uniform magnetic ficld net magnetic force
on it comes out to be zero.

Figure-4.137 shows a rectangular coil 4BCD carrying a current
1is placed in uniform magnetic field with magnetic induction
B with its plane parallel to the direction of magnetic field.

5
X 4 s i}
i oF
@5 1
X p ¢

Areacfcoil 4=1p

Figure 4.137

In this case if we analyze the directions of magnetic forces on
different segments of the coil by using right hand palm rule
then we find that

The forceon 4B is F,;=0

The force on BC is F,. = BIl in outward direction
The force on CDis Fioy = 0

The force on DA is Fj, = Bl in inward directio.n

Thus total magnetic force on this loop is zero but the equal
and opposite forces on the wire segments BC and D4 on loop
at different lines of actions produces a couple and coil will
experience the torque which may cause it to rotate if it is free.
In next article we will discuss about this torque in detail.

Consider another current cz;rryin g closed loop shown in
figure-4.138(a) placed in uniform magnetic field with its plane
perpendicular to the direction of magnetic field.

In this situation if we consider a small element on the loop as
shown then by right hand palm rule the direction of magnetic
force on this element is as shown in figure.

Magnetic Effests of Curcents and Classical Magnefam |

i it

(b}
Figure 4.138

On analyzing carefully we can sce that on all elements of the
loop the direction of magnetic force is outward of which
resultant is zero but it will have a tendency to stretch out the
loop. If the wire of loop is flexible then the magnetic force
will stretch it out and give a shape of a circle due to the outward
force at each element as shown in figure-4.138(b).

If current direction is reversed then the force will become
inward which may cause the loop to collapse if wire is flexible
or build an inward stress if wire is rigid.

Above cases we anélyzed for uniform magnetic field but if the
closed current carrying loop is placed in a non umiform
magnetic field then magnetic force on it may be non zero as at
different locations of coil elements the magnetic induction
magnitude can be different in non uniform magnetic field
which will exert different forces on different elements of the
coil which may not cancel each other.

We will see illustrations based on such situations.
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4.8.1 Torgue due to Magnetic Forces on a Current
Carrying Loop in Magnetic Field

Consider the situation shown in figure-4.137 where we can
see that the magnetic forces on wire scgments AB and CD is
zero as wires are parallel to magnetic induction direction and
the forces on segments BC and DA are equal and in opposite
direction which produce a couple. We've already studied in
mechanics that torque due to couple forces is given by the
product of force magnitude with the separation between lines
of action of forces and this torque is independent of the location
of axis of rotation. Here it is given as

t=DBIl x b= Bllb=BIA ... (4.141)

If number of turns in coil are N then due to N wire segments
the totat forque on the coit will be given as

©=BIA x N = BIN4 .. (4.142)

Equation-{4.142) gives the net torque acting on the coil if coil
is placed with its plane perpendicular to the magnetic induction
direction. Consider the situation shown in figure-5.139 in
which the coil is placed in such a way that its area vector is
oriented at an angle 8 to the direction of magnetic field or the
plane of coil makes an angle (90° — 6) to the magnetic field.

:

A Z -
\ //@/"—'/’_y M }._?.

‘_u-’n B
®

YOF .
D

90" - &)

[

Figure 4.139

In above figure the force on wire segments 48 and CD are
opposite to each other along the same lines of actions so will
cance! gach other and the forces on wire segments BC and DA
are same as beforc but the scparation between their lines of
action is now b sin@® as shown so the torgue on coil is now
given as

1= Bil x bsin@ x N
= 1= BINAsin8 ... (4.143)

Tn above expression the term INA is referrcd as magnetic

Y

mement of the coil which is defired as the product of current
and area enclosed by all the turns of the coil, Magnetic moment
of a current carrying coil is a vector quantity having direction
along the area vector of the coil, given as

M = NI4 ... (4.148)

The direction of area vector of the coil is given by right hand
thumb rule for the direction of current in the coil as shown in
figure-4.140

Figare 4.140

Magnetic moment of a current carrying coil is synonymous to
the magnetic dipolc moment of a small magnetic dipole about
which we will discuss in the section of classical magnetism
later in this chapter.

Using magnetic moment of the coil, equation-(4.143) can be
rewritten as

T = MBsind ... (4.145)

Using the direction of torque, vectorially expression of torque
can be given as
i=MxB ... (4.146)

4.8.2 Interaction Energy of a Current Carrying Loop in
Magnetic Field

In classical magnetism we will discuss in detail about how a
current carrying coif in magnetic field can be considered like
a magnetic dipole but as of now we will use this fact for other
analysis.

We will also study that a magneﬂc dipole placed in magnetic
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field acts similar to an electric dipole placed in electric field
and we've already discussed in the chapter of electrostatics
that the interaction potential energy of an electric dipole with
dipole moment g placed in an external electric field £ is given
as

U=- p-E = pEcosd ... (4.147)
Similar to this situation for a magnetic dipole with dipole
moment M placed in a magnetic field with magnetic induction
B with the angle between magnetic moment and magnetic
induction O as shown in figure-5.139, its interaction potential
energy is given as

Us—M-B=-MBcosH .. (4.148)

Above expression of potential energy can also be written as
{/=—I4BcosB

= U=-1$ ... (4.149)

In above expression ¢ = BAcos® is the magnetic flux passing
through the coil.

4.8.3 Work Done in Changing Orientation of a Current
Carrying Coil in Magnetic Field

When a current carrying coil is displaced in a uniform magnetic
field in such a way that its orientaticn changes with angle
between magnetic induction and magnetic moment of coil from
g, to ¢, then the potential energy of the coil in magnetic field
in initial and final state are given as

i=_MB 0059] (4150)

and U;=—MBcosb, o (4151)

Work done in changing the orientation of the coil during its
displacement is given as

W=U-U,
= W= (- MBcosb,) ~ (— MBcosb,)
= W= MB(cos8, ~cosb,) . (4.152)

To change the orientation of coil externally we need to apply a
torque against the magnetic torque of equal mapgnitude thus
work done in changing the orientation in above situation can
also be piven as

W=j'dW=_[rd9

LY
W= j MBsin0.do
L1

Magnetic Effects of Gurrents and Classical Magnefism |

= W= MB [-cosO:

= W= MB (cosd, —cosb,) ... (4.153)

Above equation-(4.153) is same as equation-(4.152) we
obtained by using difference of interaction energies of coil in
final and initial states.

Above expression of work can be rewritten as
W= IAB (cos0,—cosl,)

W= I

= hnsial ~ Ppina))
= W= Mg — Guosiar)
- ——IAb e (4154)

4.8.4 Magnetic Flux through a surface in Magnetic Field

In the region of magnetic field we can calculate the magnetic
flux in the same way we did in electric field as magnetic
induction is measured as magnetic flux density in a region
similar to electric field.

Figure-4.141 shows a rectangular surface ABCD of area §
placed normal to the direction of a uniform magnetic field.
The magnetic flux through this surface can be given as

b= BS or (4.155)
—— A\ -
\B .
D'\(
» / \ —
area= 5§ c

4
L 4

Figure 4.141

Ifthe area is inclined to magnetic induction such that its area
vector makes an angle 6 with the direction of magnetic ficld
or its planc makes an angle (90° — 8) with the magnetic field
as shown in figure-4.142 then magnetic flux thorough this
area will be same which passes through its normal component
& casB as other component of area S sinD is parallel to the
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magnetic field and no flux will pass through it as shown.
Thus magnetic flux through this surface is given as

¢= BScosh ... {4.156}

- {4.157)

ﬁ\
Wl
4 L 4

Fipure 4.142

Figure-4.143 shows & region with non uniform magnetic
indaction in which there is a surface M placed in it

To evaluate the magnetic flux passing through this surface,
we consider an elemental area 45 in this surface as shown
with its area vector normal to the surface area d5 at this point.

If B is the magnetic induction at the location of this area d'
then magnetic flux d¢ through the elemental area dS is given
as

d¢= BdScos0

... (4.158)

Figure 4.143

63}

Thus total magnetic flux through the surface M is given by
integrating the above elemental flux over the complete surface
area given as

o= j-d‘i’: B.ds ... (4.159)

4.8.5 Stable and Unstable Equilibrium of a Current
Carrying Loop in Magnetic Field

Figure-4.144 shows a current carrying rectangular loop placed
in a plane perpendicular to the direction of magnetic field.
The loop carries a current in clockwise direction due to which
the direction vector of its magnetic moment is along the

- direction of magnetic induction due to which the angle between

these two vectors is 8 = 0 and thus torque on loop is
also M x B = 0 and with the direction of magnetic forces on
the segments of the loop we can see that all forces are acting
in the plane of coil so net torque on it is zero and loop is in
equilibrium.

AOR
b3 F X x
}JABI bl ]
I
A > B
x X o =
—] i I
Fps 1 r !/ Fye
o k. > x
D l * C
FC.D
= X 4 x
Figure 4.144

The interaction potential energy of the coil is given as

= — MBcos = —MB ... (4.160)

If in fipure-4.144 we slightly tilt the loop about the axis of
rotation shown in figure then we can feel that the force acting
on segments BC and DA will produce couple and it will have
a tendency to brieg back the coil in its initial position thus in
this case these forces will develope a restoring torque hence
the equilibrium of coil is stable equilibrium.

We can also see from equation-(4.160) that the petential energy
of Joap in this state is at its mininmun value which corresponds
{o the case of stable equilibrium.
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Figure-4.145 shows a similar situation with the current
direction in the loop is in anticlockwise direction. In this case
the angle between magnetic moment and magnetic induction
is @ = 180° and thus torque on loop is again M x B = 0 and
with the direction of magnetic forces on the segments of the
loop we can see that all forces are acting in the plane of coil so
net torque on it is zero and loop is in equilibrium.

% » b3 x
AQR
! F:4
A = ]
Ful
Ed x L o
F——» -
Y FM FBC I ¥i )
x * X X
FCDI =
D > c
x x » 4
Figure 4.145

The interaction potential encrgy of the coil in this situation is
given as

U=~ MBcos®=— MB(-1)=+MB ... (4.16)
If in figure-4.145 we slightly tilt the loop about the axis of
rotation shown in figure then we can feel that the force acting
on segments BC and DA will produce couple and it will-have
a tendency to further displace the coil away from its initial
position thus in this case these forces will develope a torque
away from initial position hence the equilibrium of ceil is
unstable equilibrium.

We can also see from equation-(4.161) that the potential energy
of loop in this state is at its maximum value which corresponds
to the case of unstable equilibrium.

4.8.6 Moving Coi! Galvanometer

We've studied in previous chapter that a galvanometer is used.
to measure current in electrical circuits. A movin g coil
galvanometer is a normal deflection type meter we discussed
in different experimental setups in previous chapter in which
the deflection of needle is directly proportional to the current
supplied through it.

Magnetic Effects of Currents and Ciassical Magneism |

In this section we will be discussing the working mechanism
of galvanometer.

Torsional coefficient of springs = ¢

@

Crossed
Magnetic ficld

®)
Figure 4.146

Figure-4.146(a) shows two cylindrical magnetic pieces and in
the region between the poles a coil is mounted on an axie
which is attached with spiral springs at top and bottom mounts.
The cylindrical pole pieces develop a crossed magnetic field
on the coil as shown in fignre-4.146(b) which is the top view
of situation shown in figure-4.146(a). In this picture we can
see if a current flows through the coil, the magnetic moment
M of coil is perpendlcuiar to the magnetic induction B at
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initial position of coil. Due to magnetic torque in clockwise

direction the coil rotates and because of crossed magnetic field.

at all orientations of coil its magnetic moment is always
perpendicular to the magnetic induction at that orientation of
the coil so the magnetic torque on coil is independent of the
orientation angle of the coil and it is given as

t=MxB
= t=MB [As B =90°]
= ©=BINA .. (4.162)

Due to magnetic torque when ceil rotates, spiral springs also
twist which are attached at the top and bottom of the axle on
which coil is mounted. These spiral springs exert a restoring
torque on the shaft and have a'tendency to bring the coil back
to initial mean position. When a current flows through the
coil, it cxperiences & magnetic torque given by equation-(4,162)
due to which coil rotates and held at some angle where the
restoring torque of spira! springs balances the magnetic torque.
If averall stiffness coefficient of the spiral springs is C then at
the equilibrium position if coil is deflected by an angle 8 from
initial position then we have

BINA= (9

BNA
. ey

c ... (4.163)

Here we can see that the angle of deflection of coil is directly
proportional to the current supplied through the coil, In
figure-4.147 we can sce if a light weight needle is attached to
the axle of the coil then with proper calibration the needle can
be used to show the reading of current on a round scale as
shown 1n figure. After proper calibration the whole assembly
of magnets, mounts with coil is placed inside a cabinet and
from outside only the scale and needle is vistble, This is the
system we call moving coil galvanometer which is used in our
labs for current measurements.

Figure 4.147

we ot §§2

. @ -
A PSPy L V.. PR P

In above equation-(4.163) the proportionality constant is
replaced by another constant § called ‘Sensitivity of
Galvanometer’ given as

BNA
Cc
= 6=2SI

S= ... (4.164)

.. (4.165)

Here sensitivity of galvanometer indicates how sensitive the
device is, If S is large then even for small currents flowing in
the galvanometer coils deflection will be good enough to
measure it and such a galvanometer is able to sense very small
amounts of currents significantly and are called highly
sensitive.

# Hustrative Example 4.39

Figure-4.148 shows a coil of area 4 and NV turns with a current
I is placed in a uniform magnetic induction 8. Find the work
required to pull this coil cut from magnetic field.

4 Fe ® x !

! B

* X x X X

Figure 4.148

Solution

Work done in the process of pulling the coil out of field is
given as

W= 180 = K, - )

Initial flux through coil is given as

&, = BAN
Final flux through coil is given as
¢, =0

Work done W= J(BAN - 0) = BIAN

# MMustrative Example 4.40

A circular coil of wire 8cmn in diamcter has 12 twrns and carries
a current of 5A. The coil is placed in a field where magnetic
inductien is 0.6 T.

(1) What is the maximum torque on the coil?

(b) Inwhat position would the torque be one half as great as
in (a)?

www.puucho.com



Study Physics Galaxy with www.puucho.com

Solution

(2) The magnetic moment of the coil is given as
M= Nid
Area of coil is given as
A=m?= a4 x 102
= M=12x5xgxx (4 x 10722
= M=0302 Am?

Maximum torque on coil acts when it is placed in the plane
of the magnetic field or when the angle between magnetic
moment and magnetic induction is 90°,

Ty = MB = 0.302 % 0.60 = 0.18] Nm
(b) If O is the angle between the area of the coil and the
magnetic field direction then torque on coil is given as
1= MBsind
If this torqu is half of the maximum torque then we have

MBI2 = MBsin0

1

= inf=—
51. 2
= B=30°

When the normal to the coil is at 30° to the field then the
torque is half of the maximum torque on ceil.

# Dlustrative Example 4.41

A square frame carrying a current [ is located in the same
plane as a long straight wire carrying a current {; . The frame
side has a length a. The axis of the frame passing through the
midpoints of the opposite sides is parallel to the wire and is
separaled from it by the distance which is m times greater
than the side of the frame. Find

Iu"' FE

% [ S

¥

na —-——r'l

3 .
e a —l

- . Figure 4.149

1

Magnetic Ef‘fact_squ purfenis and q;s_s-féalﬂ!-éérﬁsm [

(a) Force acting on the frame

(b) The mechanical work to be performed in order to turn
the frame through 180° about jts axis, with the currents
maintained constant.

Solution
{a) Force of attraction between parallel currents is given as

Bolly - Holly
1 - -
. [’ﬂa _ % ) a(2n-Da

Similar .force of repulsion between antiparallel currents is
given as

I UgdT,
F,= Hellg - adlo

2n[na N g) n(2n+1)a

Net force of attraction between the square frame and the long
straight wire is

F=F -F
— _ Holly _ Modly
a2n-Da  aCn+la
2ull
= .ﬁ_E%L
m(dn" -1

(b} Work performed in turning the frame through 180° is-
given as

= AG= I §—§) =20

Where ¢ is the magnetic {lux passing through the coil duc to
the current in the straight wire which is calculated by
considering an elemental strip in the coil as shown in
figure-4.150.

Figure 4.150
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The magnetic flux through the elemental sirip is given as

dé=B.dS
pofo
=22 iy
= dd} i

Total magnetic flux through the coil is given as

liofeamj:iﬁ
= o= 2Zn Y, x
na-3
_ pafua qn+§
= ¢_ 21,"_ [iﬂx]m_%
= o= Bolo® ln( a+&|-lajna-2
an | AT )T T
3 p.ufual n+1
= "= o ‘{211—1

Work done in rotation of coil is given as

W= 204

wilpa, (2n+1
r— ————In| ——
= 153 T [211—1

# H!usrrarive_ Example 4.42

Figure-4.151 shows a Jarger horizontal coif of radius R carrying
a current /, Another small coil of radius » (r << R) earrying a
current i & N turns is placed at the centre with its plane at an
angle © from the axis. Find the torque experienced by the
smatler coil in this situation.

Figure 4.151

S e T e ey

st}

Solution

Magnetic moment of smaller coil is given as
M=ixm? N=Nin?
Magnetic induction due to large coil at its centre is given as

iyl
5=k

Angle between magnetic induction at center of large coil and

. R
magnetic moment of smaller coil is 5+0 as shown

in figure-4.152

Figure 4.152

Torque an smaller coil due to the magnetic induction of larger
coil at its center is given as ’

_’ i ®
T = Mx8 = MBsin 5+9
= = Ninr’ [EJCOSB
2R

TN
o= HOHNTT B

# Hustrative Example 4.43

Find the magnetic moment of the current carrying loop shown
in figure-4.153. '
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-
th
[
=Y

45°

[ 5]

Figure 4.153

Solution

Figure-4.154 shows the splitting of the given loop in three
separate loops which when overlapped at the three coordinate
axes then the opposite currents in the wire segments in these
three loops along the axes will cancel each other and original
loop will only exist with current. The magnetic moment of the
loop is given as the vector sum of the three individual loops
shown in figure which is given as

2 2 A
M= 1["‘%}’ + 1(%}} + (R

4y

L ¥

Fipure 4.154

# Hiustrative Example 4.44

A square coil of edge I carrying a current /, is placed near to a
long straight wire carrying current /, as shown in figure-4.155.

Find work required to rotate the coil ABCD about the axis
along cdge BC by 180° to the datted position 4 BCI' as shown.

Q 180°
41, 4 B 4
|
i
41, i
l :
! F E
i
4
3
P o :
3
D ! c oy
Figure 4,185
Solution

Work done in a process of changing the orientation of 2 coil in
a magnetic field is given as

L9, - ¢p

We calculate the flux passing through the square coil at initial
and final state by considering an elemental strip of width dx
at a distance x from the Jong wire as shown in figure-4.156,

Q‘ 180°
 ¥A A Fij A
T3 % H
A Z :
I Z 7 i
b % v i
2 x A E
‘- = 1
x é dx 5/ i
7 2 |
| 1
% 7.
D H cC i D

Figure 4,156

Initial flux through the coil is given as

r+f

Koy radid rl
= |B-d§ = | /— xildv = ——[lnx
& I '[ 2 2r [

>
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T IR —
= g BT
2m A\ r

Final flux through the coil is given as

razf
¢ _ ]‘ p’l]‘rl dde = pl}Ii {Inx}r+21
g 2mx 2t
r+
p.ol] f'+2"
- =2 "In] ———
43” 2x [ r+!

Work done this process is given as

w1, (pnm)[]ﬂ r+l | rt 21]
2n r r+!

Il
TN m[r‘-i— 2:)
2n r

= W=

# Mustrative Example 4.45

A rectangular coil of arca 5.0 x 10~ m? and 60 turns is pivoted
about one of its vertical sides. The coil is in a radial horizontal
magnetic field of 9 x 10T, What is the torsional constant of
the spring connected to the coil if a current of 0.20mA
produces an angular deflection of 18° 7

Solation

From the equation of moving coil galvanometer we have

(s

The torsional constant of the spring is given as

_ NdBi
)

Substituting the values in ST units we have

C

oo (60)(5.0x107*)(9x107°)0.2x107")
18

= C=3 x 107 N-m/degree

# Hustrative Example 4.46

Figure-4.157 shows a coil bent with all edges of length 2m
and carrying a current of 2A. There exists in space a uniform
magnetic field of 2T in positive y-direction. Find the forque
on the loop.

Figure 4.157
Solution

We assume equal and opposite currents in wires P and RS,
then we split the given loop in three independent square loops
and find magnetic moment vector of the leop which is only
due to the square coil PORS as top and bottomn square coils
magnetic moments are equal and opposite so will cancel each
other. Thus magnetic moment of the given loop is given as

M=1a]=2x(20]=8]

The magnetic induction vector in space is given as

- -

B=2j

The torgue on the given loop is given as

T =MxB=0

4.9 Relation in Magnetic Moment and Angular
Momentum of uniformly charged and uniform dense
rotating bodies

Figure-4.158 shows a thin ring of radius R with uniformly
distributed charge 4 and mass m rotating at constant angular
speed @. The cquivalent circulating current due to rotation of
charge is given as

Figure 4,155
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The magnetic moment of the rotating ring can be given as

M=17xqR? ’
= = —qgmdit2
2
I 2
= = EQ(DR ... (4.1686)

The angular momentum of the rotating ring can be given as

L=1lw
= L=MR%o» ... (4.167)
Dividing equation-(4,166) and (4.167).gives
1 2

M [2qu )

L (MR*o)

M _ 9
= 7" 2m ... (4.168)

The ratio of magnetic moment to angular momentum as given
in above equation-(4.117) is a standard relation which can be
used for all uniformly charged and uniformly dense rotating
bodies. In many cases above relation can be directly used for
analysis of different situations mentioned in 2 question. Now
we will consider one more illustration to verify the above result
and its application. Figure-4.159 shows a uniform rod AB of
length 7, mass m, uniformly charged with a charge g isrotating
at angular speed w about one of its ends A.

Figure 4.159

To calculate the magnetic moment of the rotating rod, we

consider an clement on rod of length dx at a distance x from =

Magnetic Effects of Currents and Cra::sn_t-ﬂl’:?hfagneh;m‘i

the fixed end #s shown in figure-4.159. The charge on this
clement is given as

During rotation of the rod, this elemental charge will revolve
in circle of radius x for which the corresponding equivalent
current in this circle is given as

d1=‘—2?

Due to the current in element, its magnetic moment is given
as

dM = dI % o2
= M= [-@]m’
2
1 2
= dM= Edqu
= dM= 1 9 i o
RV
= dM = Loxid
21

Total magnetic moment of the rotating rod is given by
integrating above expression for the whole length of the rod
within limits from 0 to / which is given as

!
_ L
M= [dM _! > widx
= = ﬂj'xldx
2.
_go[ %
= N 2:[31,
_gofl
= M= 21[3}
1 2
= M= Zgol .. (4.169)

The angular momentumn of (he rotating rod is given as

L=1lo
|
= L= [EMI ]m
| G
= EMI ® e (41703
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By taking the ratio of equaiton-(4.169) and {4.170) we can
verify equation-(4.168) for this case of rotating rod as well. If
we use equation-(4.168) then the magnetic moment of the
rotating rod as expressed in equation-(4.169) can be obtained
directly by substituting the value of angular momentum
from equation-{4.170} to equation-(4.168) and this saves the
time of inlegration process we used in obtaining equation-
(4.169) but here before applying equation-(4.168) for any
situation of a rotating charge students must carefully anaij;ze
the given situation that the body must be vniformly charged
and uniformly dense.

4.10 Magnetic Pressure and Field Energy of Magnetic
Field

Similar to the case we've studied in electrostatic that a charged
metal surface always experiences an electric pressure on it in
outward direction due to its surface charge density, in case of
a current cacrying hiollow conductor also if eurrent is flowing
on its surface and parallel currents always attract each other
so the surface experiences an inward magnetic pressure on.its
surface, To determine the magnetic pressure on the surface we
consider a long straight hollow cylindrical shell carrying a
current £. We know at every interior point of this hollow wire
magnetic induction is zero whereas just outside the surface
the magnetic induction is given as

_ Rl

B= ok

{4171

Figure 4160

Figure-4.160 shows the cross sectional view of the hollow
cylindrical wire in which we consider an clemental wire PQ
of width dw and the remaining shell PRQ and consider two
points X and ¥ just [nside and outside of clemental wire PQ.
At point X magnetic inductien is zero and that at point Y is
given by equation-(4.171). If B, and B, are the magnetic
inductions at points X and ¥ due to the scgments PO and PRQ
of the shells as shown in figure-4.160 then we have

B =B, —B,=0

Hof

B,=B +B=B= -

. (4.173)

< T
e e

. (4.174)

Thus similar te the case of clectrostatics the clemental part
PQ of the shell contributes in half of the magnetic induction
just outside the shell due to the whole current in it If we
consider a length ! of the elemental wire PQ then force
experienced by it due to the remaining section PRQ is given
as

dF = B,(dDl

dF = B, [ﬁxdw)f

ol L]d‘ ;
dr = [4;:13](2::}{ v
The area of the elemental wire strip is d5 = dwl s0 we can

calculate the inward magnetic pressure on the elemental strip
which is given as

_dF_
Pu= a5 " R
BZ
2,= 2, v (17D

Above expression given in equation-(4.175} is the expression
of magnetic pressure due to a surface current. Same expression
can be wsed for magnetic energy density in the same way it is
explained in article-1.19.1 in case of electrostatic energy

density.

# Hlustrative Example 4.47

A flat disc of radius R charged uniformly on its surface at a
surface charge density o. About its central axis of rotation it
rotates at an angular speed w. Find the magnetic moment of
disc due to rotation of charges.

Solution
We consider an elemental ring of radius x and width dx in the

disc as shown in figure-4.161. Equivalent current in this
elemental ring is given as

@1

dgo
| di= o
-Magnetic moment of the rotating elemental ring is given as -
o2rxdra
. dM = dl x @ = ————— X7’
2w
= dM = conxdx
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Figure 4.161

Total magnetic moment of the rotating disc is given as

R
M= J'dM =cmj-x3‘i"'
0

= M= %UKOJR‘;

Above result can be directly calculated by using
equation-(4.168). Students arc advised to verify the above
result by substituting the value of angular momentum of the
disc in equation-(4.178).

# Hlustrative Example 4.48

A flat non-conducting disc of radius R carries an excess charge

~on its surface. The surface charge density is o. The disc rotates
about an axis perpendicular to its plane passing through the
centre with angular velocity @. Find the torque on the disc if
it is placed in a uniform magnetic field B directed
perpendicular to the rotation axis,

Solution

The situation described in question 15 shown in figure-4.162,
As explained in previous illustration the magnetic moment
of the rotating disc is given as

1
M= Zo‘rrmR‘

Figure 4.162

Magnelic Effects of Gurrents and Giassical Magnatism

g

The torque on the disc due to magnetic field is given as

©=MB sm 90°
cwxBR?
= T= —————
4

# Hiustrative Example 4.49

A solid sphere of radius R, uniformly charged with a charge O
is rotating about its central axis at angolar speed . Find the
magnetic moment of this rotating sphere,

Solution

The relation in magnetic moment and angular momentam of
a uniformly charged and uniform body is given by
equation-(4.168) as

M_L2

IA Zm

The angular momentum of the rotating sphere is given as
2
L=lwp= ng 2(9

Thus magnetic moment of the sphere is given as

= g X Emsz
Zm 5

i
= M= g QRZCO

& HMustrative Example 4.50

What pressure does the lateral surface of a long straight
solenoid with n turns per unit length experience when a
current § flows through it.

Solution

In case of a long solenold outside magnetic induction is zero
and inside it is given as B = p ni. Thus the magnetic pressure
on the surface of solenoid ecurrents is given as

B* 1

Pn= g T Mo

Above result we've directly written by using the expression
of magnetic pressure but students can nete that in article-4,10
while deriving this expression we consider a surface current
along the length of a hollow shell whercas in case of solenoid
current flows along the curved part of its core but still the
result is valid. This can be verified by followmng the similar
derivation process as well.

212
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# Hlustrative Example 4.51

A conducting current-carrying plane is placed in an external
uniform magnetic field. As a result, the magnetic induction
becomes equal to B, on one side of the plane and equal to B,
on the other side. Find the magnetic force acting per unit

area of the plane in the cases illustrated in the
figure-4.163(a, b, ¢).

b 4 44 rTYYY

Plane (a)

Plane (b) Plane (€)

Figure 4,163

Determine the direction of the current in the plane in each
case.

Solution

(a) As on the two sides of the plane fields are in same
direction the external magnetic field induction B must be the
average of B, and B, because on one side of the plane the
external field will be added to the field of plane and on its
other side it is subtracted.
B -B,

2

So the magnetic indoction due to the plane is or

B, — B
2
current density 7, we use

on opposite of the planc. If plane carries a liner

BI_BZ 1
= —pol
7 2}10

B, —BA
- =22
Ha

Force on the plane per unit area on the plane can be given as

B -B
21

Py = ... {4.176)
Stndents can derive and verify the result of magnetic pressure
in cquation-(4.176) in the same way it is done in article-4.10
for a long holiow current cajrrying cylindrieal shell.

(b) As on the two sides of the plane fields are in opposite
direction the external magnetic ficld in this case is given as

Bw="7

and the field due to the planc 1s given as

B+8, |
= —u,f
2 2#0
B +B,
= =
2ug

Force on the plane per unit area on the plane can be given as

B'-B}
pm - 2“’0

Students can derive and verify the result of magnetic pressure
in equation-(4.176) in the same way it is done in article-4.10
for a long hollow current carrying cylindrical shell.

{c) In this case, external ficld is continuous across the plane
and due to planc is directed parallel to the plane upward on
the left and downward on the right side,

Similar to the analysis we did again the force on the plane
per unit area on the plane can be given us

Bl -B;

P~ 24

In each case, the current is in the direction directed into the
plane of paper.

g ﬂch Rc’ferén';e at www.n hysicsgalaxy.comt

. Age Group - Grade 11 & 12 | Age 17-19 Years
* Section - Maguetic Effécts.

: "Topic - Blectromagnetic Force
¢ Module Numbez - 24 to 38

AR e

Practice Exercise 4.5

(i)  InBohrmodet of hydrogen atom, the electron cireutates
round the nucleus in a path of radius 5.1 x 10-"m at a
frequency 6.8 x 10%rev/s.

(a) What is the magnitude of maguetic induction at the
centre of the orbit in Bohr model?

(b) What is the cquivalent dipole moment of the rotating
clectron in Bohr model?

[13.6T, 90 x L0 2 Am?]
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1)
wire with sides 10cm and 5cm. It carries a current of 0.10A
and it is hinged at one side along y-axis as shown. Calculate
the magnitude and direction of the torque acting on the loop
ifit is mounted with its planc at an angle 0f 30° to the direction
of a uniform field of magnetic induction 0.50T which exist
along positive x-direction.

Fxgurc-4 164 shows rectangular twenty-turn loop of

P
-

1 f0cm
¥
i >
z ‘fc”? 8 -
Figure 4.164
{43 % 107 Nm]
(iii} A coil in the shape of an equilateral triangle of side

0.02m is suspended from a vertex such that it is hanging ina
vertical planc between the pole pieces of a permanent magnet
producing a horizontal magnetic induction 5 x 10-2T. Find
_ the couple acting on the coil when a current of 0.1 A is passed
through it and the magnetic field is parallel to its plane.

[8.66 x 1077 Nm}

(iv) A wire loop carrying a current 1 is placed in the x-y
plane as shown in figure-4.165.

(@)  If a particle with charge +Q and mass m is placed at
the centre P and given a velocity v along NP (see the figure),
find its instantaneous acccleration of the particle at point 7.

{(b) I an external uniform magnetic induction field
B = Bi is applied, find the force and the torque acting on the
loop due to this field.

P T
” L
M H AN
~ ﬂ': ™
N\ [ AN ¥
. § \
~ . VV l‘
7 129'{ k1) !
! x
J' !
-~ !.I'
I’ '/’
N ,’/
Figure 4.165

09#:»1(2"’

{{ay ———==, (b) 0.6136/Ba°})

Magnetic Effects of (_Ztlxwrfénts‘ and{',‘_fégg@tya?;@jﬁ@

(v}  Acoil of radius R carries current i,. Another concentric
coil of radius r(r << R} carries current i,. Planes of two coils
are mutually perpendicular and hoth the coils are free to rotate
about common diameter. Find maximum kinetic energy of
smaller coil when both the coils are released, masses of coils
are M and m respectively.

__;_l_nnr:i,i,MR

[ 2 ME +mrt}

i

(vi} Figure-4.166 shows a beam balance at one end of which
a current carrying coil C with N turns, cross sectional area 4
& Current 1 is attached which is kept between two pole picces
as shown and on other end a pan is there in which a counter
weight of mass M is kept. If in equilibrium beam rcmain
horizontal, find the magnetic induction due to pole pieces in
which coil is kept in equilibrivm.

WAL LA 11 14A 1111147

c F‘——fx——""‘_"z——'l
T .—

Figure 4,166

Mgl,
284 4

( INA

(vi)) A uniform magnetic ficld of magnetic induction B is
directed at an angle of 45° to the x-axis in xy plane in a
coordinate system. PORS is arigid square wire frame carrying
a steady current [, with its centre at the origin 0. At time
t = 0, the frame is at rest in the position shown in the
figure-4.167, with its side parallel to x and y axes. Each side
of the frame is of mass M and length L.

F

"o
Q

Figure 4,167
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{a) Calculate the torque about O acting on the frame due
to magnetic field?

{b) Find the angle by which the frame rotates under the
action of this torque in 2 short interval of time A, and the
axis about which this rotation occurs. Consider that At is so
short that any variation in the torque during this interval may
be neglected,

LB 31,8

)y 2o

e (A}

(viii} Calculate the magnetic moment of a thin wire with a
current ! wound tightly on a half a fore of a toroid as shown
in fipure-4.168. The diameter of the cross-section of the tore
is d and total number of turns are N,

Figure 4,168

L,
— N
(S #d*N]

(ix) A flat circular coil with 10 wrns of wire on it has a
diameter 20mm and carries a current (1.5A, Bt is mounted
inside a long solenoid that has 200 turns and the length .of
the solenoid is 0.25m. The current passing through the
solenoid is 2.4A. Calculate the torque needed to hold the coil
with its axis perpendicular to that of solenoid.

[3.78 * 166 Nm}

(x}) Thecoil of a moving coil galvanometer twists through
90° when a current of one microampere is passed through it.
If the area of the coil is 1074 m? and it has 100 turns, calculate
the magnetic field of the magnetic poles in the galvanometer.
Torsional constant of the spring systemn used in galvanometer
is given as C = 107® N-m/degree.

[20T]

4.11 Classical Magnetism

About 4000 years ago in a Greek town Magnesia a shepherd
named magnes was herding his sheep and suddenly he found
that afier he took a step some iren nails in his shoes stuck fast
to a black rock on which he was standing. In state of surprize
he digged the rock further and found that this rock has
character to attract some of the metal objects. On the name of

[ ——

T8

R YRR R

the town this rock was named ‘Magnetite’. It was later analyzed
and found containing a compound Fe,0, because of which
such properties are there in this material. Over a period of
time thesc properties found in many other materials also are
called “Magnetic Properties’ and the force field because of
which these matertal expert force on some specific metal objects
is named ‘Magnetic Field’. Over long period of time many
more discoveries and experiments evolved the knowledge of
physicists in this domain and its applications helped making
many industrial processes more effective and productive,

4.11.1 Pele Strength of a Magnetic Pole

Pole strength is a measurement of roagoctic field produced by
a magnetic pole. This is a physical gnantity similar to electric
charge in electrostatics like the magnitude of a charge is a
measure of how strong efectric field the charge can produce in
its surrounding. Similarly if pole strength of a magnetic pole
is high then it means this pole produces high magnetic feld
in its surrounding. Unit nsed for measurement of magnetic
pole strength is ‘ampere-meter” or “A-m’.

Like positive and negative charges in magnetism there are
twe different poles exist which are called “North and South
Poles’ like positive charge from a north pole magnetic flux
comes out and like a negative charge magnetic lines goes into
& south pole. Similar to charges in magnetism also like poles
repel each other and unlike poles attract each other.

I we consider two independent point magnetic poles, 1 north
and a south pole as shown in figure-4.169 then magnetic field
lines in their surrounding are considered radially outward and
radially inward respectively as shown.

Magnctic N pole Magnetic § pole

Figure 4.169

Above figure shows a theoretical confipuration of magnetic
field in surrounding of these point magnetic poles because
practically independent poles (called ‘monopoles™) never exist
in nature which we will study later in upcoming articles.
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4.11.2 Contomb's Law for Magnetic Forees

This law pives the force of interaction between two magnetic
poles and it is analogous to Coulomb's law for electric charges.
First we will analyze this law at theoretical fevel. Figure-4.170
shows two magnetic menopoles with pole strengths m, and
m, kept at a separation r between them. The interaction force
between the two poles is

(i) Directly proportional to the product of magnetic pole
strengths of the two poles
Foc mm, NNy

(11} Inversely proportional to the square of the distance
between the poles

Fo — .- {4.178)
¥
> r o
m, m,
Figure 4170
From above equations-(4.177) and (4.178) we have
mm,
o ——rz
LMz
= F=Kk—>2 e (4.179)
r

In above expression shown in euqation-(4.179), X is a
proportionality constant which depends upon the medinm in
which magnetic poles are placed. Value of X is given as

_B
4w
Where 11 is the magnetic permeability of the medium in which
magnetic poles are kept. This is given as

TESTHIR -.. (4.180)

Where i-‘o is the permeability of free spacce of which numerical
value is given as

1o =47 % 107 N-m/A

and p_is the relative permeability of medium with respect to
free space and it is given from equation-(4.180) as
N

Unlike to the value of relative permittivity of medium e which
always has numerical value greater than unity for different
material medium, in magnetism depending upon the type of
material medium value of u_can be greater or less than unity
which we will discuss more in upcoming articles,

Magnetic Effects of Currents and Classical Magntism ]

Thus using the value of ijmportionality constant expression
given in equation-{4.179) can be rewritten as

_ Ho Mys,y

=5 .. {4.181)

In above expression we considered medium to be fiee space or
air for which we take p = 1.

4.11.3 Magnetie Induction in terms of Force on Poles

Every magnetic pole produces magnetic induction in its
surrounding space which can exert a force on any other pole
placed in surrounding. As already discussed that behaviour of
magnetic poles in study of magnetism is more or less similar
to that of charges in electrostatics.

Like electric field strength we can alse define magnetic
induction in terms of force on magnetic poles as at any point
in region of magnetic field the force experienced by a unit
magnetie north pole gives the magnitude of magnetic induction

at that point in space. Fignre-4.171 shows a region of magnetic
field in which a magnetic north pole of pole strength m is
placed. If it experiences a force F due to magnetic induction
than at the location of the pole magnetic induction is given as

F
L

B= ... (4.18D)

Magnetic Field

Figure 4.171

Always temember that similar to clectrostatics, in magnetic
field a north pole experiences force in the direction of magnetic
field ard a sonth pole experiences fotce opposite to the direction
of magnetic field as shown in figure-4.172. The magnitude of
force on a magnetic pole of strength mt placed in magnetic
induction B is given as

F=mB ... (4.183)
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¥ T

]

&——» F=mB
m(N)

¥

¥

F=mg m{s)

Figure 4.172
4.11.4 Magnetic Induction due to a Magnetic Pole

We've discussed in previous article that at any point magnetic
induction is given as force experienced by 2 unit magnetic
north pole placed at that point.

Thus to determine the magnetic induction in surrounding of a
magnetic north pole of pole strength m, we place a test pole
m, at a distance r from the pole at point P as shown in figure-
4.173. The magnetic force on test pole placed at point P is
given as

mm
F= g2
"
F
P
-~ M
’f
’d
P

Figure 4.173

The magnetic induction at point P is given by equation-(4.182)
as

F
Bp=
m
= By= "7 ... (4.134)
_Hom
= By= G2 ... (4.185)

The expression given in equation-(4.184) is similar to the
electric field produced by a point charge in its surrounding.
About direction we've already discussed that due to a north
pole magnetic induction is radially outward and in surrounding
of a south pole magnetic induction is radially inward.

B e Y

N PO L
Vectorially equation-(4.185) can be written as
F,= Mo 1o
Br= 257 . (4.186)

4.11.5 Bar Magnet

A bar magnet is a rod shaped metal object which produces
magnetic field in its surrounding and at the two ends of it
there are two magnetic poles - North Pole and South Pole.
Magnetic lines originate from notrth pole of a magnet and
terminate on south pole as shown in figure-4.174. At the
magnetic poles of magnet, the strength of magnetic field is
maximum,

Figure 4.174

To understand how a bar magnet produces magnetic field, we
first discuss about the magnetic field produced by an atom. If
in an atom there are some unpaired electrons which are
revolving around the nucleus then these revolving electrons
can be considered as a current carrying cofl which produces
magnetic induction as shown in figure-4.175. Thus every atom
which have unpaired electrons can be assumed like a very
small coil producing its own non-zere magnetic induction.

N
K]
Altom

Figure 4.175

In fact every current carrying coil can be considered similar to
a bar magnet. The face of coil from which the magnetic lines
are emerging out can be regarded as its magnetic north pole
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R
and the other face of coil into which the magnetic lines are
getting into can be regarded as its magnetic south pole. In a
bar magnet all the atoms producing magnetic induction are
aligned in such a way that these all atoms produce their
magnetic induction in same direction so the resulting overall
magnetic field will be high in magnitude as shown in figure-
4,174 above. The microscopic view of atoms inside a bar
magnct is shown in figure-4.176 which explains how a bar
magnet produces magnetic field.

q :cq:'d.:i
4 :cE)c
«Q xiilbc
greodon

F'ry aLnL foo e

Figure 4.176

In above figure we can see that always the total magnetic flux
originated from the north pole of a bar magnet is equal to the
magnetic flux terminating on its south pole. Always the pole
strengths of both the magnetic poles of a bar magnet are equal
in magnitude,

With above explanation we can see that the magnetic lines
due to a coil are closed loops thus for a bar magnet also
magnetic lines are closed loops as inside the magnet the lines
are in opposite dircction travelling from south to north pole
forming a closed loop.

Every bar magnet has a property that if it is cut or broken in
parts then every part will behave as a separate bar magnet
with two poles as independently all the parts of a bar magnet
have intemnally same structure of aligned atoms producing
magnetic field as shown in figure-4.177.

With the above discussion we can say that at microscopic level
magnetic field is produced by atoms of substances which behave
like current carrying coils. Thus in case of'a current carrying
coil always both the magnetic poles north and south exist
together as magnetic lines are closed loop lines so we can also
state that in nature magnetic unipole can never exist as the
two poles can never be isolated in any situation of a device
producing magnetic field.

] 'Magne-tit::: Eﬁec_t§nf gpgg_rlfs_ and Classit:‘,al.Mﬁgné';ism

a———

e

& 4
SEEE R R

Figure 4.177

The strength of a bar magnet is characterized by its magnetic
dipole moment. If the pole strength of either pole of 4 bar
magnet is m and the separation between its poles is ¢ then the
magnetic dipole moment of g bar magnet is given as

w=md ... (4.187)

The symbol used for magnetic dipole moment is either p or
M. Like electric dipole moment, magnetic dipole moment is
also a vector quantity with direction taken from south pole to
north pole. The unit used for measurement of magnetic dipole
moment is ‘ampere - meter square’ or ‘A-m¥. Magnetic
dipole moment of a bar magnet in general also called as
‘Magnetic Moment’ of the magnet.

4.11.6 Magnéﬁc Induction due to a Bar Magnet on its Axis

Figure-4.178 shows a bar magnet with pole strength m and
length 2d. P is a point located at a distance r from the center
and on the axis of magnet, The two magnetic poles produce
magnetic induction at point P in opposite directions as shown
in fipure,

Figure 4.178
The net magnetic induction at point P is given as
By =8y B

e m M m
P dn(r-d)® 4n(r+d)’

= B

_Bemp 1 1
= 5™ n [(r-—d)’ (r+d)’}
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_ He 4pd
= v 4 (P —dY
i 2Mr
= B,= ﬁrm ... (4.188)

The expression in equation-(4.188) gives the magnetic
induction due to a bar magnet on its axial point in which we
used magnetic moment of the magr.et as A = 2md. If the bar
magnet is replaced with a magnetic dipole in which 4 <<ras
shown in figure-4.179 then the above result will be modified
as given below

B M,  2Mr Mg 2M
= e m—— O ——
P'odn (-4  4n s’
2KM
= Bp= .. (4.189)
~ 2KM
M p_ B="5
Figure 4.179

The result given in Equation-(4.189) is similar to the electric
field duc to an electric dipole at a point on its axis so this is
easy to remember also.

4.11.7 Magnetic Induction due to a Bar Magnet on its
Equaterial Line

Figure-4.180 shows a bar magnet with pole strength m and
length 2d. Pis a point located at a distance  from the center
and on the perpendicular bisector of magnet called its
cquatorial line. The two magnetic poles produce magnetic
induction of equal magpitude at point P due to symmetryalong
the directions as shown in figure.

B 4 Bsind
28Bcos8 .
by
hY
LY
1
Y
Y

S f B sin®

, Ay

’ LY

) A
, LY
’ Ay
s L)
;" ‘\
i r 1
s N
, A
Fl LY
- A Y
4 »

Figurc 4,186

Thus the net magnetic induction at point P is given as
By, = 2BcosH
Ho n d
= B =22 .
F (41: (r2+a’2)] /r2+d2
Ho M
= BP= a(rz +dz)3;z (4190) .

Similar to previous article if we calculate the magnetic
induction at equatorial line of a magnetic dipole as shown in
figure-4. 181 then it is given by modifying expression in
equation-(4.190) using d << r as

My M He _Ai

P a(rz_i_dz)m & 4n E

KM

... (4.191)

KM Y
B="5

—
M

Figure 4,181

The result in equation-(4.191) is also similar fo the electric
ficld due to an efectric dipole at a point on its equator,

4.11.8 Analegy between Electric and Magnetic Dipoles

In previous articles we've discussed that the expressions of

- magnetic induction due to a magnetic dipole at its axial and

equatorial line are similar to those we've already studied for
slectric field produced by an electric dipole and with the
anatogy of these results we can analyze the magnetic induction
due to a magnetic dipole in ifs surrounding along radial and
transverse directions, Fignre-4.182 shows a point P at a
distance 7 from a magnetic dipole of dipole moment M. The
line joining point P to the center of dipote is making an angle
® with the axis of dipole. With the analogy from electric dipole
the radial and transverse components of magnetic induction
at point P due 1o this magnetic dipole are given below.

Radial component of magnetic induction is given as
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[80 . o

2KM cos8
Br= r—J . {4.192)

Transverse component of magnetic indnction is given as

.. (4.193)

Figure 4,182

Using equation-(4.192) and (4.193), the resultant magnetic
induction at point P due to magnetic dipole is given as

By= m

KM
- By= 1+3cos’ 0 ... (4.194)

The resulting magnetic induction at peint P is aligned at an
angle ¢ from the radial direction as shown in figure-4.182

which is given as
B
:tan_’ _0
3]

L4

- ¢>=£an_i[%tan8) ... (4.195)

4.11.9 A Small Current Carrying Coil as a Magnetic Dipole

Figure-4.183 shows the magnetic field produced by a bar
magnet and that of a current carrying coil which looks similar
except the length of bar magnet but if we look at the
figure-4.184 which shows the magnetic.field in surrounding
of a small magnetic dipole and that of 2 small current carrying
cail. Both the configurations of magnetic ficld lines looks
almost identical thus a very small current carrying coil can be
regarded as a magnetic dipole and all the results we've obtained
for a magnetic dipole can be used for such small current
carrying loops with magnetic dipole moment of dipole replaced
with the magnetic moment of the coil.

www.puucho.com
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Figrure-4.185 shows a tightly wound long solenoid and the
magnetic induction produced by it by the magnetic field lines
configuration. This magnetic field lincs configuration is almast
same as that produced by 2 bar magnet thus a carrent carrying
solenoid ean be considered to be behaving like a bar magnet
with magnetic moment given as

M= Nid

... (4.196)

Figure 4.185
4.11.19 Force on 2 Magnetic Dipole in Magnetic Field

Figure-4.186 shows a magnetic dipole of dipole moment i
placed in a uniform magnetic induction B. As both of its poles
will experience cqual and opposite forces as shown in figure,
the net magnetic force on the dipolc will be zero similar to an
electric dipole ptaced in uniform electric field. Due to equal

and opposite forces acting at different lines of action a couple -

will be produced and the torque on magnetic dipole due to
these couple forces can be given by its analogy with the case
ofelectric dipole already studied in the chapter of electrostatics
as

i=MxB .. (4.197)

In uniform EF

/f+‘f
-7

(=)

In miform MF 8

mB4—6’}. ; ”

(b}

Figure 4.186

If the dipole is placed in a non uniform maguetic field then
the force on it will also be non-zero which can also be given
by the analogy with the case of electric dipote, given as

— dB .-
F-m-2

i .. (4.198)

In above case 7 is the unit vector along the direction of
magnctic induction. Similar to the case of an electric dipole
placed in non uniform electric field above equation-(4.198)
gives the force on dipole along the direction of magnetic
induction.

Above results obtained for a magnetic dipole can be directly
applied to a small current carrying coil in different situations.

# Hlustrative Example 4.52

A bar magnet is 0.1m long and its pole strength is 12Am.
Find the magnctic induction at a point o its axis at a distance
of 0.2m from its centre.

Solution
Net magnctic induction due to bar magnct at point P is given

by the vector sum of the magnetic inductions at P due to the
two poles given as

-ni i
ke t=0.1m |
T 33
8 -+ >
P B,
Figure 4.187
BP:BN_BS
N _ P m M oM™
Podn (r-112)® 4w (r172)
g 2r 32pgmrl
= B,= — =
d 4::[(;9 - 14)2] dn(4r? —17)
32x1077 x12x0.2
= P 2 2,2
(4(0.2)" -(0.1y")
= B,=34x10*T

# Rlustrative Example 4.53

A magnetic dipoic of magnetic moment M is suspended by a
string in a uniform horizontal magnetic ficld as shown in
figure-4.188. Ifin horizontal plane this dipolc is slightly tilted
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O
082

and rcleased, show that it will execute simple harmonic motion
and find its oscillation period. Consider the dipole as a uniform
rod of mass i and length /.

L,

Figure 4 188

Sotlution

Ifdipole is tilted from its equilibrium position by a small angle
0, in horizontal plane, restoring torque on magnetic dipoles is
given as

1, =MB sin 6 = MBO

The angular acceleration of dipole is given as

T4
a=——=
I
MB
= a=—g 0
(mi”112)
12MB
= a=—38 ... (4.199)
ml

Equation-(4.199) shows that restoring angular acceleration of
the dipole is directly proportional to the angular displacement
hence it will execute SHM. Comparing this with angular
acceleration of standard angular SHM equation given as
o =— %0 we get

2MEB
ml?

mi?
12MB

7= 2z

# Hlustrative Example 4.54

A small magnetic dipole of magnetic moment x x 10-3 A-m?
is placed on the ¥-axis at a distance of 0.1m from the origin
with its axis paratle! to X-axis. A coil having 169 turns and
radius 0.05m is placed on the X-axis at a distance of 6.12m

Magnetic Efects o Cients 570 Gaosiod Visgnela ]
from the origin with the axis of the coil coinciding with X-
axis. Find the magnitnde and direction of the current in the

coil for a compass needle placed at the origin, to point in the
north-south dircction.

Solution

The sitnation described in question is shown in figure-4.189.

Figure 4.189

The magnetic induction at O due to magnetic dipole
moment M is given as
kg M

By,= —L=5 N/A-m

pra ... (4.200)

The direction of above maguetic induction is along positive
A-direction. The magnetic induction at O due to the current
carrying coil of radius a and having N turns is given as

png-ﬂz

= s .. (4201

The direction of above magnetic induction is along negative
or positive X-dircetion depending upon the direction of current
in the coil. As the deflection of the compass necdle at O has
to remain north-south that means resultant field at O other
than Earth's magnetic field should be zero or in this case B,
should be equal and opposite to B ¢ 50 as to nullify it thus we
have

Bo M _ _ poNia
4n P Ad®+x7Y

. 2M(a2+x2)3”
= 75

= T N ... (4.202)
.  2(mx1073)[(0.05)% + (012372
l —
4mx(0.1)° x 169 % (0.05)2
= i=2.6mA

For the field B ta be along negative X-direction, the current
in the coil should be in anticlockwise direction.
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# Hiustrative Example 4.55

# Hlustrative Exampie 4.56

Centres of two similar coils P and () having same number of
turns are located at the coordinates (0.4, 0) and {0, 0.3) such
that the plane of coils are perpendicular to X and Y axes
respectively, The areas of cross sections of coils P and O are
in theratio 4 1 3. Coil Phas 16A current in clockwise direction
and coil Q hus 943 A current in anti-clockwise direction as
secn from the origin. A small compass needle is placed at the
origin. Find the deflection of the needle, assuming the Earth's
magnetic field negligible and the radii of the coils very small
compared to their distance from the origin.

4

£(0, 0.3)

(0.4, 0)

Figure 4.199
Selution

As the radius of coils is considered to be very small we can

consider these coils as magnetic dipoles so the magnetic

induction due to coil at a distance x along its axis is given as
2KM  pgNid

B
x 2w

Magnetic induction at O due to coil P is given as

HoNipAp
B=— along O.
P P { 8 0X)
Similarly the magnetic induction due to coil 2 at O is given
as

Wy Vi,
BQ= G—Q:!Q (atong YO)
Zmy

If the compass needle makes an angle 8 with X-axis, then it
is along the direction of net magnetic induction at point &
which is given as

B

2- (%))
- e (Y -

= 0=tan" 13 =60°

tan G =

A magnetic dipole with a dipole moment of magnitude
0.020Am? is released from rest in a uniform magnetic field of
magnetic induction 52mT. When the dipole rotates duc to
magnetic couple on it throngh the orientations where its dipole
moment is aligned with the magnetic field, its kinetic energy
is 0.80 ml.

(a) Whatis theinitial angle between the dipole moment and
the magnetic fleld?

(b) What is the angle when the dipole be at rest again next
time?

Solution

{a) By energy conservation, we have

Uy+ Ky=Up+ K,
= {(-MBcosB)+0=(—MBcos 0°) + K,
= MB(] - cosB)= K,

= -t
= cosf Y7
0.8x107

00252 X107 023

= cosD=1-

= 0= cos '(0.23) = 76.67°
{b} As already discussed that dipole wil! execute gscillatory

motion so on the other side of equilibrium position it will
comc to rest at the same angle 76.67°,

# Hlustrative Example 4.57

Figure-4.191 shows two small bar magnets having dipole
moments M, and M, placed at separation r. Find the magnetic
interaction energy of this system of dipoles for o << r.

Figure 4.191

Solution

Magnetic induction at the location of M, due to M, is given as
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|84

_ By

2KM,
=73 = 3

t r3 2r

Interaction energy of M, in the field of M| is given as

> -
U=_ Mz‘Bl

_PcMiMz

U=—MB, cos0= 3

cosf
2nr

E

4.12 Terrestrial Magnetism

It has been known from centuries that on suspending a magnet
freely it aligns with its axis along north-south direction. This
leads physicists to study more about the magnetic field
preduced by Earth and magnetic properties associated with it.
The study of Earth's magnetism and its magnetic properties is
called “Terrestrial Magnetism’. Earth's magnetic field is also
called ‘Geomagnetic Field’. Cause of Earth's magnetic field
is the rotatien of ionized particles in molten core of earth which
constitutes the convection currents at the Earth's core and
behave like a coil which produces magnetic ficld in
surrgunding and it extends from inner core to cuter space.
The configuration of Earth's magnetic field is shown in
figure-4.192.

Rotatonal axis
1, l'
1 : M u. .
agnetic axis
! sl WLBR
1

i
F
¥F
i
[}
]
!
L3
T

y :.‘ ; Ceographic
‘ ol I Equator
- . Magnetic
i Equator
1
1
]
]
i
1
PN
!‘ .
i I
¥ i
i 1
1 1
r 1
1
Figure 4.192

As shown in above figure, we can see that the axis of Earth's
magnetic field is slightly tilted from its axis of rotation
(Gceographic Axis) at about 11°. This angle chanpes with tinic

Magnetic Effects of C:J_rrenfs“aﬁd_a;s;?arﬁma&zﬁsm

very slowly due to some geophysical factors not in scope of
this book. This axis along which Earth's magnetic coil is
considered is called ‘Magnetic Axis” of Earth.

The points on Earth surface where this magnetic axis meet
are called magnetic poles. Due 1o the direction of convection
current instde the core of Earth its magnetie induction comes
out from the geographic soath pole and it gets into the Earth
at geographic north pole. Thus the magnetic poles of Earth
are located near {o the opposite geographic poles as shown in
figure-4.192.

4.12.1 Direction of Earth's Magnetic Field on Surface

As discussed in previons article the magnetic poles of earth
are located near to the opposite geographic poles shown in
figure-4.192. With the configuration of magnetic lines of forces
in surrounding we can see that in northern hemisphere of Earth
magnetic field direction is inward into the Earth surface and
in southern hemisphere of Earth direction of magnetic field is
outward from Earth sarface.

Figure-4.193(a) shows the Earth's magnetic induction B at
surface of Earth in northern hemisphere at point & in
figure-4.192. The angle 8 which the magnetic induction makes
with the horizontal a¢ this point is called * Dip Angle’. Similarly
in southern hemisphere of Earth at point H shown in
figure-4.192 the magnetic induction is shown in
figure-4.193(a). The horizoatal and vertical components of
Earth's magnetic induction at point & are given as

B,,= B cosb ... (4.203)

and B, = B,sind ... (4.204)

(a)

By By

H V] By
8 77 /N

In southemn hemisphere

)
Fipure 4.193

Dividing equations-(4.203) and (4.204), we have
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BV
tanﬂ—(BHJ
B
= -l ——"V
= 8=tan [BH']

At a point in southern or northern hemisphere we can sec that
always the horizontal component of Earth's magnetic induction
points from apptoximately south to north at that point thats
why when we suspend a magnet freely at any point due to the
magnetic torque on it due to horizontal component of Earth's
magnetic induction the magnet aligns along north-south
direction.

.. (4.205)

A maguetic compass also wotrks because of the torque on the
magnetic needle due to horizontal component of Earth's
magnetic induction. As we've discussed that magnetic poles
of Earth do not exactly coincide with the geographic poles but
still the direction of B, approximately points from south to
north direction at that point which fairly works well for the
purpose of navigation as shown in figure-4.194.

Figure 4.194

4.12.2 Some Definitions and Understanding Earth's
Magnetic Field

While analyzing Earth's magnetism there are some terms we
need tounderstand clearly which helps in various applications
related to Earth's magnetism. We will discuss and understand
all these terms one by one.

Geographic Meridian : At any point on Earth surface this is

a vertical plane containing north-south direction at that point.

Figure-4.195 shows the geographic meridian at a point 4 on

Earth Surface. This can also be defined as a vertical plane at

any peint on earth surface such that every horizontal line along

cast-west direction passing through this plane will eross the
. plane normally.

85

e e e o B o

Figure 4,195

Magnetic Meridian : At anypoint on Earth surface thisis a
vertical plane containing the direction of net magnetic
induction of Earth's field. Ifa surface is placed in this vertical
plane then the magnetic flux of Earth’s magnetic field through
this surface is always zero. Figure-4.196 shows both
Geographic and Magnetic Meridian at a peint 4 on Earth
surface.

* Taward Magnetic North Pole

Figure 4.196

'Geographic and Magnetic Equater : Geographic equator

is the circular line on earth which divides the Earth in two
equal hemispheres at a planc normal to the axis of rotation of
Earth whereas magnetic equator is also a circular line on Earth
surface at which Earth's magnetic ficld is horizontal or dip
angle is 0°. Both geographic and magnetic equators are shown
in figure-4.192.

Magnetic Declination : At any point on Earth surface it is
the angle between the magnetic north-south direction and true
north-south direction at that point. This is also defined as the
angle belween geographic and magnetic meridian at a point
on Earth surface.
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~ Agonic Line : It is the circular line on Earth surface which
passes through the geographic as well as magnetic poles of
Earth. Figure-4.197 shows the agonic line.

Rotational axis

Magnetic axis

Agonic line

Figure 4,197

Isogonic Lines : These are lines on Earth surface joining the
points on Earth surface where magnetic declination is same.
Further details about these lines are not in our scope of
discussion.

Aclinic Line ; It is the circular line on Earth surface at every
point of which dip angle is 0°. This line is same as magnetic
equator already discussed.

Isoclinic Lines : These are lines on Earth surface joining the
points on Earth surface where dip angle has same values.

Dip Needle : There is a device similar to compass needle
which is used to measure the dip angle at a point on earth
surface.

Figure 4.198

This is called *Dip Needie’ shown in figure-4.198. This ncedle
is mounted to rotate freely in a vertical plane. First the pcedle
plane is placed in magnetic meridian so that the needle gets
aligned along the direction of net magnetic induction of Earth

Mognetc Eifctyaf Gients ard Glioa Vg

as shown in figure then on the pre-calibrated scale dip angle
can be measured.

4.12.3 Tangent Galvanometer

Tangent galvanometer is a device used to calculate horizontal
component of Earth's magnetic induction. Figure-4.199(a)
shows a tangent galvanometer in which there is a circular coil
C mounted on a stand in vertical plane which can be rotated
on the mount. A horizontal compass needle is fixed at the
center of coil as shown. On the mount of the device the ends
of the coil wire are connected to terminals at which external
lead wires can be joined and current is passed in the coil C.
Figure-4.199(b) shows the picturc of an actual tangent
galvanometer ug~d in Jabs.

Circular ¢oil

Compass box

Ammeter
Terminals

Leveling screws

Rhcostat
7

(2

)
Figure 4.199
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To sctup the tanpent galvanometer for experiment first the
coil C is rotated and aiighed along the magnetic meridian.
For this coil C'is fo be rotated till the compass needle comes in
the vertical plane of cotl as the vertical plane in which compass
needle naturally floats is the magnetic meridian at a poini on
earth surface.

Now a current is passed through the coil C and it is gradually
increased by sliding the rheostat. Due to current in coil it
produces 2 magnetic induction at its center due to which the
magnetic needle deflects, If B, is the magnetic induction at
center of coil due to coil current and B, is the horizontal
compenent of earth’s magnetic induction at this point then
deflection of compass needle from its initial direction is given

as
B
= -1 '—C
0 =tan ( BHJ

Figure-4.200 shows the deflection of compass needle at the
center of coil C due to magnetic induction of the couil current.

... (4,206}

Figure 4.200

While executing the experiment we change the current in coil
till the deflection angle ofneedle becomes 45° and at this state
we measure the reading of ammeter, say this is J. Thus at
8 = 45° we use

By =B
HGIN‘
B = —— .4
= b= (4.207)

By substitating the values on RHS of equation-(4.207) we can

calculate the value of B,;. The experiment can be repeated for
different values of N by selecting different terminals on the
mount of tangent galvanometer and calculate several values
of By, of which average can be obtained along with error
analysis and standard deviation of the experimental value of
B,
4.12.4 Deflection Magnetometer

Deflection magnetometer is an experimental setup used to
measure the magnetie moment and pole strength of a bar
magnet. It is also used to compare the pole strengths of two
bar magnets, A deflection magnetometer consists of a small
magnetic compass needle pivoted at the center of a scale as

s e e

shown in figure-4.201, The compass is fixed at the scale in
such a way that its circular scale can be rotated which is marked
with 0°-90°-0°-90° in perpendicular direction as shown which
are kept exactly perpendicular to the scale as shown in
figure-4.201. '

©80°

Figure 4.201

There are two positions of the magnetometer for measuring
the magnetic moment of a bar magnet or a magnetic dipole.
These are called ‘tand’ and ‘tanB’ positions. In tan4 position
of magnetometer, the scate of magnetometer is placed at a
point along east-west linc as shown in figure-4.202 and it is
adjusted so that the compass needle points exactly along N-5
direction of compass which is perpendicular fo the scale. The
magmetic dipole of which magnetic moment is to be measured
is also placed along the scale line as shown at some distance
d, from the compass needle. The magnetic induction due to
the magnetic dipole at the location of compass is given as

te d, »

Figure 4.262

If horizontal component of earth's mugnetic ficld is B, then
in tand position deflection of compass ncedle is given as

B
- —= ... (4208
tan8, = ° (4.208)
= BI=B”tan91
2KM
— 3 =BHtan01
dl
218, d° tan O i
- p= at BT .. (4.209)
Hp
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Now the magnetometer scale is rotated by 90° and it is placed
along north-south direction and its circular scale is also rotated
with 90°-90° line along N-S direction and it is adjusted so
that magnetic needle exactly points parallel to the scale, This
is called tan B position of the magnetometer which is shown
in figure-4.203. At the same distance from the compass the
magnetic dipole is now placed along east-west line
perpendicular to the scale as shown in figure. At the location
of compass needle the magnetic induction due to the magnetic
dipole is given as

KM

B,= —'dl3

o
E)
AES

1 rli[H_rl}[_f}iJ[_u[.mu.{w

-
’

| o

Figure 4,203

Now again the compass needle deflects under the influence of
two mutually perpendicular magnetic ficlds so its deflection
is given as

By
‘tan62= E .- (4.210)
= B =B tanf,
KM
= 3 = Bytan,
dl

4nB,d’ tan,

= Ms——W——— ... {4.211)

Hg

Using equation-{4.209) and (4.211} magnetic moment of
magnetic dipole can be calculated. If we use a bar magnet
then instead of results of magnetic dipole we need to use the

Magnetic Effects of Gurrents and Claseical Magmetian]

result of magnetic induction due fo a bar magnet aloag its
axial point in tand position and result of magnetic induction
due to a bar magnet at its equatorial point in tanB position.

4.12.5 Earth's Magnetic Field in Other Units

Earth's magnetic ficld is produced by the convection currents
at the core of earth and the field which is observed outside the
earth's surface magnetizes different materials found on earth
surface and inside as well. Gver a long period of time such
materials transform into magnets as these are magnetised by
earth's magnetic field. So it was considered that earth's
magnetic field is independent of the type of material which is
being magnetized and it was used to be referred as 'Earth's
Magnetizing Field® and it was denoted by the symbol A which
is measured in units of ‘Ampere per meter’ or ‘A/m’. Afer
the detailed study of magnetic induction over a period of time
it was understood that magnetic induction changes when the
field enters inside a material medium due to polarization of
medium similar to the case of electric field when it enters fn a
dielectric medium. The only difference in magnetic induction
and magnetizing field is that of medium dependency and
magnetic induetion is measured in units of * Teslg’ or *T7. Still
in many question sometimes earth's magnetic ficld is given in
units of “A/m’ which can be converted into “T” by using the
relationin B and H as

§=pH

= B=pNH ... (4.212)

About the above relation given in equation-(4.212) and
magnetizing field we will study in detail under the topic of
magnetic properties of materiai in next chapter.

4.12.6 Apparent angle of dip at a point on Earth’s Surface

When at a point on earth’s surface dip ncedle is placed in
magnetic meridian then it aligns glong the direction of earth’s
magnetic field and on the vertical circular scale we can measure
the dip angle at that location.

When the dip needle is placed in a planc which is at an angle
0 to the magnetic meridian then in this plane the horizontat
component of earth’s magnetic field is given as

B = By cos 8

I8, is the dip angle measured by the dip needle which is
called apparent dip angle at this location then it is given as

By

tanp = ————
b By cosB

... (4213)
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True dip angle 6, at this location is given as

tand, = 4.214

anf, = B, . (4.214)
From above equations-(4.213) and (4.214) we have

tan@, = tan 0}, cosd ... (4.215)

Above equation-(4.215) relates the true dip angle, apparent
dip angle and the angle between the vertical plane and the
magnetic meridian in which the dip angle is apprently
measured. '

# IMustrative Example 4,58

At 2 point on earth surface horizontal component of earth’s
maghetic ficld is 40uT and dip angle is 30°. Find the total
magnetic fieid of earth at this point. ‘
Solution

In this case we use

B =Bgcas0
B 40x107°
= BE= g . x10
cosD J312
= Bp=46nuT

# Hlustrative Example 4.59

The radius of tangent galvanometer coil is 16cm. Find the
number of turn in its coil if a current of 40mA is required to
produce a deflection of 30° in it from magnetic meridian.
Horizontal component of earth's magnetic field is36 x 10-6T.

Solution

In 2 tanpgent galvanomeler if needle deflection is @ from
magnetic meridian as shown in figure-4.204 we use

B,=B,tan0

(= A,

=

MM

Figurc 4.204

BN
L ta
= R B, tan 0
2RBy tan®
= =
Hol
2x0.16x36x105x1//3
= T T edoaind
4nex 107 x40x10
= N=0.0132 x 10*= 132 turns

# Hlustrative Example 4,60

In the magnetic meridian of a certain place at the center of
the coil of a tangent galvanometer, the horizontal component
of earth's magnetic field is 0.26G and the dip angle is 60°.
Find :

(a) Vertical component of earth's magnetic field

(b) The net magnctic field at this place.

(¢) If a current is passed in tangent galvanometer, its coil
produces a magnetic induction 3.47 x 10-3T, Calculate the
defleciton in compass needle of tangent galvanometer,

Selution

(a) Vertical component of earth's field is given as
B,=B, tan @

= B,, = (0.26) tan 60° = 0.45G

(b) Horizontal component and total field of carth are related

BH=BECOSB
p o B _ 92 o096
= E- cos®  cos60°

(c) At the center of coil the horizontal component of earth's
magnetic induction in tesla is given as

B,=026%104T

The deflection in compass needle of a tangent galvanometer

is given as
0= tan™ J—B—-C—
B.H’
= 0= tan™ ——3'47)(10_:
2.6x10
= 0=tan1(1.33) =63°
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Practice Exercise 4.6

(i)  Ashortbar mapnet is placed in magnetic meridian with
its north pole pointing toward south. Its magnetic moment is
2Am2. Neutral point is obtained 10cm from centre of magnet
toward north. Calculate horizental comporent of earth's
magnetic field.

[40pT}

(i) A magnetic dipole of magnetic moment 6Am? is lying
in a horizontal plane with its north pole pointing toward 60°

East of North. Find the net horizontal magnetic field at a point-

on the axis of the magnet 0.2m away from it. Horizontal
Component of carth field at this place is 30uT.

[3031uT]

{iif) A coil of 50 turns and 10cm diameter is made ont ofa
wire of resistivity 2 X 10~¢ Qcm and cross sectional radius
0.1mm. The coil is connected to a source of EMF l(}V and of
negligible internal resistance.

(a)  Find the current through the coil

(b)  What must be potential difference across the coil so as
to nullify the horizontal component of earth's magnetic
field, 0.314 x [0%T at the centre of the coil. How should the
coil be placed to achieve this result?

[{2) 1A; (b) 0.5V, coil is placed in a plane notma] to magnetic meridian].

(iv) Two circular coils, each of 100 turns are held such that
one lies in the vertical plane and the other in the horizontal
plane with their centres coinciding. The radii of the vertical
and the horizontal coils are respectively 20cm and 30cm. If
the directions of the currents in them are such that the earth’s
magnetic field at the centre of the coils is exactly neutralised,
catculate the currents in each coil. Horizontal component of

 Maghetic Effects of Cur

earth's field at common center of coils is 27.8 A/fm and angle
of dip at this point is 30°.
[£11.2mA, 56.3mA]

(v)  Amagnetic needle suspended in a vertical plane at 30°
from the magnetic meridian makes an angle of 45° with the
horizontat. Find the trne angle of dip.

L]

(vi) Two small magnets of magnetic moments 0.108Am?
and 0.192Am? are placed at some separation that their axes
are mutually perpendicular. If the distance of the point of
intersection of axes of magnets be respectiveiy 30cm and 40cm
from these magnets, then find the resultant magnetic indiction
at the point of intersection. The magnetic moments of both
the magnets are pointing toward the point of intersection of
their axes.

(o

(vil) A short mapnet produces a deflection of 30° in needle
of & magnetometer when placed at certain distance in tand
position of magnetometer. If another short magnet of double
the length and thrice the pole strength is placed at the same
distance in tanB position of the magnetometer, what is the
deflection produced ?

{60°

{viii) A magnetic needie performs 20 oscillations per minute
in a horizontal plane. If the angle of dip be 30°, then how
many oscillations per minute will this needle perform in
vertical north-south plane and in vertical east-west plane?

[21.5 mint, 15.2 min™'}

Agc Gmup ' Advance Illustrauons for}EE(Adv)f IPRO
E Section ~ Magnenc Effects
Topic ~ Magﬂct:c Effects & Electromgn:nc Induction
I}lustrauons - 66 In—depth Iliusttatlons Videos
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Discussion Question

Q4-1 Abar magnet is stationary in magnetic meridian. Another
similar magnet is kept parallel to it such that the centres lie on
their perpendicular bisectors. 1T the.second magmet is free to
move, then what type of motion it will have : franslatory, rotatory
or both?

Q4-3 Does Ampere's law on a closed loop in a region is valid
ifnocurrent is enclosed by the loop and there are some currents
which exist outside the loop.

Q4-2 The electric current in a straight wire is constant and
wire iskept along east-west linc at a point in a horizontal plane,
A point P is located to the north side of wire at some distance,
What is the direction of magnetic indoction at point P.1f the
wire is rotated in horizontal plane by an angle 30° then what
will be the direction at point £.

Q4-3 Is it possible that a body's spéed can be increased by
magnetic forces? Explain.

Q4-4 Torques 1, and 1, are required for 2 magnetic needle to
remain perpendicular to the magnetic fieids at two different
places. What is the ratio of magnetic fields at those places ?

Q4-5 1f a wire carries a time varying current then in its
surrounding will Ampere's law be valid for a closed loop-

Q4-6 Ts it possible that a closed current carrying loop placed
in a magnetic field experiences a non-zero magnetic force?
Explain.

Q4-7 If a compass-needle be placed on the magnetic north
pole of the earth then how it behave? If a dip needle be placed
at the same place, then what will be its behaviour?

Q4-8 A current carrying wire is placed along the axis of a
uniformly charged circular ring. Ifthe ring starts rotating about
its central axis what will be force on the current carrying wire
due to the moving charges of ring.

Q49 Anisolated metal wire not carrying any current is placed
in magnetic field. Does free electrons of this metal wire
experience magnetic force due to thermal motion. If yes what is
the effect of it.

Q4-10 If the horizontal and vertical components of earth's
magnetic field are equal at a certain place, what is the angle of
dip therc?

Q4-11 In different electrical circuit generally connecting lead
wires are twisted together in electrical appliznces. Why this is
done ?

X %

*

Q4-12 For a three dimensional current carrying loop is it
possible that in a magnetic field net torque on it is zero for
some orientation? Explain the situation.

Q4-13 What is the maximum value of the angle of dip? At
what places does it occur?

Q4-14 Why an iron pin is attracted 1o the ends of a bar magnet
but not to the middle region of it. Ts the material of a magnet at
the end is differently or strongly polarized or it is something
else? Explain.

Q4-15 Two wires carrying equal currents are placed at right
angle to each other without centact at middle point. If one wire
is kept fixed and other is released from rest. Describe the motion
of this wire.

Q4-16 Cosmic rays are charged particles that strike out
atmosphere from some external source. We find that more
low-enerpgy cosmic rays reach the earth at the north and south
magnetic poles than at the (magnetic) equator. Why it is so?

Q4-17 Can you calculate magnetic indaction due to a
semi-infinite current carrying straight wire. If not then explain

why?

Q4-18 When two magnets are placed in such a way along the
same line that their opposite poles facing cach other. Now if
the magnets are released from rest they gain kinetic energy
due to attractive forces. Is work done by magnetic forces in
this case non-zero or it is something else.

Q4-19 Is there any point on earth surface where dip angle is
90°? If yes how many such points are there.

Q4-20 Twobigh energy proton beams if parallel to each other
repel cach other whereas two parallel wires carrying currents
in same direction attract each other. Why?

Q4-21 A charged particle moves with a velocity v near a
current carrying wire cxperiences a magnetic force on it, fthis
charge is observed from a refercnee frame also moving at same
velocity v as that of charge then this charge will appear at rest
to the observer in moving frame. Will magnetic force and
magnetic field in that reference frame become zero? Explain,

Q4-22 The neutron, which has no charge, has a magnetic

dipole moment. Is this possible ?

* *
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Conceptual MCQs Single Option Correct

4-1 Auniform magnetic field is at right angles to the direction
of motion of protons. As a result, the protons describes a
circular path of radius 2.5¢m. if the speed of the protons is
doubled, then the radius of the circular path will be :

(A) 050cm (B) 2.5cm

{© 50m ©) 7.5cm

4-2 A current is passed through a straight wire bent at a point,
The magnetic field established around it has its lines of forces :
(A} Circular and ¢ndless

(B} Oval in shape and endless

{C) Straight

D) Allaretrue

4-3 A charged particle moves in a circular path in a uniform
magnetic field. Ifits speed is reduced then its time period will :
(A) Increase (B) Decrease

(€) Remain same (D} None of these

4-4 An electron of mass m, initially at rest, moves through a
certain distancein a umform electric field in time ,. A proton of
mass m,, also, initially at rest, takes time ¢, to move through an
equal distance in this uniform electric ﬁeld. neglecting the cffect
of gravity, the ratio of £./1, is nearly equalto :

1 ®) (m,/m)2

© (mim) b2 (D) 1836

4-5 A proton, a denteron and an a-particle having the same
kinetic chcrgy are moving in circular trajectories in a constant
magnetic feld. if TPy and r, denote respectively the radii of
the frajectorics of these particles, then :

(A) r,=r,<r, B ry>rr,

© rmr-rd>rlJ D) ==,

46 Identify the correct statement related to the direction of
magnetic moment of a planar loop :

(A) It is always perpendicular to the plane of the loop

(B} It depends on the direction of current

(C) It can be obtained by right hand screw rule

(D) Allof the above

4-7 Two free parallel wires carrying currents in the.opposite
directions :

(A) Attract each other

(B) Repel each gther

(C) Do not affect each other

(D) Get rotated to be perpendicular to cach other

48 A non-planer closed loop of arbitrary shape carrying a
current [ is placed in uniform magnetic field. The force acting
on the loop :

(A} Is zero only for onc erientation of loop in magnetic field
(B} Is zero for two symmetrically located positions of loop in
magnetic feld

{C} Iszero for all orientations

(D) Is never zero

4-9 A vertical straight conductor carries a current vertically
upwards. A point P lies to the east of it a small distance and
another point O lies 1o the west at the szme distance. The
magnetic induction magnitude at Pis

(A) Greaterthanat O

(B) Sameasat{

(C) Lessthanat O

(D) Greater or less than at ) depending upon the strength of
the current

4-10 A wire is placed parallcl o the lines of force in a magnetic
field and a current flows in the wire, Then :

(A} The wire will experience a force in the direction of the
magnetic ficld

(B} The wire will not experience any force at all

(O The wire will experience a force in a direction opposite to
the feld

(D) Itexperiences a force in a direction perpendicular to lines
of force

4-11 The straight wire 4B carries a current I. The ends of the
wire subtend angles 8, and 9, at the point P as shown in
figure-4.205. The magnetic field at the point Pis :

Figure 4.205

ftof kol . . .
(A) 4;(51:191—511102) (B) —:w-(smﬂl+sm92)
'
©) 3:; {cos0, —cos8,) ) :Lm(cos(?ﬁcosez)

www.puucho.com



Study Physics Galaxy with www.puucho.com

{Megnetic Etfects of Currents and: Classice! Magnetism

4-12 The coil ofa tangent galvanometer is put in the magnetic
meridian :

{A) To avoid the magnetic effect of the earth field

(B) To produce intense magnetic field at the centre of the ¢oit
{C) Toproducea field at right angleto the earth's field

(D) Toavoid error dusto parallax

4-13 Two circular coils.Yand Yhaving equal number of lurns
and carry equal currents in the same sense and subtend same
solid angle at point O. Ffthe smaller coil X is midway between O
and ¥, then if we represent the magnetic induction due to the
bigger coil ¥at Oas B and that duc to smaller coil xat Oas B,
then :

4-14 Two paraliel wires carrying currents in the same direction
attract each other because of :

(A) Potential difference between them

(B) Mutual inductance between them

(C) Electric forces between them

(I} Magnetic forces between them

4-15 Two straight long wires are set parallel to each other.
Each carries a current { in the same direction and the separation
between them is 2r. The magnetic induction at a distance »
between the 1wo wires is ¢
(A) ir

© 4iir

{BY 2ir
D) Zero

4-16 The mapnetic ficld ofa L-magnet is parallel to the surface
of this paper with the M-pole on the left side. A conductor is
piaced in the field so that it is perpendicular to this page. When
a current flows through the conductor out of the paper, it will
tend to move :

. (A) Downward

(B) Upward

(C) Totheright

(D) First downward and then upward

4-17 The figure shows the cross-section of two long coaxial
tubes carrying equal cutrents 7 in opposite directions. If B,
and B, are magnetic fields at points I and 2, as shown in
figure-4.207 then :

Figurc 4.267
(A) B,#0; B,=0 ® B,=0;B8,=0
©€) B,#0;B,%0 ®) B,=0;B,»0

4-18 An insulating rod oflength / carries a charge ¢ uniformly
distributed on it. The rod is pivoted at one of its ends and is
rotated at a frequency fabout a fixed perpendicular axis. The
magnetic moment ofthe rod is

ngfl* ngfl”
(A) D B 5
ngfl” ngfl*
© ™ o -

4-19 Thestrength of the magnetic field around a long straight
current carrying conductor :

{A) Is same everywhere around the conductor

(B) Obeys inverse square law

(C) Isdirectly proportional {o the square of the distance from
the cnductor

(D) None of the above

4-20 Theplane of a dip eircle is set in the geographical meridian
and the apparent dip angle is 0,. Tt is then set in a vertical plane
perpendicular to the geographical meridian, the apparent dip
becomes 6,. The angle of declination o at that place is given
as;

(A) tan a=.J({an, 1an¥,) (B) tan a=tan B/tan O,
(C} tan a=(tan’8, +tan’8,) (D) tan a=tan 8 /tan 6,

4-2% A moving coil type of galvanometer is based upon the
principle that :

{A) Wire carrying a currcnt experiences a force in magnetic
fietd

(B) Wire carrying current produces a force in magnetic field
{C) A current earrying loop in magnetic field experiences a
torgue

@) Allarctrue
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4-22 A charge moving with velgcity v in X-direction is
subjected to a field of magnetic induction in negative
-X-direction. As a result, the charge will ;

(A) Remain uneffected

(B) Start moving in a circular path ¥-Z plane

{C} Retard along X-axis

{D) Moving along a helical path around X-axis

4-23 A rectanpular loop carrying a current { is situated neara
leng straight wire such that the wire is parallel to one of the
sides of the loop and is in the plane of the loop. If a steady
current [ is established in the wire as shown in figure-4.208, the
loop wilt :

Y.

Figure 4,208

{AY} Rotate abont an axis parallel to the wire
(B} Move away from the wire

{Cy Move towards the wire

" (D) Remain stationary

4-24 An electron enters a region where magnetic induction B
and electric field strength £ are mutually perpeadicular, then :
(A) It will always move in the direction of B

B) 1t will always move in the direction of E

(O 1t always possess circular motion

{D) 1t can go undeflected

4-25 Alength of wire carries a steady current. Itis bent first to
form a circular plane coil of one tum, the same length is now
bent more sharply to give a double loop of smatler radius. The
magnetic field at the centre caused by the same current is :
(A) Quarter of its first value

(B) Unaltered

(C) Four times of'its first value

(D) A halfofits first value

4-26 A proton and an a-particle enter in a uniform magnetic
field with the same velocity. The period of rotation of the
a-particlewill be :

(A) Four times that of the proton

(B) Two times that of the proton

(C) Three times that of the proton

(0} Same as that of the proton

Magnetic Effects of Cumrents and Classical Magnefism |
4-27 Two particles Xand ¥ having equal charpges, after being
accelerated through the same potential difference, enter a region
of uniform magnetic field and describe circular paths of radii R,
and R, respectively. Theratio of the masses of X'to thatof ¥:
Q) R /R, ®) R/R,
© (R/R,) ©) R/R,

4-28 If a charged particle moves through a magnetic ficld
perpendiculartoit:

(A} Both momentum and energy of the particle change

(B} The momentum changes but the energy is constant

{C} Both momentum and energy are constant

{D) The momentum remains constant and energy is changed

4-28 Auniform electric field and a uniform magnetic field are
produced in a region pointed in the same direction. An electron
is projected with its velocity pointed in the same direction of
fields:

(A} The electron will turn to its right

(B) The cicotron will turn to its left

(C) The electron velocity will increase in magnitude

(D) The electren velocity will decrease in magnitude

4-30 Two single turn circular coils P and  are made from
similar wires but radius of 0 is twice that of P. What should be
the value of potential difference across them so that the
magnetic induction at their centre may be the same ?

(A) V,=2F, (B) V,=3¥,

© qu‘”’:n D) Vq=l;’4V1J

4-31 A proton {mass m and charge +¢) and an alpha particle
{mass 4m and charge + 2¢) are projected with the same kinetic
energy at right angles to a uniform magnetic field. Which one
of the following statements will be rue ?

{A} The alpha-particle will be bent in a cireular path with a
smaller radius that ofthe proton

{B} The radius of the path of the alpha-particie will be greater
than that of the proton

{C) The alpha-particle and the proton will be bent in a circular
path with the same radins

() Thealpha-particie and the proton will go through the field
in a straightline .

4-32 A circular coil has one trn and carries a current i. The
same wire is wound into a smaller coil of 4 turns and the same
current is passed through it. The field at the centre :

{A) Decreases to 1/4 of the value

{B) Isthe same

(C) Increascsto 14 times the value

{D) Decreascs to 16 times the value
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4-33 Two electrons move paraliel to each other with equal
speed v. The ratio of magnetic and clectrical forces between
themis:
(A) vic
©) v¥ic?

@) civ
(D) ?

4-34 Anelectron having a charge — moves with a velocity v
in positive X-direction. An electric field exist in region along
positive ¥-direction and a magnetic field exist in the region
along negative X-direction. The force on the electron actsin :
(A) Positive direction of Y-axis

(B) Negative direction of F-axis

(C) Positive direction of Z-axis.

(D) Negative direction of Z-axis

4-35 A charged particle moving in a uniform magnetic field
penetrates a layer oflead and loses one half ofits kinetic energy.
The radius of curvature changes to .

(A) Twicethe original radius

B) 2 times the original radius
(O Halfthe original radius

(D) (1/V2) times the original radius

4-36 Protons are shot in a region perpendicular toa uniform
magnetic field in a region

R
SR ST ..

(A) Magnetic field will have no influence on the motion of
protons

(B} Protons will continue to move in the same direction but
will gain moementurn

(C) Protons will continue to move in the oppoesite directions
but will gain momentum

(D) They will bend in an arc of circle

4-37 Inthe given diagram, two long parallel wires carry equal
currents in opposite directions. Point O is situated midway
between the wires and the X-Y plane contains the two wires
and the positive Z-axis comes normally out of the plane of
paper. The magnetic field B at O is non-zero along :

i 4 P
9 X
Z
x=+d x=+d
— 2d—--- »
Fipure 4.209
(A) X, Yand Z axes (B) X-axis
© Faxis (D) Z-axis
* %
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Numerical MCQs Single Options Correct

4-1 Aninfinitely long wire carrying current I is placed along ¥ _

axis with current away from origin such that its oneend jsat  (A) LJ%;E (B) &J_E_;—n%u_,ﬁ
peint A (0, ) while the wire extends upto + co as shown in

figure-4.210. The magnitude of magnetic induction at point (V2 +Dpgd (2 -Duyl
(a,0) is: 42nR O = R

He
I
AI
©. 0 @9)
Figure 4.210
o/ b w!f, b
A A
4na a’ +b* 4mL a® +b?
- pol b
© oo [*———————az 7 ] (D) None of these

42 A conducting rod of mass 50g and length 10cm slide
without friction on two long, horizontal rails as shown in

figure4.211.

. . cROd. ‘a (s).

Figure 4,211

A uniform magnetic induction of magnitude SmT exists in the
region, as shown. A source S is used to maintain a constant
current 2A through the rod. If motion of the rod starts from the
rest, its speed after the 10s from the start of the motion, will be :
(A) 2em/s (B) 8cm/s

(© [2cmfs () 20cm/s

4-3 Figure4.212 shows a long straight wire carrying current J,
is bent at its midpoint to form an angle of 45". Magnetic
induction at point P, distance R from point of bending is equal
to:

Figure 4.212

4-4 Twoinfinitely long stright wires are arranged perpendicular
to each other and are in mutually perpendicular planes as
shown in fignre-4.213.1f1, = 24 alongthe y-axis and I, = 34
alonp necgative z-axis and AP = 4B = lcm. The magnetic
induction & at point Pis :

F 3 ]l
I
. 7 X
F B

z

Fignre 4.213

(A) BX10°T) ] +(=4x 10°T) £
B) Gx10°T)j+@x105T)k
©) @x10°T) ] +3x 105Dk
D) (-3x103T)j +@x10°T)k

45 A particle of mass m and charge ¢ is thrown from origin at
t= 0 with velocity 2f +3 + 4k units in a region with uniform
magne_tic field B =2i units. After time ¢ = /¢35, an electric
field £ is switched on such that particle moves on a straight
line with constant speed. £ may be :

(A) 5410 units (B) —6k—97 units

(€) —6k+8) units D) 6k +87 units

4-6 Ifthe magnetic induction at a point on the axis of current
coil is half of that at the centre of the coil, then the distance of
that point from the centre of the coil is :

R

(A 3 ®B) R
3R

© 5 (D) 0.766R

47 A current carrying circular coil of single turn of mass m is
hanged by two ideal strings as shown in the figure-4.214. A
constant magnetic field B is set vp in the horizontal direction
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in the region. The ratio of tension (7,/T,) in the string will be:

"
[Take =BIR= % and 8 =45 in the figure shown]

z
LLLLLL L L

T, T,

(&) 2:1
©) 4:1

4-8 A heliumnucleus is moving in a circular path of radins 0.8m,
Ifit takes 2s to complete one revolution. Find out magnetic field
produced at the centre of the circle :

20—19
(A) 1p*10°°T ® T
Ho
2x1p-1?
© 2x107¥T R T

49 A conducter of length / and mass m is placed along the
east-west line on a table. Suddenly a certain amouat of charge
is passed through 1t and it is found to jump to a height si. The
earth’s horizontal magnetic induction is B. The charge passed
through the conductor is :

J2gh

A Bngh ® g
gh m\j2gh
© Bim O —F5

4-10 An o particle is movingalong a circle of radius R with a
constant angular velocity . Point 4 lies in the same plang ata
distance 2R from the centre. The point 4 records magnetic field
produced by a particle. If the minimum time interval between
two successive times at which 4 records zero magnetic field is
‘P, the angular speed o, in terms of tis :

2r 2%
(A) " ®) En
T i
© % ®) 7

4-11 Consider six wires coming into or out of the page as
shown in figure-4.215, all with the same current. Rank the line
integral of the magnetic field from most positive to most negative

I g e A A b o

taken counterclockwise around each loop shown in figure :

ILoop C

Loop 4

Fipure 4.215

®) B>C=D>4
. @) C>B=D>4

(A) B>C>D>4
© B>4>C=D

4-12 A current 7 flows in a closed path in a plane arcs as
shown in the figure-4.216, The path consists of eight cars with
alternating radit » and 2r. Each segment of arc subtends equal
angle at the common centre P. The magnetic field preduced by
current path at point Pis;

Fipurc 4.216
3,1 . ;
(A) 3 perpendicular to the planc of the paper and directed
inward

I
B) ] ; perpendicular to the plane of the paper and directed

1l
B r
outward

1 u,l
{© y Hoo ; perpendicular to the planc of the paper and directed

r

inward

3 Bl : .
(D) 31 perpendicular tothe plane of the paper and directed
outward
4-13 A charged particle of specific charge (charge/mass) ais
released from origin at time 1 =0 with a velocity given as
¥ =y i+7)

The magnetic feld in region isuniform with magnetic induction

— -~ . - Tc
B = Byi. Coordinates of the particle at time 1= —— are:

By
W [2 2 o) gy | N g g

e . —2vy
©) [Bﬂa’o’ Ba }

ALY

VoTe
© [0,%—‘1’ 230“J
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4-14 The configuration of some current carrying wires is
shown in figure-4.217, All straight wires are verylong. Both
AB and CD are arcs of the same circle, both subtending right
angles at the centre 0. The magnetic field at Ois:

A

1
- v
B 5 7 : C
‘\
\‘_‘- j

- W,
F T

D
8 Fod
Figure 4.217
@ ® 12
© = ©) 2wt

4-15 A current i in a circular loop of radius & produces a
magnetic feld. At a fixed point far from the loop on its axis the
magnetic field is proportional to which of the following
combinations of { and b ?
{A) ib
© %

B).ib?
D) ifb?

4-16 Two long conductors are arranged as shown above to
form overlapping cylinders, each of radius r, whose centers are
separated by a distance d. Current of density J flows into the
plane of the page along the shaded part of one conductor and
an equal current flows out of the plane of the page along the
shaded portion of the other, as shown in figurc-4.218. What
ar¢ the magnitude and direction of the magnetic induction at
point 4?

fom—d—]

Conductor

!
i

Vacoum

Figure 4.218
i
(A) | =% {ndJ , in the +y-direction
2n
g Y
(B) 204% in the +y-direction
\2x ) r
N\ 472
4d°J _—
(4 H , it the —y-direction
\ 2%
(1o 2
D) | =% |—, in the—y-direction
2K d

Magnetic Effects of Currents and Ciassmai Magnetisﬁj

4-17 The radius of a coil of wire with ¥ turns is 0.22m, and
3.5A current flows clockwise in the coil as shown. A long straight
wire carrying a current 54 A toward the left is located 0.05 m
from the edge ofthe eoil. The magnetic field at the centre of the
coil is zero tesla. The number of turns Nin the coil are

Figure 4.219
(A) 4 ®) 6
© 7 O) 8

4-18 Two proton beams are moving with equal speed v in
same direction. The ratio of electric force and magnetic force
between them is : (Where ¢, is speed of light in vacuum)

2 2

S L
® % ® %
© ® —
Co

4-19 A neutral atom of atomic mass number 100 which is
stationaryat the origin in gravity free space emits an o-particle
(A) in z-direction. The preduct ion is P. A uniform magnetic
field exists in the x-direction. Disregard the electromagnetic
interaction between 4 and P. If the angle of rotation of 4 after

nx
which 4 and Pwill meet for the first time is — radians, what is

25
the value of n 7
(A) 12 B) 24
€ 3% D) &

4-20 If the ratio of time periods of circular motion of twe
charged particles in magnetic field is 1/2, then theratio of their
kinetic energies must be :
(A) 1: 2

{Cy2:t

4-21 Figure-4.220 shows a charged particle of mass 2g and
charpe-—5uC enters a circular region of radius 10cm, in which
there is a vniform magnetic field of strength 4T and directed
perpendicular to the plane of circular region in the figure, If the

®) V2:1

(D) It can have any value

‘particle velocity vector rotates threugh 90° angle in passing

through this region, then itsspeed is

Figure 4.220

{B) 4mm/s
) 1mmfs

(A) 025mm/s
{©) lemfs
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4-22 Themagnetic field shown in the figure-4.221 consists of
two uniform regions, The width of the first part is Sem and the
magnetic induction here is 0.001T. The width of the other part
is also Scm, with the direction of the induction being opposite
in direction and 0.002T in magnitude. What should be the
minimum speed of the electron arriving from the direction
indicated in the figure so that it can come out through the

magnetic field I in region III ? Take mass of electron is
9x 10-3kg:

11

Ld -
L3 -
209 No

. » Magnetic
- figld

[ ] -

L] ) L]
Figore 4.221

(A) gxm’m;s B) gmemfs

© %no?mfs O gxm?mfs

4-23 In the figure-4.222 the force on the wire ABC in the given
uniform magnetic field of magnetic induction 2T is :

1 % % c ) %
]
% 3 % ®
4m
[ »l
% r‘ x 3m x i ®
Figure 4.222
(A) 4G+2m)N ® 20N
(© 30N (D) 40N

4-24 Auniform magnetic field exists in region which forms an
equilateral triangle of side . The magnetic field is perpendicular
tothe plane of the triangle. A charge ¢ enters into this magnetic
field perpendicularly with speed v along perpendicular bisector
of one side and comes out along perpendicular bisector of
other side. The magnetic induction in the triangle is :

my 2mv
A ®
my mv
© 2ga ®) 4ga

B |

58}

4-25 A charge particle of charge g, mass m is projected with a
velocity ¥ =i inaregion of space where electric field strength
E = Ek and magnetic induction B=Bj are present. The
acceleration ofthe particle is:

y3
B

m(y x

E
F4
Figure 4.223

gv8 » gk -

aE b ol
@ ® -

q(E+vB)k g(E —~vB)k
o ——— @) ———

H "

4.26 A ring ofradius 5m is lying in the x-y plane is carrying
current of 1A in anti-clockwise sense. If a uniform magnetic
field of magnetic induction B =3{ +4; is switched on in space,
then the co-ordinates of point about which the loop will have
a tendency to lift up is :

Figure 4.224
4) 3.4 @ &3
3 G0 @ ©3)

4.27 An electron 18 shot into one end of a solenoid. As it
enters the uniform magnetic field within the solenoid, its speed
is 800m/s and its velocity vector makes an angle of 30° with the
central axis of the solenoid. The solenoid carries 4.04 current
and has 8000 turn along its length. Find number of revolutions
made by the electron within the solenoid by the time it emerges
from the solenoid's opposite end. Charge to mass ratio e/m for
electronis /3 x 10! Cfkg. Fill your answer in multiple of 10°:
(A) 1600 (B) 1200

(© 80 D) 600
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4-28 Two identical wires each of length L are bent to form a
circular loop and a square loop. If the same current f flows in
the two wires, then the ratio of the magnetic inductions at the
centre of the circular and square loops is:

(A) ¥ 242 ®) ¥ 42
C) =¥ 82 O 1

4-28 A magnet [ 0cm long and having a pole strength of 2Am
is deflected through 30° from the magnetic meridian. The
horizontal component of earth’s induction is 0.32 x 10#T. The
value of deflecting couple is
{A) 16x 10-"Nm
(C) 48x10"Nm

B) 32x107Nm
(D) 64x10-"Nm

4-30 Ina gravity freespace, a smooth insulating ring of radins
R, with a bead having charge g is placed horizontally in a
uniform magnetic field of induction B, and perpendicular to
the plane of ring. Starting from ¢ = 0, the magnetic field is
varying with time as B(f) = B, + of, where a is a positive
constant. The contact force between the ring and bead as a
function of time is :

2 2
@ Lopray @ L8
2 2
ag Rt dag Rt
© L@ ) © “LEsra)

4-31 'When abar magnet is placed at 90° to a uniform magnetic
field, it is acted upon by a couple which is maximum. For the
couple to be halfof the value, the magnet should be inclined to
the magnetic field at an angle of :

A) 45 B 30

© 15° o

4-32 Let B, and B, bethe magnetic field produced by the wire
Pand 0 which are placed symmetricallyin a rectangular loop
ABCD as shown in figure-4.225. Current in wire Pis I directed
inward and in Q is 27 directed outwards. Values of line integral
of magnetic induction for different segments of the loop ABCD
arg given as

3, o
JBo-dl =2n,
A
45 5
ij- 1 =24,
D
B, 4

and [ Be-dl =,
A

Magnetic Effects of Currents and Classical Magnetism |

.

D

&

il |l
I 21
. £ g
> ¥
B > ¢
Figure 4.225
The value of fwill be :
(A) 6A B 8A
© 10A (D) None of these

4-33 A wire carrying a current of 3A is bent in the form of a
parabota 32 =4 —x as shown in figure-4.226, where x and y are
in metre. The wire is placed in a uniform magnetic field 5= SET.
The force acting on the wire is:

)4

2{m)

Figure 4.226
(A) 60i N B) —60/N
(C) 30i N @) -30i{N

4-34 A horizontal metallic rod of mass ‘m* and length 2 is
supported by two vertical identical springs of spring constant
‘K’ each and natural length /. A current *#” is flowing in the rod
in the direction shown if the rod is in equilibtium then the
length of each spring in this stateis :

=i "

[=—

!

X Xz K

Figure 4.227

@) 7, +JIB ;mg ® I, +d.82-;( mg
© lo+mg—ﬂB ) 170_‘rjrnrzg—r’J'B

2K

4-35 A dip circle is adjusted to set that it moves freely in the
magnetic meridian, In this position, the angle of dip is 40°, Now
the dip circle is rotated so that the plane in which the ncedle
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moves makes an angle of 30° with the magnetic meridian. In
this position, the needle will dip by the angle :

(A) 40° _ B) 30

(©) More than 40° (D) Lessthan40°

4-36 An infinite current carrying conductor is bent into three
segments as shown in the figure-4.228. If it carries current i,
the magnetic field at the origin is found to be

E((\E—l)}'+£). The value of x is :
4na

Y

o @0.0)

0,0, 4

e

[

z
Figure 4.228

(A) 4 ®B) 3
Q 2 O 1

4-37 A charge particle moving along positive x-direction with
a velocity v enters a region where there is a uniform magnetic
. field B =~Bk,fromx=0tox=d.The particle gets defiected at
an angle 8 from its initial path. the specific charge of the particle
is:

Bd vtan B

(A) veos@ ®) Bd
Bsing vsin 0

© — D) 57

4-38 Figure-4.00 shows a wire configuration carrying a
constant current i. If the magnetic induction at point ‘#’ in the
current configuration shown in figure-4.229 can be written as

K tan (—%) then K'is:
f
P o
ot — N

Figure 4.229

. _ o o
pof Hof
(A) 4nd ® 2md
Kol : 2ol
o = ©

4-39 The value of harizontal component of earth’s magnetic
field at a place is 0.35 % 10~* T, If the anple of dip is 60°, the
value of vertical component of earth’s magnetic field is about :
(A) 0.10x 10T @) 02x104T
(©) 0.40% 10T (D) 0.6% 10T

4-40 A wire of mass 100g is carrving a current of 2A towards
Increasing x in the form of y =x2 (- 2m < x <+ 2m). This wire is
placed in a maguetic field B = —0.02 £ T. The acceleration of
the wire is :

(A) —1.6] mVs? B) —-3.2) m/s?

©) 1.6F m/s? D) Zero

4-41 Along siraight wire along the z-axis carries a current Jin
the ncgative z direction. The magnetic vector field B ata point
having coordinates (x, y) in thez=0planeis:

1o OF —5) pol (xi + )

®)

2:nc(x2 + yz) 2R(x2 + yz)
Hof (3-'} “J’; ) ol (If —}b?)
© 2m(x? +57%) ©) 2m(x’ +y2)

4-42 A magnetic ncedle vibrates in thc vertical plane
perpendicular to the magnetic meridian. Its time period is
2 seconds. if the same needle vibrates in the horizontal plane
and the time period is again 2 secconds, what is the angle of dip

at that place ;
(A) 3P (B) 45°
© or (D) None of the above

4-43 A charged particle of mass m and charge ¢ is accelerated
through a potential difference of ¥ volts. It enters a region of
uniform magnetic field B which isdirected perpendicular to the
direction of motion of the particle. The particle wiil move on a
circular path of radius :

Vi 2Vm
2 (B) a
2gB qB

2Vm (1 Fm( 1
o 7 (3) o 2(3)
444 Two magnets of equal mass are joined at right angles to

each other as shown in figure-4.230. Magnet ! has a magnetic
moment three times that of magnet 2. This arrangement is

(A)
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Pz,
pivoted at center so that it is free to rotate in the horizontal

plane. In equilibrium what angle will the magnet 1 subtend
with the magnetic meridian :

Fignre 4.230

B tan (%]

D)o°

(A) tan™! [%]
{C)tan~Y(A)

4-45 A circular loop of radius 15.7cm carriesa current of [SA.
Another toop ofradius 1.57cm having 30 tumns is placed at the
center of the larger loop and a current of 1A 1s passed through
it, What torque acts on the small joop if the planes of 1wo
lnops are at right angles and the induction due to large loop is
considered uniform throughout the area of smalier loop ?

{A) 0.57 x 105Nm (B) 1.13% 105N/m

(C) 1.14x 10°Nm D) 2.26x 10°N/m

4-46 The magnctic moment of a short magnet is 8 Am?. What
is the magnetic induction at a peint 20 crn away on its equatorial
line from its mid point -
(A) 10~% Web/m?

© 3 x 10 Web/m?

®) 2x 10~ Web/m?
D) 4x 10~ Web/m?

4-47 A particle of charge —16 x 1071® C moving with velocity
10 ms™! along the x-axis enters region where 2 magnetic field of
induction B isalong the y-axis and an electric field of magnitude
10" V/m is along the negative z-axis If the charged particle
continues moving along the x-axis, the magnitude of B is :
(A) 10° Wiym? B) 10° Wi/m?

(© 10' Wh/m? D) 1073 Wh/m?

4-48 The moment of a short magnet is 4Am?. The magnetic
induction at a point on the axial line at a point 40cm away from
its mid point is :

(A) 0.125 % 10 Wh/m?
(©) 0.175 10 Wh/m®

B 0.150 x 10~* Wh/m?
D) 2.0x 10~ Wb/m?

4-49 An electron is projected with velocity v, in & uniform
electric field E perpendicular to the ficld. Again it is projeeted
with velocity v, perpendicular to 2 uniform magnetic field B. If
r, is initial radius of curvaturc just afier entering in the electric
field and r, is initial radius of curvature just after entering in
magnetic field then the ratio r,/r, is equal to:

B

@ = ® 3
En By
© = ®) 5

4-50 Magnctic field strength due to a short bar magnet on its -
axial linc at a distance x is B. What is its value at the same
distance on the equatorial line 7

@) B ®) B

© 23 ) 48

4-51 Figurc-4.231 shows a coil of single turn which is wound
on a spherc of radius R and mass m. The plane of the coil is
paraliel to a rough incline plane on which it is kept. The plane
of coil lies in the equatorial plane ofthe sphere. Current in the
coil is 7, The vatue of B ifthe sphere isin equilibrium on inclined
planeis:

P77 7777777 7777777777777 7777777777,
Figure 4,231

mgcosB mg
(A) iR ®) 7R

mg tan 0 mgsin 6
© Rk - ©) Tl

4-52 1fa magnet is suspended at an angle 30° to the magnetic
meridian and in this plane the dip needle makes an angle of 60°
with the horizontal, The true value of dip is:

(A) tan™! (%j ®B) tan™ [%]
©) tan™' (3) ©) tan ' (2)

4-53 Infinite number of straight wires each carrying current /
are equally spaced as shown in the figure-4.232. Adjacent wires
have current in opposite direction. Net magnetic induction at
point Pis:

- ””"“' e
J’}” "’ Y
il I v 4
P, l X
|, 2
S
e |4

Figure 4.132
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Mol In4 , -
—— (&
© g Ch © Zero |

4-54 Themagnetic induction due toa current carrying circular
loop of radius 3m at a point on the axis at a distance of 4m from
the centre is 54uT. What will be its value at the centre of the

loop?
(A} 250uT ®B) 150uT
(Cy 125uT Dy 75uT

455 An electron experiences ne deflection if subjected toan
electric field of3.2 x 10° V/m and a magnetic induction of 2.0 »
107>T. Both the fields are applied perpendicular to the path of
electron and alsc to each other. 1f the electric ficld is removed,
then the electron will revolve in an orbit of radius ;

(A) 45m (B) 45m

©) 045m (D) 0.045m

4-56 An clectron is accelerated through a potential difference
V enters into a uniform transverse magnetic field and
experiences a force F. if the accelerating potential increased to
2V, the electron in the same magnetic field will experience a
force

(A) F

© V2F

®) F2
@) 2F

4-57 A mass spectrometer is a device which select particle of
equal mass. An fon with an electric charge ¢ > 0 starts at rest
from a source S and is accelerated through a potential difference
V. It passes through a hole into a region of constant magnetic
field B perpendicular to the plane of the paper as shown in
the figure-4.233. The particle is deflected by the mapnetic fietd
and emerges through the bottom bole at a distance @ from the
top hole, The mass of the particle is :

© © © @

1:‘"““\‘ 8

|_”_@ ® ® 0

® 6o o

08 o 0

1o © ® @
Fipure 4.233

abd gB*d’
& ®
qB*d* qBd
© ® 5

e e = Mok b i e

BN Tk

4-58 Themagnetic induction normal to the plane of circular
coil of a turns and radius » which carries a curront 7 is measured
on the axis ata small distance # from the centre of the coil. This
is smaller than the mangetic induction at the centrs by the
fraction :

L £l
( ) 3r2 (B) 2}]2

3 42 2 #
© 3z ® 37

4-59 A straight wire of diameter 0.5mm carrying a current 2A
isreplaced by another wire of diameter 1mm cairying the same
current, The magnetic induction at a distance 2m away from
the centre is :

(A) Half of the previous value

(B) Twice of the previous value

(C) Unchanged

(D) Quarter of its previous valuc

4-60 A block of mass m & charge ¢ is released on a long
smouoth inclined plane with magnetic induction B is consfant,
uniform, horizontal and parallel to the surface as shown in
figure-4.234. Find the time from start when block toses contact

- with the surface

&

®

2]

Figure 4,234
A mcos) mcosecH
AN 7B B

mcot N

© *; ©) None

4-61 A circular current carrying coil has a radivs R. The
distance from the centre of the coil on the axis where the
magnetic induction will be (1/8)" of its value at the centre of
the coil is:

(A) B3
© RI3

®) 2R3
O} 2R/3

4-62 Two infinite length wires carries currents 8A and 6A
respectively and placed along X and Y-axis. Magnetic field at a
point £ (0, 0, )y m will be :

7 10
@ o ®
14 S5
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4-63 At ¢t = 0, a positively charged particle of mass m is N . .
projected from the origin with veloeity u, at an angle 37° from (A) o [‘/E Py 3 __;‘_1 (B) 1:‘_ v i]
2

the x-axis as shown in the figurc-4.235. A constant B, = B, is

present in space. After a time interval ¢ velocity of particle B9, 3.1 J39. 3. 1.
maybe : (Cy g 0 :+§1+Zk (D) 4 o +§J+§k

Figure 4.235
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Advance M CQs with One or More Options Correct

4-1 Consider two rings of copper wire, One ring is scaled up
version of the other, twice large in all regards (radius, cross
sectional radius). If eurrent around the rings are driven by equal
voltage source then choose the CORRECT alternative(s).
Assume that cross-sectional radius is very small as compared
to radius of rings ;

(A) Resistance ot farger ring is halfof the smaller ring

{B} Current in the larger ring is two times that in the smaller
ring

(C) Magnetic field at their centres are same

(D) Magnetic field at centre of larger ring is twice as that at the
centre of smallerring

4-2 Twocircular coils of radii 5cm and 10cm carry currents of
2A. The coils have 50 and 100 turns respectively and are placed
in such a way that their planes as well as their centres coincide,
Magnitude of magnetic field at the common centre of coilsis:
(A) 8= 107*T ifcurrents in the coils are in same sense

(B) 4mx 107*T if currents in the coils are in opposite sense
(C) Zeroif currents in the coils are in opposite sense

{D) 8mx 107 T if currents in the coils are in opposite sense

4-3 Atangent galvanometer is connected to an ideal battery,
In which of the following options the deflection of magnetic
needle of the tangent galvanometer will remain same :

(A} I battery voltage is doubled and number of turns in coil
are also doubled

(B} Hbattery voltageis kcpt constant and number of turns in
coil are doubled

(C Ifnumber of turns and coil radius both are doubled

D) Ifnumber of turns are hatved and coil radius is doubled

4-4 The figur¢-4.236 contains an infinite slab having current
per unit area of J, = Jk between the infinite planes atx =—5
and x = &. Slightly to the right of x = &, an infinite thin sheet is
kept. Tt carries a current per unit length fc; = ZbJ(—kA) . Choose
the correct option(s) :

Figure 4.236

(A} The ficld due to sheet at any point is /b

o Hodb
{B) The field due to sheet at any point is 5
(O The magnetic field due to sfab at a point inside the slab
must be independent of y co-ordinate aud y component of field
must be a function of x
(D} Magnetic field at a point (x, ) inside slab, due to slab is
HyJx

45 An infinitely long straight wire is carrying a current 7.

Adjacent to it there is another equilateral triangular wire having
curent £,. Choose the wrong options :

s I,

Figure 4,237

(A) Net force on loop is leflwards
(B) Net force on loop is rightwards
(C) Net force on loop is upwards
(D} Net force on loop is duwnwards

46 A charged particle having its charge to mass ratio as f3
goes in a conical pendulum of tength I making an angle 0 with
vertical and angular velocity o, 1Y s magnetic field B is directed
vertically downwards (see figure-4.238) :

Yrdids

/11l

1t}

13

Figure 4 238

Y PR
&) B= B[m mLcosOil

(B} Angular omentum of the particle about the point of
suspension remains constant

(C} Ifthe direction of B were reversed maintaining same wand
L, then 9 will remain unchanged

{D} Rate of change of angular momentum of the particle about
the point of suspension is not a constant vector.
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4.7 Twolongand parallel wiresat Pand g carry currents L. 1A
and 0.2A respectively in opposite directions as shown in
figure-4.239. In which regton(s) a neutral point may not exist,
that is where the magnetic field is not zero?

P o
b O & -¥

Figure 4,239

(A) Between Xand P
(B) Between Pand O
(© Between Qand ¥
(D} In all the regions there exists no neutral point

4-8 Which of the following statements given below is/are
correct

{A) Onty cleetric charges can produce magnetic fields

(B) Magnetic poles does not exist in nature these are only
assumed for mathematical calculations

(C A long straight current carrying wire behaves like a bar
magnet

(D) For an observer facing a magnetic pole, a north pole acts
like a clockwise current and a south pole acts like an
anticlockwise current

4-9 The figure-4.240 shows -z square wire mesh made of
conducting wires. Here, each small square has side a. The
structure is kept in uniform magnetic field B perpendieular to
the plane of paper:

A G D
X X
TE 0 F
I A - X
B H C
f————m] i
Fipure 4.240

(A) The magnetic force on the structure is 242 iBa
(B} The potential of point B = potential of point D
(C) Potential of point O = potential of point B

(D) The magnetic force on the structure is +/2 iBa

4-10 A charged particle of unit mass and unit charge at some
instant has velocity ¥ =(8&f +6j) ms™! in magnetic ficld
B =(212) Testa. (Neglect all other forces). Choose the
CORRECT option(s):

{A) The path of particle may be x2+)? —4x—-21=10

(B) The patlr of particle maybe x2-+32=25
(C) The path of particle maybe y? + 22 =25
(D) Time period of particle will be 3.t4s

4-11 Consider the following statements regarding a charged
particle in a magnetic field. Which of the statements are true?
{A) Starting with zero velocity, it accelerates ir: a direction
perpendicular tg the magnetic field

(B} While deflection in magnetic field its caergy gradually
increases

{C} Only the component of magnetic field perpendicular to
the direction of motion of the charged particle is effective in
deflecting it

(D) Direction of deflecting force on the moving charged particle
is perpendicular to its velocity

4-12 A particle of specificcharge ‘o is projected from origin at
t=0withavelocity 7 =¥, (7 + k) inamagneticfield B =-Bk.
Then : (Mass of particle= 1 unit)

(A) At £ = _% , velocity of the particle is 7, G ~£)
a.og

"

®) Atr=——

*
Clisy

speed of the particle is ¥,

(C) Ats= azj—? , magnitude of displacement of the particle is
)

7
morethan o
o3,
.2
(DY At t= Fj , distance travelled by the particle is less than
0
22z,
aB, -

4-13 For experimental measurement of the magnetic moment
of a bar magnet which of the following devices can be used
(A) Deflection magnetometer if horizontal component of earth’s
magnetic field is given

(B) Vibrational magnetometer ifhorizontal component of earth’s
magnetic field is given

(C) Both Deflection and vibrational magnetometer ifhorizontal
component of earth’s magnetic field is not given

(D} Tangent galvanometer if horizontal component of earth's
magnetic field is not given

4-14 Twoidentical charged particles enter a uniform magnetic
ficld with same speed but at angles 30° and 60° with field.
Let a, b and ¢ be the ratio of their time periods, radii and
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{A) abe=1
{C) abc< 1

B) abc> 1
D) a=be

4-15 A current carrying conductor is in the form of a sine
curve as shown in figure-4.241, which carries current 1, Ifthe

equation of this curve is Y=2 sin [%) and a uniform magnetic

field B exists in space :
Vi
2m+ g
G -
X

Figure 4.241

(A) Forceon wire is BIL if field is along Z-axis

(B) Force on wire is 2BIL if field is along Y-axis

(C) Force on wire Is zero if field is along X-axis

(D) Force on wire is BIL if field is in the X¥ plane making an
angle 30° with X-axis

416 A straight conductor carries a current. Assume that all
free electrons in the conductor move with the same drift
velocity v. 4 and B are two observers on a straight line XY
paratlel to the conductor. 4 is stationary. B moves along XY
with a velocity v in the direction of the free electrons :

(A) 4 and B observe the same magnetic field

(B) A observes a magnetic field, B does not

(C) A and B observe magnetic fields of the same magnitude
but opposite directions

(D) 4 and B do not observe any electric field

4-17 A dip ncedleis taken at a point on geomagnetic equator
line on earth surface. The dip needle is placed such that it can
rotate in a vertical plane perpendicular to magnetic meridian at
that point. At different points of the geomagnetic equator the
dip needle in equilibrium can point in a direction which is:
(A) Horizontal

B} Vertical

{C) Atsome angle to vertical

(D) Atanydirection except vertical

T

4-18 A square wire frame is hinged about one of it's sides A5.
It carries a current of §.5A. Which of the following magnetic
ficlds can hold it in equitibrium in horizontal position shown. It
has a mass of 500gm :

¥

Figure 4.242

. 5 S - _»
(A) 3f+§k (B) 5:—3]+2k

5

. 5. 5
2j-2k
© 25 2

®) f+5”-+%§

4-19 A compass needle is taken to a geomagnetic pole and
kept in a horizontal plane. The needie

(A) May stay in north-south direciton

(B) May stay in cast-west direction

(C) May stay at 11° east of north

(D) May oscillate

4-20 A particle of charge —g and mass m cnters a uniform
magnetic field B (perpendicular to paper inwards) at £ with a
velocity v, at an angle o and leaves the ficld at O with velocity v
atangle } as shown in figure-4.243, then :

Ex x * b4
; vy 3
x X % %
P
¥, X X b1 x
B
x L4 o =
g
L ® kS b4
Figure 4.243
(A)a=p
B v=y,
Zmvy sin o
© PO= "3 —
q
] L ) 2m{r— o)
(D) Particle remains in the field for time t=——B—
q
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4-21 A charged particle with velocity ¥ = xi + 7 movesina

magnetic field B = 37 +xj . The magnitude of magnetic force
acting on the particle is . Which one of the following
statemeni(s) is/are correct ?

(A) No force will act on particle if x=y

B) Fou(¥*—p)ifx>y

(C) The force will act along z-axis if x>y

(D) The force will act along y-axisif y>x

4-22 A long thick conducting cylinder of radius ‘R’ catries
a current uniformly distributed over its cross section :

(A) The magnetic field strength is maximum on the surface
(B) The magnetic field strength is zero on the surface

(C) The strength of the magnetic field inside the cylinder will
vary as inversely proportional to r, where r is the distance
from the axis

(D) The energy density of the magnetic field outside the
conductor varies as inversely proportional to 1/7%, where ‘7’
is the distance from the axis.

4-23 Two parallel conductors carrying current in the same
direction attract cach other, while two parallel beamns of electrons
moving in the same direction repel each other. Which of the
following statements provide part or all the reason for this ?
(A) The conductars are electrically neutral

(B) The conductors produce magnetic fields on cach other
(C) Theelectron beams do ot produce magnetic field on cach
other

(D) The magnetic forces caused by the electron beams on
each other are weaker than the electrostatic force between
them

4-24 A bar magnet is moved along the axis of a copper ring, as
scen from the side of magnet, an anticlockwise current is found
to be induced in the ring. Which of the following may be true ?

Figure 4.244

(A) The south pole faces thering and the magnet moves toward
it
(B) Thenorth pole faces the ring and the magnet moves toward
it

Magnetic Effecis of Currents gvl]dé'lasg‘.égi ﬂaéaais—nﬂ

(C) The south pole faces the ring and the magnet moves away
fromit
(D} Thenorth pole faces the ring and the magnet moves away
from it

4-25 An observer 4 and a charge (2 are fixed in a stationary
frame F,. An observer B is fixed ina frame F,, which is moving
with respect to F :

Figure 4.245
(A) Both 4 and B will observe electric fields
(B) Both 4 and B will observe magnetic fields.
(C} Neither A nor B will observe magnetic ficlds.
(D) B will observe a magnetic field, but 4 will not

4-26 There are two wires ab and ed in a vertical plane as shown
in figure-4.246. Direction of current in wire ab is rightwards.
Choose the correct options :

c——————————d
Ir
a - L

A
o

Figure 4.246

(A) Ifwire ab is fixed then wire ¢d can be kept in equilibriom
by the current in ed in leftward direction

(B) Equilibrium of wire cd will be stable equilibrium

(C) If'wire cdis fixed, then wire ab can be kept in equilibrium
by flowing current in o in rightward direction

(D) Equilibrium of wire ab will be stable equilibrium

4-27 Aninfinitely long, straight wire carrying current /, passes
through the center of circular loop of wire carrying current 7,.
Theinfinite wire is perpendicular to the plane ofthe loop. Which
of the following statements is/are INCORRECT regarding the
magnetic force on the loop due to the infinite wire :

. (A) Force on the loop due to infinite wire is upward, along the

axis of the loop

(B) Force on the loop due to infinite wire is downward, along
the axis of the {oop

(C) Although net force on the loop due to infinite wire is zero,
but due to magnetic interaction between infinite wire and loop,
a tensile stress is developed in the loop

(D) Thereis nomagnetic force on the foop due to infinite wire.
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4-28 Which of the following statement is correct 7

{A) Acharge particle enters a region of uniform magnetic ficld
at an angle 85° to magnctic lines of force. The path of the
particle is a circle

@) Anclectror and a proton are moving with the same kinetic
energy along the same direction. When they pass through
uniform magnetic field perpendicular to their direction of
motion, they describe circular path

(C) There is no change in the energy of a charged particle
moving in a magnetic field althongh magnetic foree acts on
it

(D) Two clectrons enter with the same speed but in opposite
direction in a uniform transverse magnetic field. Then the two
describe circle of the same radius and these move in the same
direction

4-29 A rectangular loop of dimensions (g x b) carries a current
i. Auntform magnetic field B = B, exists in space. Then:

"y

Figurc 4.247

{A) Torque on the loop is ighB, sin §

(B} Torque on the loop is in negative y-direction

Q) If allowed to move the loop turn so as to increase 0
(D) In allowed to move the loop turn so as to decrease 8
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Unsolved Numerical Problems for Preparation of NSEF, INPhO & IPhO

Fordetailed preparation of INPhO and IPhO students can refer advance study material on www.physicsgalaxy.com

4-1 An g-particle is accelerated by a potential difference of
10* V. Find the change in its direction of motion, if it enters
normally in a region of thickness 0.Im having transversc
magnetic induction of 0.1 Tesla. {Given : mass of a-particle
64x107kg)

Ans. [6 = 30°)

4-2 Alonghorizontal wite A8 which is free to move in a vertical
plane and carries a steady current of 204, is in equilibrivm at a
height 0f 0.0 km over another paralle] long wire CD, which is
fixed in a horizontal plane and carries a steady current of 30A,
as shown in figure-4.248. Show that when AR is slightly
depressed, it executes simple harmonic motion. Find the period
of oscillations,

4 _hs20A

PR pp—"

¢ i,=30A D
Figure 4.248
Ans. [0.25]

4-3 Abeam of charged particles, having kinetic energy 10%cV,
contains masses 8 x 10~ kg and 1.6 x 10-% kg emerge from the
end of an accelerator tube, There is a plate at a distance 102 m
from the ead of the tube and placed perpendicular to the beam.
Calculate the magnitude of the smallest magnetic field which
can prevent the beam from striking the plate.

Aps. [2T]

4-4 A long straight cylindrical hollow pipe has inner and outer
radii 1 cm and 2cm respectively. It carries 2 current 100A.
Calculate the magnetic field at distance (a) 0.5 cm, (b} 1.5cm
and (c) 4 cm from the axis of pipe.

Anss. [{a) 0 (b) 5.56 x 10~T (c) 5 x 10T}

4-5 A current i, indicated by the crosses in figure-4.249 is
established in a strip of copper of height % and width w. A
uniform field of magnetic induction B is applied at right angles
to the strip.

¥

L
)

3

Figure 4.249

(@) Calculate the drift velocity v, for the electrons.

(b} What are the magnitude and direction -of the magnetic
force F acting on the electrons.

() What would be the magnitude and direction of a
homogeneous electric field £ have to be in order to
counterbalance the effect of magnetic field ?

(d) What is the voltage ¥ necessary between two sides of the
conductor in order to create this field £? Between which sides
of the conductor would this voltage have to be applied ?

(e) [fnoelectric field is applied from the outside, the electrons
will be pushed somewhat to one side and therefore will give
rise to a uniform electric field £, acrossthe conductor until the
forces of this electrostatic field E,, balance the magnetic force
encountered in part-(b). What will be the magnitude and
direction of field E,;? Assame that », the number of conduction
electrons per unit volume is 1.1 x 10%%/ metre? and that
h=0.02 metre, w=0.1 ¢cm, i = 50 amp, and B =2 weber/metre?,
Ans. [{a) 1.4 x 10~%m/s; (b) 4.5 x L07BN (in downward direction);
{c) 2.8 = 10—*W/m; (d) 5.8 x 107V, Top voltage skould he positive und
bottom negative.; {e) 2.8 x [0-4V/m]

4-6 A 2keV positron is projected into uniform field of induction
B of0.10T with its velocity vector making an angle of 89° with
B. Convince your-self that the path will be a helix, its axis being
the direction of B, Find the period, the pitch p, and the radius r
ofthe helix, see figure4.250.

Figure 4.2'50
Ans, {(1) 3.6 x E07'%, (2}, 0.17  167m, (3) L.5 x 107m]

4-7 The distance between two plates of a cathode ray
oscillograph is lem and potential difference between them is
1200 volt. If an electron of energy 2000 eV enters at right angles
to the field what will be its deflection if the plates be 1.5 cm
leng ?

Ans. {0.34cm]
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4-8 A solenoid oflength 0.4m and diameter 0.6m consists ofa
single fayer of 1000 turns of fine wire carrying a current of
5.0 x 1073 ampere. Calculate the magnetic field intensity on the
axis at the middle and at the ends of the solenoid.

Amns, [2.775n x 1675T, 2x x 107°T]

4-9 A charge of I coul. is placed at onc end of 2
non-conducting rod of length 0.6m. the rod is rotated in a
vertical plane about a horizontal axis passing through the other
end of the rod with angular frequency 10* « radian/sec. Find
the magnetic field at a point on the axis of rotation at a distance
of 0.8 from the centre of the path. Now half of the charge is
removed from one end and placed on the other end. The rod is
rotated in & vertical plane about horizontal axis passing through
the mid-point of the rod with the sam¢ angular frequency.
Calculate the magnetic fietd at a point on the axis at a distance
of .4m form the centre of the rod.

Ans. [1.13 x 10°T; 2.26 % 1073F]

4-10 A long horizontal wire P carries a current of 50A. It is
rigidly fixed. Another find wire Q is placed directly above and
parallel to P. The weight of the wire O1s 0.075 N/m and it carries
a current of 25A. Find the position of the wire ( from the wire
Pso that J remains suspended due to the magnetic repulsion.
Also indicate the direction of current in ) with respect to P.

F
25A

== ]

S0A
Figure 4.251
Asns. [3.33 mm]

4-11 A pair of parallel horizontal conducting rails of negligible
resistance shorted at one end 1s fixed on a table. the distance
between the rails is L. A conducting massless rod of resistance
R can slide on the rails frictionlessly. the rod is tied to a massless
siring which passes over a pulley fixed to the edge of the table.
A mass m, tied to the other end of the string, hangs vertically.
A constant magnetic field B exists perpendicular to the table. If
the system is released from rest, calculate.

Figure 4.252

(b} The acceleration of the mass at the instant when the
velocity of rod is half the terminal velocity.

- meR

Anms. [(a) v.= 'ﬁ s

£
by 51

4.12 Three infinitely long thin wires, each catrying current i
in the same direction arc in the X-Y plane of a gravity free
space. The central wireis along the Y-axis while the other two
arealongx==d.

(8) Find the locus of the points for which magnetic field B is
zoro.

(b) Ifthe central wire is displaced along the Z-direction by a
small amcunt and released, show that it will execute simple
harmonic motion, Ifthe linear density of the wire is A, find the
frequency of oscillation.

2
Ans. (@) x = 0 6) 5 {ﬂ%ﬂ ;

4-13 Theregion between x = 0 and x =L is filled with uniform,
steady magnetic fieid B k. A particle of mass m positive charge
g and velocity v travels along X-axis and enters the region of
magnetic feld. Neglect the gravity throughout the question.

(a) Find the value If L ifthe particle emerges from the region
of magnetic ficld with its final velocity at spent by it is the
magnetic field.

(v} 1fthe mapnetic field now extends upto 2.1L, find the time
spent by the particle inside the field now.
o .y T

Ans. [(a) 2B (&) 4B ]
4-14 Two straight parallel conductors are spaced 50cm apart
and carry oppositely directed currents, the first 204, the
second 24A. A point P is separated from the first conductor by
a distance of 40cm and from the second by 30cm. Caleulate the
magnetic field of induction at P,

Angs, [188.68 x 107T and « — 32°]

4-15 The eleciron circulates round the nucleus in a path of
radius 5.1 X 107! m at a frequency of 6.8 x 10" revolutions/sec.
Calculate B at the centre and magnctic dipole morment,

Ans. [14T, 9 x 102Am?]

4-16 A coil carrying a current f= 10mA ig placed in a nniform
magnetic field so that its axis coincides with the field direction.
The single-layer winding of the coil is made of copper wire
with diameter 4= 0. Imm, radius of turns is equal to R =30mm.
At what value of the induction of the external magnetic field
can be coil winding beruptured ?

Ans. {8kT]
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4-17 A current i=5.0 amp. flows along a thin wire shaped as
shown in figure-4.253. The radius of a curved part of the wire is
equal to R = 120 mm, the angle 2¢ = 90°. Find the magnectic
induction of the field at the point G.

Figure 4,253

Ans. [2BuT}

4-18 In an electromagnetic pump designed for transferring
molten metals in a pipe section with metal is focated in a uniform
magnetic induction B, A current / is made to flow across this
pipe section In the direction perpendicular both to the vector
B and to the axis of the pipe. Find the Gauge pressure produced
bythe pump if B=0.10T, /= 100A and a=2.0cm.

™

P

Figurce 4.254
Ans. [0.5kPa]

4-19 A current ! flows in a long thin walled cylinder of radius R.
What pressure do the wall of the cylinder experience ?

Fipure 4,255

Magnetic Effects of Cuments and Classical Magnetisi |
4-20 At the moment ¢ = 0 an electron leaves one plate of a
parallel plate capacitor with a negligible velocity. An
accelerating voltage, varying as ¥'= at, where ¢ = 100V/s, is
applied between the plates. The separation between the plates
is /=5.0cm. What is the velocity of the electron at the moment
it reaches the opposite plate?

—
-

g€

"

Figure 4,256

Ams, [16km/s]

4-21 A proton beam passes without deviation through a region
of space where there are nniform transverse mutually
perpendicular electric and magnetic fields with £= 120kV/m
and B = 50mT. Then the beamn strikes a grounded target. Find
the force which the beam acts en the target if the beam current
is equal to 0.80mA.

Ans. [2 x 10N}

4-22 A proton accelerated by a potential difference ¥ pets
into the uniform electric field of a parallel plate capacitor whose
plates extend over a length / in the motion direction. The field
strength varies with time as E = a¢, where g is a constant.
Assuming the proton to be non-relativistic, find the angle
between the motion directions of the proton before and after
its flight through the capacitor; the proton gets in the field at
the moment = {). The edge effects are to be neglected.

2 7 N
Ans. ftan™! [E‘%J[ff;)]]

4-23 A charged particle moves along a circle of radius
r= 100 mm in auniform magnetic field with induction 5= 16.0mT.
Find its velocity and period of revolution if that particle is :
{a} A non-relativistic proton

() Arelativistic electron

Ans. {{a} 6.5us; (b) 4.1as5]

4-24 A non-relativistic electron originates at a point 4 lying
on the axis of a straight solenoid and moves with velocity v at
an angle of o to the axis. Find the distance r from the axis to the
point on the screen into which the electron strikes and is located
at a distance { from the point 4,

eBl J
2mycosa 1

Ans. { %sin a[sin(
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4-25 A non-relativistic charged particle flies through the
electric ficld of a cylindrical capacitor and pets into a uniform
transverse magnetic field with induction 8. In the capacitor,
the particle moves along the arc of a circle, in the magnetic
field, along a semi-circle of radius », The potential difference
applied to the capacitor is equal to ¥, the radii ol electrodes are
equalto g and b, with g < b. Find the velocity of the particle and

its specific charge ¢/m.

4 |4

Ans. { .
Bl gy, (2)
Q &

4-26 Uniform electric and magnetic fields with strengths E
and inducticn B respectively are directed along y-axis. A particle
with specific charge g/m leaves the origin Oin the direction of
the x-axis with an initial non-relativistic velocity v, Find :

(a) The co-ordinate y, of the particle when it crosses the
y-axis for the n't time;

(by The angle o between the particle's velocity vector and
y-axis at that moment,

By,
2,2 2, —1{ DV
Ans. [{a) 2rin*mE/gB*; (b) tan (2 ﬂEH)}

4-27 A narrow beam of identical ions with specific charge
g/m, possessing different velocities, enters theregion of space,
where there are uniform parallel clectric and magnetic fields
with strengths E and B, at the point O. The beam direction
coincides with the x-axis at the point . A plane screen oriented
at right angles to the x-axis is located at a distance { from O.
Find the equation of trace that the ion leaves on the screen,
Demonostrate that at z << /, it is the equation ofa parabaola,

B
1
Ans, [z [ZmE Jy}

4-28 A beam of non-relativistic charged particles moves
without deviation through the region of space 4 where there
are transverse mutually perpendicular electric and magnetic
fields with strength E and induction B. When the magnetic
Beld is switched off, the frace of the beam on the screen §
shifts by Ax. Knowing the distance ¢ and b, find the specific
charge g/m of the particles,

ImEAx
Ans. [a{_a+2b}32 ]
4-29 An electron is accelerated throvgh a PI} of 100V and
then enters a region where it is moving perpendicutar to a
magnetic field B = 0.2T. Find the radius of the circular path,
Repeat this problem for a proton.

Ans. [0.0167cm, 0.7cm]

e e i o o T . 1 305

4-30 A proton, adeutron and an a-particle have equal kinetic
energies. Compare the radif of their paths when a normat
magnetic feld is applied.

Ans. fr, = J2, = Jz_r“]
4-31 Determine the magnetic field at point P located a distance

x from the corner of an infinitely long wire beant at right angle
as shown in figure-4.257, The wire carries a steady current 7,

i X P

» f

Figure 4.257
Ans, {-“E*:x—into the page]

4-32 Consider the current carrying loop shown in fipure-4.258
formed of radial lines and segments of circles whose centres

are at point P. Find the magnitude and direction of B at point P.

[
r* a 1

Figure 4.258

Ans, [%(ﬁ—%) out of the page]

]

4-33 Four long, paraltet conductors carry equal currents of
5.0A. The direction of the currents is into the page at points 4
and ¥ and out of the page at Cand D. Calculate the magnitude
and direction of the magnetic field at point P, located at the
centre of the square.

AR -®C
P 0.2m
B® 0.2m ©D
Figure 4.259

Auns. [20.0uT toward the bottom of the square}
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4-34 Figure given in the question is a cross-sectional view of
a coaxial cable, The centre conductor is surrounded by a rubber
layer, which is surrounded by an outer conductor, which is
surrcunded by another rubber layer. The current in the inner
conductor is 1.0A out of the page, and the current in the outer
conductor is 3.0A into the page. Determine the magnitude and
direction of the magnetic field at points g and 4.

L]
lmm b Imm
Figure 4.260

Ans. [200uT toward the top of the page, 133uT toward the bottom of
the page]

4-35 A galvanometer coil 5em x 2cm with 200 turss is
suspended vertically in a field of 5 x 1072T. The suspension
fiber needs a torque of 0.125 x 16-"N-m to twist it through one
radian. Calculate the strength of the current required to be
maintained in the coil if we require a deflection of 6°.

Ans. f1.3 x 1077A])

4-36 A charged particle carrying charge ¢ = 1p€ moves in
uniform magnetic field with velocity v, = 10% m/s at angle 45°
with x-axisin thex-y planc and experiences a force F, = 5v2 mN
along the negative z-axis. When the same particle moves with
velocity v, = 10 m/s along the z-axis it experiences a force F, in
y-direction. Find :

(@) Magnitude and direction of the magnetic Geld,

(b} The magnitude of the force F,.

Ans, [(a) (1021)T; (b) 10 2N] _
4-37 A wire shaped to a regular hexagon of side 2cm carries a
current of 2A. Find the magnetic field at the cenre of the
hexagon.

Ans, [1.38 x 10T}

4-38 Three infinitely long thin wires, each carrying current §
in the same direction, are in the X-Y plane of a gravity frec
space. The central wire is along the y-axis while the other two
arealong x=%4d:

(@) Findthe lecus of the points for which the magnetic field 8
iszero .

. - et

(b) Ifthe central wire is displaced along the z-direction by a
small amount and released, show that it will execute simple
harmonic motion, Ifthe linear density of the wires is A, find the
frequency of oscillation

d d i
Aws. [) x = and x === () ﬁ Eri- ]
4-39 Uniform electric and magnetic fields with strength £ and
8 are directed along the y-axis. A particle with specific charge
g/m leves the origin in the direction of x-axis with an initial
velocity v, Find : '

(a} The y-coordinate of the particle when it crosses the y-axis
for n® time.

{b) Theangle o between the particle’s velacity vector and the
y-axis at that moment.

2n’mER®
g8

Auns. [{2) (b) toa (zﬁﬁ] ]

4-40 A particle of charge g and mass m is projected from the
origin with velocity ¥ =v,{ in a nonuniform magnetic field
B= —Bﬂxff - Here v and B, are positive constants of proper

dimensions. Find the maximum positive x-coordinate of the
particle during its motion.

Ans. [ 2y, ]
By

441 Anelectron moves through a uniform magnetic field given
by B=Bi+(3B,)] . Ataparticular instant, the clectron has
the velocity 7 = (2.0 +4.0]) m/s and magnetic force acting
onitis (6.4 x 10" N)k . Find B .

Ans. {B_ = — 2.0T)

4-42 A neutral particle is at rest in a uniform magnetic field 5.
At time ¢ = Q it decays into two charped particles. each of
Mass m : - -

(@) If the charge of one of the particles is +¢, what is the
charge of the other ?

(b) The two particles moves off in separate paths, both of
them lie in the plane perpendicular to 5. At a later time the
particles collide. Express the time from decay until collision in
termsofm, Band q.

aus. [ ¢ (0) )
4-43 Each of the points at the corers of the cube in figure

represents a positive charge g moving with a velocity of
magnitude v in the direction indicated. The region in the figure
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is in a uniform magnetic field B , parallel fo the x-axis and directed
toward the right. Find the magnitude and direction of the force
on each charge.

d

e

Figure 4.26}

Ans. [(ay- gvB | (DY +lf ; (€) Zero; (d):‘gj;ﬁ}; (e} (—-ngJ{}+i;)}

5

4-44 A proton of charge e and mass sn enters a uniform magnetic
field B=Bi with an initial velocity v =v,{+ vy_:i. Find an
expression in unit-vegtor notation for its velocity at time £,

5 ] . T Be
Ans. [F=w 7ty cosmff -y sinatk, Here o =;}

4-45 A thin, 50.0cm long metal bar with mass 750g rests on, but
is not atfached to, two metallic supports in a 0.450T
magnetic field, as shown in figure-4.262. A battery and a
resistance R = 25,083 in series are connected to the supports :

r R

|

t
—
F®

L a

Figure 4.262

(a) What is the largest vultage the battery can have without
breaking the circuit at the supports?
(b) The battery voltage has this maximum vatue calculated.

Decreasing the resistance t02.0Q, find the initial acceleration of
thebar.

Ams. [{z) 817.5V {b) 112.8m/s?]

4-46 In figure-4.263, the cube is 40.0cm on each cdge. Four
siraight segments of wire ab, be, cd and da form 2 closed loop
that carries a eurrent /=5.004A, in the direction shown., Auniform

B I e

116

magnetic ficld of magnitude B = 0.020T is in the positive
y-direction. Determine the magnitude and direction of the
magnetic force on each segment.

Figure 4.263

Ans. [Fos =0, Fae = (-DO4NY, For = (-0.04N)E, F 0= (0.047 + 0.040)N]

4-47 A length L of wire arries a current . Show that if the
wire is formed into & circular coil, then the maximum torque in
a given magnetic field is developed when the coil has one
turn only, and that maximum torque has the magnitude 1 =I?
iBidn.

4-48 A coil with magnetic moment 1.45A-m? is oriented
initially with its magnetic moment aatiparaliel to a uniform
0.835T magnetic field. What is the change in potential energy
ofthe coil when it is rotated 180° so that its magnetic moment
1s parallel to the field 7

Ans. [~ 2.421]

4-49 Acurrent]= 2A fiows in a circuit having the shape
ofisosceles trapezinm. The ratio of the bases of the trapezium
is 2. Find the mapnetic induction B at symmetic point Qin the
plane of the trapexium. The length of the smaller base ofthe
trapexium is 100mm and the distance r=50mm.

-
e

Figure 4.264
Ams. |2 x 1075T]
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4-50 Find the magnetic field B at the point P in figure-4.265.

k—a—*—a—ﬂp

—

[
i

Figure 4,265

Ho!
Ans, d
ng, [4 o {inwards)]

4-51 A wirc carrying current 7 has the configuration as shown
in figure-4.266. Two scmi-infinite straight sections, both tangent
to the same circle, are connected by a circular arc of central
angle 0, along the circamference of the circle, with all sections
lying in the same plane. What must 6 be for B to be zero at the
cenre of the circle 7

T
-
-

/

\\\\\

Figure 4.266
Ans. [2rad)]

4-52 A closely wound coil has a radius of 6.00cm and carries
a current of 2.50A. How many turns must it have if, at a point
on the coil axis 6.00 cm from the cemre ofthe ceil, the mapnetic
fleldis 6.39% 1064T? ;

Ans. {69]

4-53 A closed curve encircles several conductors. The line
integral j}} -dl around this curve is 3.83 x 10T
(a) What is the net current in the conductors ?

{b) If you were to integrate around the curve in the opposite
direction, what would be the value of the line integral?

Ans. [{a) 0.3A; {b) 0.01R4m]

4-54 A long cylindrical conductor of radius g has two
cylindrical cavities of diameter a through its eatire length as
shown in cross-section in figure-4.267. A current [ is directed

Magnetic Etfects ofCur;enut“s_:é"nﬁc?ans;iEaf Magnsfism |

out of the page and is uniform throughout the cross-section of
the conductor. Find the magnitude and direction of the magnetic
fieldin terms of p, 7, rand a:

(a) Atpoint P, and
(b) atpoint P,

|

r

|

Figure 4.267

Ans. [(3) ”@r"[4r

]
to the lef; () #" 2rj ra towards the top
—d® 45t ¢

of the page}

4-55 The two infinite plates shown in cross-section in
figure-4.268 carry A amperes of cutrent out of the page per unit
width of plate. Find the magnetic field at points Pand Q.

2% & %% R -0 4 5 8P & 4 &0 w W

sp

B 8 &% 2 % & 4 & 48 B A s

0

Figure 4.268

Ans. (B = 0, B, = pd

4-56 A long horizontal wire AB, which is free to move in a
vertical plane and carries a steady current of 204, is in
cquilibrium at a height of 0.0 lm over ancther parallel long wire
CD which is fixed in a horizontal plane and carries a steady
cucrent of 30A, as shown in figure-4.269. Show that when 45 is
slightly depressed, it ¢xecutes simple harmonic motion. Find
the period of escilfations.

4 B

a4 -}
Figure 4.269

Ans. [(.25]

4-57 Amagnet oflength 0.1m and pole strength 10-4 web kept
in amagnetic field of intensity 30N/Wb at an angle 30°. Find
the couple acting on it.

Aags. [1.5 % 10-Nm]
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4-58 Find the force experienced by a pole of strength [00Am
af 4 distanee of 20cm from a short bar magnet of length Scm
and pole strength of 200Am on its axial line.

Ans, |2.5 x 107°N])

4.58 A manetic needle is suspended at a distance of 1m from
a short magnet on the eastern side on its axial line. The deflection
produced is 30°. Calculate the horizontal component of earth's
magnetic field ifthe magnetic moment of the magnet is 100 Am?,

Ans. [3.46 x 187°T}

4-80 A coil in the shape of an equilateral triangle of side $.02m
is suspended from a vertex such that it is hanging in a vertical
plane between the pole pieces of a permanent magnet producing
a horizontal magnetic field of 5 ¥ 1072 tesla. Find the couple
acting on the coil when a current of 0.1 ampere is passed
through it and the magnetic field is paratlel to its plane.

Ans, [B.66 » 107"Nm])

4-61 A vibration magnetometer consists of two identical bar
magnets placed one over the other such that they are mutually
perpendicular and bisect each other. The time period of
oscillation in a horizontal magnetic field is 4s. If one of the
magnets is taken away, find the period of oscillation of the
other in the same field.

Ans. [3.36s]

4-62 A small magnet of maguetic moment & x 10~ amp-m?is
placed on the Y-axis at a distance of 6.1 m from the origin with
its axis paralle] to the X-axis. A coil having 169 tarns and radius
0.05m is placed on the X-zxis at a distance of 0.12m from the
origin with the axis of the coil coinciding with X-axis. Find the
magnitude and direction of the current in the cot] for a compass
needlc placed at the origin, to peint in the north-south direction.

Ans. [2.6 * 107'°A, clockwise direction when viewed from €]

4-63 A circnlar coil of radius 0.157m has 50 turns. It is placed
such that its axis is in magnetic meridian. A dip necdle is
supported at the centre of the coil with its axis of rotation
horizontal and in the plane of'the coil. The angle of dip is 30°
when a current flows through the coil. The angle of dip becomes
60° on reversing the current, Find the current in the coil
assuming that the magnetic field dus to the coil is smaller than
the horizontal component of earth’s magnetic field,
By=3x10°T.

Auns. [0.75A]

4-64 A small magnet of magnetic moment M is placed at broad-
side on position of a magnet of magnetic moment M', length 27
in such a way that the axis of former coincides with the
perpendicular bisector of the latter. The separation between

their centres is &. Calculate the nature of interaction (force or
couple) among them. What 15 its limiting value when 4 becomes
very large ?

Ans. [ Yox_M'xm pa MM

LM M ]
An (dz__ryz)m * 45‘.’({{1‘?('2)3!2 ?

dad’ v
4-65 A small coil of radius 0.002m is placed on the axis ofa
magnet of magnetic moment 10° Jt and length (. 1m at a distance
0f0.15m from the centre of the magnet. The plane of the coil is
perpendicnlar to the axis of the magnet. Find the force on the
coil when the current of 2.0 arap. is passed through

Ans, [4.396 x 10-IN]

4-66 A magnet is suspended in the magnetic meridian with a
untwisted wire. The upper end of the wire is rotated through
180° to deflect the magnet by 30° from magnetic meridian. Now
this magnet is replaced by another magnet. Now the upper end
of the wire is rotated through 270° to deflect the magnet 30°
from magnetic meridian. Comparc the magnetic monents of
magnets.

Ans. [M, : M, =5:8]

4.87 A coil is made with a wire having radius 0.Imm and
resistivity 2 X 107° Qem. The radius of the coil is Sem and it
consists of 50 turns, The coil is connected to a celf of emf 10V
and negligible internal resistance

(a) Find the current flowing through it

(b) What must be the potential differcnee across the coil so
as to nullify the earth’s horizontal magneti¢ induction of
3.14 % 1075 T as the centre of the coil. How should the coil be
placed to achicve the above result ?

Ans. {{a} 1A (b} 0.5V]

4-68 A Rowland ring of mean radius 15cm has 4500 turns of
wire wound on a ferromagnetic core of relative permeability
800. Find the magnitude of the magnetic ficld in the core for a
magnetising current of 1.2A.

Ans, [5.76T}

4-69 A magnet is suspended at an angle 60° to an external
magnetic field 5 X 10~*T. What is the workdone by th emagnetic
field in bringing it in its dircction. The magnetic moment is
20Am?

Aus. [~ 5 x 107 §]

4.70 The time period ofa bar magnet oscillating in a uniform
magnetic field is 3 seconds. if the magnet is cut into two equal
parts afong the equatorial line of the magnet and one part is
made to vibrate in the same ficld, what is the time period ?

Ans. [T" = I/ MHY ]
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4-71 A small coil ofradius 0.002 m i5 placed on the axis of a
magnet of magnetic moment 10° m from the centre of the magnet.
The plane of the coil is perpendicular to the axis of the magnet.
Find the force on the coil when the current of 2.0 amp. is passed
through it.

Ans, {43.96 » 10-N]

4.72 Find the interaction energy of two loops carrying currents
1, and [, if bothloops are shaped as circles of radii 2 and b, with
a << b, The locp's centres are located at the same point and
their planes form an angle 0 between them.

Ans. [ﬁ . rmzl‘h cos]
26 -

4-73 An clectron accelerated by a potential difference
V= 1.0kV moves in a uniform magnetic field at an angle o =30°
to the vector B whose modulus is B = 29mT. Find the pitch of
the helical trajectory of the electron.

Axns. fZcm)

4-7T4 A particle accelerated by a potential difference V flies
through a uniform transverse magnetic field with induction B.
The ficld occupies a region of space 4 in thickness. Prove that
the angle o through which the particle deviates from the initial
direction of its motion is given by,

a=sin! dB, ‘_q_
2Vm

where m is the mass of the particle.

4-75 A beam of proton with a velocity 4 x 10~m/s enters a
uniform magnetic field of 0.3T atan angle 0f60° to the magnetic
field. Find the radius of the helical path taken by the proton
beam. Also find the pitch of the helix (which is the distance
travelled by a proton in the beam parallel to the magnetic field
during one period of revolution).

Ans. [i2mm, 43.7mm]

4-76 A particle of mass m and charge ¢ is moving in a region
where uniform, constant electric and magnetic field £ and B are
present. E and B are paratlel to each other, At time
=0, the velocity v of the particle is perpendicular to E. Find
the velocity v of the particle at time £. You must express your

Magnetic 'Eif_éj."t_t_a___éfh Currents and Classical Magnetigm |

answer in terms of {, g, m, the vectors v, E, B and their
magnitudes v, Fand B

Ans, {2{5+§ocos(g£) + Bl%xZ) G X:B)sin(q—m}]
m m fv, x B "

4-77 Auniform magnetic field with a slit system as shown in
figure-4.270. is to be used as a momentum filter for high-cnergy
charged particles. With a field B Tesla, it is found that the filter
transmits o-particles each of energy 5.3MeV. The magnetic
fieid is increased to 2.3B Tesla and deuterons are passed into
the filter. Find the energy of cach deuteron transmitted by the
filter,

© Q o] & 0]
]
G 0] O o] e
o yal ol No) o)
:" \\‘
o o Q o\ ©
T
Source Detector
Fignre 4.270
Ans. [14MeV]

4-78 A deflection of 24 divisions ofa ballistic galvanometer is
obtained either by charging a capacitor of 3uF capacitance to
a potential difference of 2V and discharging through the
galvanometer or by connecting the ballistic galvanometer in
series with a flat circular coil of 80 turns, each of diameter 1cm,
the combined resistance of coil and galvanometer being
4000 ohm and quickly thrusting the coil into a strong magnetic
field so that the plane of the coil is perpendicular to the direction
of the field. Calculate the sensitivity of the galvanometer and
calculate the strength of the magnetic field. The strength of
the earth’s magnetic field may be neglected.

Ams, [4 div per pC, 3.82T]

4-79 Find the ratio of maguetic dipole moment and magnetic
field at the centre of a disc. Radius of disc is R and it is rotating
at constant angular speed w about its axis. The disc is
non-conducting and uniformly charged.

3

Ans. {_RR_ ]
2,
L
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Electromagnetic Induction and Alternating Current

' FEW WORDS FOR STUDENTS

After the discovery of Faraday’s law of Electromagnetic Induction only generation of electricity became
easier and cheaper. In magnetism we studied that variation of electric field induces magnetic field and
its converse is the phenomenon of electromagnetic induction. In this chapter we will study that according
to the law of conservation of energy the work which is done in changing magnetic field associated with
a conductor transforins into generation of electricity by induction and whenever work is done always
there is some opposition due to which negative work is done and energy is extracted from some bodj.
This negative work is also accounted in determining the direction of induced current and emf which is
studied under Lenz’s law. Overall this chapter is going to cover the most useful applications of
electromagnetism in real life.

CHAPTER CONTENTS 5.7  Mutual Induction

58 LC Oscillations

59  Magnetic Properties of Matter
510  Alternating Current

511  AC Circuit Components

5.12  Phasor Analysis

513  Power in AC Circuits

514 Iﬂ*an&former

51 Faraday's Law of Electromagnetic Induction
5.2 Time Varying Magnetic Fields (TVMF)

53 Self Induction

54 Growth of Current in an Inductor

5.5 Energy Stored in an Inductor

56 Decay of Current in RL Circuit

COVER APPLICATION

Figure-{a} ’ Figurc-{b)}

Figure-(a) shows a moving metdl serip in the magentic fictd of a magnetic pole and due to motion of free etectrons in the strip these
electrons expericnce & magnetie force and starts flowing in closed loops within strip as shawn. Such currents are called eddy currents and the
magnetic field exerts an opposing magnetic force on these currents and the motion of mctal body is opposed. Figure-(b} shows z rotating
metal disc and a magnetic field due to magnetic poles passes through the disc as shown and it develops eddy curtents and an opposing force
on these currents which causes and opposile torque on the rotating disc. This phenomenon is used in design eddy current braking system for
atuomobiles, -
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We've studied in previous chapter that magnetic field never
does any work on charges as magnetic force acts in direction
normal {o their motion. We can modify this statement as net
work done by magaetic force on moving charges is always zero
but it is possible that there are work done involved by magnetic
forces in & system but equal positive and negative work causes
no net work done. In the phenomenon of electromagnetic
induction magnretic force does negative work on mechanical
agents who are displacing a body which contains charges and
‘extract energy from mechanical work and does positive work on
charges in inducing EMF in the conducting bodies which may
cause induced current to flow if circuit is closed. Always total
work by magnetic forces is zero in system but it acis as a
mediator in transformation of mechanical energy to cleetrical

energy.
5.1 Faraday's Law of Electromagnetic Induction

Based on several experiments Michael Faraday observed that
due to relative motion between a magnetic field and a conductor
if magnetic lines are cut by the conductor or total magnetic flux
through a coil changes then an EMF is induced in the conductor
or coil. This phenomenon is called Electromagnetic Induction.

It is analyzed that the magnitude of induced EMF is equal to the
rate at which the magnetic flux associated with the conductor
or coil changes or being cut. If in time df the magnetic fhix cut or
change by d¢ then the magnitude of induced EMF in the
conductor or coil is given as

d¢

2 L5
As already discussed above that the EMF is induced with the
energy extracted from mechanical energy causing the relative
motion between magnetic field and conductor so the induced
EMF always opposes the mechanical motion causing the change
of magnetic flux thus equation-(5.1) can be rewritten without
modulus as

e=

L

T Tar .
Above equation-£5.2) is commonly known as ‘Faraday s Law
of Electromagnetic Induction’. There are different situations
in which electromagnetic induction can take place which are
shown in fipure-5.1. Figure-5.1{a) shows a fixed circular coil
connected with a galvanometer and 2 bar magnet is coming
close to the coil along its axis as shown. Due to the motion of
magnet the magnetic flux through the coil changes and it induccs
an EMF in the coil. As wire of coil is forming a closed loop, an
induced current also flows and galvanometer shows some
deflection. Figure-5.1(h) shows a similar situation but in this
case magnel is fixed and coil setup is moving. Again due to
continuous change in magnetic flux through the coit an EMF is
induced in the coil causing an induced current to flow through

{52

rent |
gatvanometer. In both of thesc cases if the speed of motion
between coil and magnet increases the rate of flux change
increases causing higher EMF to be induced more induced ~
current will flow.

" Eieotromagnefic Induglion. and Akernating

v
-+

Fixed magnet

(n)

v
e

Fixed magnst

(h)
Figurce 5.1

Figure-5.2 shows a system of two parallel rails connected to a
galvanometer and this setup is placed in a region having a
normal magnetic ficld. A sliding wire AR is placed oo the rails
which moves at some speed maintaining contacts with the rails.
In this case the sliding wire is cutting the magnetic lines or the
magnetic flux on the lefi part of wire which is passing through
the closed loop is changing due to which an EMF is induced in
the sliding wire causing a current flow through the circuit.

- L4 " x
-4
g
- ik r— }
’é
X * 3 %
Ho—py
i
® i £ ® x
> Y b
il A
x x ® X
Figure 5.2
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There can be many such practical situations in which the
magnetic flux associated with a closed loop or a coil changes or
flux is cut by a conductor then an EMF is induced.

5.1.1 Lenz'sLaw

We've already discussed in previous article that the direction
of induced EMF in =lectromagnetic induction is such that it
apposcs the caunses of change of magnetic flux so that negative

. work done in processes causing change of flux will be used in
generation of electrical EMF thats why in equatton-(5.2) there
is a negative sign which denotes that sign of induced EMF is
opposite to the flux change.

Lenz's Law is a way to understand the application of Newton's
third law and comservation of energy in circuits vwhen
clectromagnetic induction takes place. According to Newton's
third law equal and opposite forces causc both pasitive and
negative work to be done simultaneously and by conservation
of energy the amount of energy extracted from the processes
causing flux variation is equal to the electrical energy generated
in form of EMF. In upcoming articles we will mathematically
verify this fact also.

In different cases of electromagnetic induction Lenz’s law can
be directly used to determine the direction of induced EMF or
induced current in conductors or coils through which magnetic
flux is changing. The Lenz’s law can be stated as

“The direction of induced EMF or induced current in g
condyctor or coil due to electromagnetic induction is such
that the effects produced by the induced EMF or curvent
opposes the cause of change in magnetic flux or the cause due
to which electromagnetic induction is taking place.”

Figure-5.3 shows a circular coil placed in planc perpendicular lo
a magnetic field. If magnetic field starts increasing with time
then magnetic flux through the coil area starts increasing. This
induces an EMF in the coil and an induced current also. The
direction of induced current is such that it opposes the cause
of induction.

= X =
g=rt
x o
"{
k4 X =
Higure 5.3
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In this case the cause of induction is increase in magnetic flux
sa direction of induced current is such that it produces its own:
magnetic field in outward direction to oppose the inercase in
external magnetic field thus the direction of induced current
must be anticlockwise in this case as shawn.

Figure-5.4(a} and (b) shows a fixed coil toward which a bar
magnet is moving along its axis with its north and south pole
facing the coil. It these two cases we can see that current
induced in coil by electromagnetic induction is such that it
produces its own magnetic {ield in opposition to the fields of
the bar magnet which was inereasing due to motion of magnet
toward the coil. '

()

(b}
Figure 5.4

Figure-5.5(a) and {b) shows a situation similar to that shown in
figure-5.4 but in this casc bar magne! is moving away from the
coil due to which the magnetic flux through the coil is deereasing.
The current induced in coil in this case should be such that the
magnetic induction due fo induced ewrrent in coil is in the same
direction as that of magnet becanse with the motion of magnet
away from the coil magnetic flux through the coil decreases and
the induced current should opposc the decrease of magnetic
Hux.

www.puucho.com



Study Physics Galaxy with www.puucho.com

fag T

()

(b)
Figure 5.5

Amnother direct method to find the induced current using Lenz’s
law in above cases of a reagnet moving in front of a coil is to
consider coil as a magnet with opposite pole inducing on coil if
magnet is moving away from it to attract it and same pole is -
induced on coil if magnet is moving toward it torepel it. Figure-5.6
shows the coil faces with currents in it behaving like a south or
anorth pole. 1f'we look at coil and a clockwise current is flowing
in it then this face is behaving like a south pole and if
anticlockwise current is flowing in it then this face is behaving
like a north pole. Using this logic also the direction of current in
coils shown in figure-5.4 and 5.5 can be determined guickly.

Figure 5.6

Elocromagls Insion o Aty G|
Figure-5.7(a) shows a setup of two coaxial coils. One connected
with a battery and a switch and other with a galvanometer.
When the switch is closed as shown in figure-5.7(b} just after
closing the switch a current flows in coil 1 due to which it
generates a magnetic induction and a part of its magnetic flux
passes through coil 2 due to which a current is induced in coil
2 which opposes the flux of coil 1 because initially no flux was

there in coil 2 and it grows because of closing the switch.

Coil-1 Coil-2
|y e AN
‘e s \g/
@)
B increases
Coil-1
—f——
-
}i=ro! - \
I " (75

Curren! increases

(»
Fipure 5.7

When current in coil 1 becomes steady then flux through coil 2
also becomes constant and its induced current drops to zero as
shown in fipure-5.8(a) because induction takes place when flux
changes which happens again when we open the switch as
shown in figure-5.8(b). The direction of indueed current in coil
2 as shown in figure-5.8(b) is self explanatory as it should oppose
the change in flux in coil 2 which decreases on opening the
switch.
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Coil-1 Coil-2

= gonstant in time

J=Constant

_-l L ——
(a)
B decreases
Ceil-1
1=rt , !

Current decreases
(b)

Figure 5.8
We will consider one mere iHustration to understand application
of Lenz’s law. Figure-5.9 shows a circular coil placed near toa
long wire connected with a battery and a rheostat. Due to the
ewrrent in long wire magnetic field is passing through the cireular
eoil. If current in wire is steady, flux through the coil remain
constant and thus no current is induced in coil.

» P

0=
®
@
®

N Q
Figure 5.9

If in abovc case resistance of rheostat is gradually decreased
then current in wire increases which also increases the magnetic
flux through the coit and due o this a cloclowise current is
induced in eoil as shown in figure-5.10(a) to oppose the outward
increasing magnetic flux. If resistance of rheostat is increased

o 123

gradually then current in wire decreases which also decreases
the magnetic flux through coil and due to this an anticlockwise
current is induced in coil as shown in figure-5.10(b) to oppose
the outward decreasing magnetic flux.

> P > P

5 5
i+ Q o [0} i+ 0} o ©
T 1=f® T
¢ o ¢ g
R, is decreased with lime R, isincreased with time
(a) o}
Figure 5.10

5.1.2 Motion EMFin a Straight Coaductor Moving in Uniform
Magnetic Field

Figure-5.11 shows a conductor PO of ength / moving in a
uniform magnetic induction B at constant speed v. Along with
conductor its free electrons inside are also moving so these
free electrons experience a magnetic force F = evB of which
direction is given by right hand palm rule which comes in
downward direction as shown in figure.

X x x b3
+ +
Preg—=t
e
is’
ek, AE
X % i X x
Ll
S
€ ‘e | ——wvy
i
® % 'l % %
evB b
_5z N
.
-
b * * Fie %
Figure 5.11

Due to this magnetic force clectrons will drift tothe end Q of the
conductor and other end P will become slightly positive due to
deficicacy of clecirons. This establishes an induced electric
ficld from Pto {2 inside the conductor due to this separation of
charges along the length of conductor because of magnetic
force. Due to this induced electric field free electrons will
experience an upward force e£, as shown. These electrons will
drift until the upward clectric force balances the magnetic force
on these electrons and then across the length of conductor
electric ficld becomes steady and balances magnetic forces on
free electrons. This electric ficld which is indaced due tomction
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of a conductor in magnetic field is given as

ek, =evB
= E=vB ...(53)

Across the length of conduction during motion the potential
difference due-to the induced electric field is given as

Vo= Vo=Ef

= V,— V=BV ..(54)

As the above potential difference is developed due to magnetic
forces which is non-electrostatic so this potential difference
can be calted as EMF and as it is developed due to motion of a
conductor in magnetic field it is also termed as ‘Motional EMF.

513 Motional EMF by Faraday’s Law

In previous article we discussed about EMF induced in a
conductor moving in uniform magnetic field given by
equation-(5.4). As due to motion of conductor magnetic lines
were being cut according to Faraday's law the EMF induced in
the conductor can be given as

44
at

£g=

.. (5.5)

In figure-3.12 when the conductor moves by a distance vdf in
time 4, it swaps an area Jvds which is shown by shaded part,
the magnetic flux 4pin this shaded region is cut by the conductor
in time dt is given as

dp=BdS
= &= B(lvdi)

x
x
]
x

G ««ﬂ

AT e, e e S T A
-

g
T ——y gt —

x a x x

Figure 5.12

Thas from equation-(5.5) the induced EMF in the conductor is
. given as

..(56)

Electromagnetic lnduchpnan_g:@téﬁa_ﬁpé“b?r;ét‘;
The expression of induced EMF in conductor in equation-(5.6)
is same which we obtained by induced electric field in previous
article as given by equation-(5.4).

In previous article the direction of induced EMF we determined
by finding the force on free electrons using right hand pal rule
by which we determined that end 2 of conduector is positive {at
high potential) and 'is negative (at low potential). The direction
of induced EMF can also be directly determined by Flemings
Right Hand Rule as given below.

“According to Fleming's Right Hand Rule if we stretch the
index finger, middle finger and thumb of vight hand in mutually
perpendicular directions as shown in figure-5.13 with index
finger pointing toward the direction of magnetic induction
and thumb along the velocity of conductor then middie finger
will point toward the high potential end of the conductor.™

High Potential

Figure 5.13

Above direction can also be given by Right Hand Palm Rule as
shown in figure-5.14.

Fipure 5.14

As till now we were using RHPR for-analysis of direction of
magnetic field, now onward we preper to use the same rule so
that all cases we'll be able to analyze by a single right hand only.
However students can use either rule for any case.

5.1.4 Motional EMF as an Equivalent Battery

In different situations when a conductor moves in magnetic
field, it can be considered like an equivalent battery or a source
of potential difference with internal resistance cqual to the
resistance of the conductor which ean supply carrent as shown
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in figure-5.15 in which a conductor of length /, resistance r

moving at a velocity.v in a uniform magnetic field # with /, vand
B are perpendicular to gach other can be replaced by an
equivalent battery of EMF Bvf and internal resistance  as shown
in figure.

x x X L3 X ® k4 ks
A A I

b4 ® x Ed *® = x ®
I} ——»v == (T Ca=B¥

x x x % ® xF  x x
B .

x X » x * E3 4 X

Figure 5.15

To understand the above situation better we consider an
jllustration shown in fgure-5.16{a) in which two sliding wires
PQ and RS are sliding on threc conducting rails which are
connected to some resistances at their ends as shown. In this
case we can determine the currents through resistances and
different sections of the sctup by making an equivalent circuit
of this setup as shown in figure-5.16(b).

* > o x
P
i —or —
I x ® % X i
R= r v
& 1 1 R H
— i . — ] ¥ R
P X £ o 3
g
Rz vy—ih 4
b3 ® x X
——f ) =
Ny
® x P x
(a)
RN B,
L
n
2.8
RQ Fa
T By,
(b}

Figure 5.16

5,1.5 EMF Induced in a Rotating Conductor in Uniform
Magnetic Feld

Figure-5.17. shows a uniform conducting rod PQ of length /
which is rotating in a plane perpendicular to the direction ofa
uniform magnetic field as shown about an axis of rotation passing
through point P at an angular speed w. As the conductor’s
motion is cutting the magnetic lines an EMF is induced in it and
by right hand palm rule we can sec that point P is at higher
potential.

Figure 5.17

To calculate the induced EMF in the conductor we consider an
elemental segment of width dx at a distance x from the end 7 of
the rod as shown in figure-5.17. The speed of motion of this
element is ¥ = xw. The EMF induced in this element can be
calculated by the expression of motional EMF given in
equetion-(5.4) as

de = Bvdx
= de = B{xaldx

Thus total EMF induced across the length of the conductor PQ
is given by integrating above expression for the total tength of
the conductor from 0 to [ as

i
€pg= _fde = _[Bmx.dx
P
= Cpg = Bm[x?]
o
L por?
= epo= 5 50 MEN)

Alternative Analysis by Faraday'slaw:

Figure-5.18 shows the area swapped by the rotating conductor
in time ot. The angle by which the rod rotates in this time is
given as

Fipure 5.18
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Area of the sector of which the flux is cut by the conductor in
time at is given as

l I
dS= 2 Pdo = 2 £ (wdt)
Amount of flux cut by the conductor in time d? is given as

do=BdS

=

dp=B [l Fmd:]
2
Thus EMF induced in the conductor is given as

- |ae

~Lgor
il =2

..(58)

Equation-(5.8) is same as that of equation-(5.7) but that was
obtained by integrating motional EMF in small elements in the
conductor whereas equation-(5.8) is obtained directly by
Faraday’s law.

5.1.6 EMFinduced in a Conducter in Magnetie Field which is
Moving in Different Directions

In previous articles we've discussed when a conductor moves
in a magnetic field such that it cuts magnetic lines then an EMF
is induced in it which we call motional EMF. When the
conductor’s length is oriented normal to the magnetic field
direction and its velocity is also normal to the direction of its
length as well ag magnetic field as explained in figure-5.11 and
5.12 the motional EMF induced in the conductor is given by
equation-{5.4) or (5.6) but if the conductor is moving in such a
way that its length and/or velocity arenot normal to the direction
of magnetic field then we need totake the components of length
as well as velocity normal to the magnetic field.

Figure-5.19(a) shows the situation, we ve already discussed in
which the conductor is moving normal to the field with its length
also perpendicular to the field thus EMF induced in this case is
given as )

ePQ=BvI

Figure-5.19(b) shows a situation in which conductor is moving
with a velocity along its length but length is perpendicular to
the direction of magnetic field. In this case due to motion along
the length conductor does not cut any flux as the area swapped
out by its length perpendicular to magnetic field is zero thus no
EMF is induced in it so we have

ePQ=0

In this case ifconductor is thick then an EMF is induced across
its width. Figure-5,19(c) shows a situation in which the velocity
of conductor and its length both are perpendicular to magnetic
field but velocity is not perpendicular to its length so the area

Electromagnetic: induction and Aliernating Curtent]

swapped out by the conductor in magnetic field will be less and
to calculate the induced EMF in conductor we consider the
component of the [ength normal to its velocity which 1s /sinQ
here. Thus the motional EMF induced in the conductor in this
case is given as

£y = BW(isind)

_

..(59)
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Figure 5.19

In general students should keep in mind that in case when
length of rod is not perpendicular to magnetic field then consider
the component of length perpendicular to magnetic field as well
as velocity of rod in expression of mational EMF in equation-{5.4)
and if velocity of rod is not perpendicular to magnetic field
consider the velocity component which is perpendicular to
magnetic field in the same expression.

5.1.7 Motional EMF in a Random Shaped Wire Moving in
Magnetic Field

Figure-5.20 shows a random shaped wire 4B in which the length
between its ends 4 and B is [ is moving with a velocity v
perpendicular to line AR in a uniform magnetic field as shown.
In this case we can consider a small element 47 in the wire as
shown in figure which will have its two components, one along
the line 4B and other perpendicular to the line AB. Due to motion
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of wire EMF will only be induced in the component of df along
line AB due to the reason discussed in previous article thus
total motional EMF between ends 4B ofthe wire can be directly
given as

e,n=Bvi

x ® o X

Figure 5.20

Similar to the previous article figures-5.21(a) and (b) shows the
situations in which the random shaped wires are moving in
different directions for which the EMF induced can be calculated
by using the component of velocity perpendicular to the line
AB which are given as Bvising for figure-5.21{(a) and zero for

figure-5.21(b).
X x x »
x x
X x
x 4 ® X
(a)

x X X x

(b)
Figure 5.21

5.1.8 EMF induced in a Rotating Coil in Uniform Magnetic
Field

Figure-5.22 shows a rectangutar coil of enclosed area 4 and N
turns mounted on an axis 00" which is initially in a planc
perpendicular to the direction of magnetic induction 8. It starts
rotating at an angular velocity @ as shown. The initial magnetic

flux linked with the coil at =0 is given as
b=BAN

After time ¢ = ¢ the coil will rotate by an angle 6 = wf so flux
linked with all the turns of the coil is given as

b= (B- AN
= 9= BAN cosf
= &= BAN coset ...{(5.10)
x x X E o
Area=4 0
\ (ido
* * .3 x
uSe
o!
o ® o »
Figure 5.22

As the flux linked with the coil is changing with time, EMF
induced in coil at time ¢ = ¢ is given as

_|d¢
Tt
= e=BANsinw!, ©
= e=BANa sino? ...(5.11)
= e =e,sinwt ...(3.12)

Where e, = BANw which is considered as the amplitude of the
sinusoidal induced EMF given by equation-(5.11). Such a
sinusoidal function of EMF is also catled ‘diternating EMF®
which is a source of alternating current in electrical eircuits and
this EMF which is produced by rotating a coil in magnetic field
is the basis of working for an AC {Alternating Current) Generator.

The tirge function of alternating EMF induced in coil is shown
in figure-5.23.

4

BANw | A N

-B4aNe| _________ v

-

Figure 5.23
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5.1.9 Mational EMY under External Force and Power Franster

Figure-5.24 shows a setup with twe long conducting rails with
separation /in a plane perpendicular to a uniform magnetic field
of magnetic inductien B. A sliding wire PQ of mass m is placed
on rails as shown. The rails are connected with a resistance &
and the sliding wire is pulled with a constant external force F. If
initiaily the sliding wire is at rest at t =0 then at a general instant
of time ¢itis considered to be moving at instantaneous velocity v
then at this instant motional EMF induced in this wire is given as

e=Byv}

Figure 5,24

The eurrent through the resistance due to induced EMF is given
as

L (5.13)

Due to the direction of induced EMF current flows from Qto P
in the sliding wire because of which magnetic field exerts a
magnetic force on the sliding wire which is given as

By
R
Byright hand palm rule we can analyze that the directton of this
magnetic force on sliding wire PQ is toward left which is in
opposition to the external force. This is also validating Lenz's
Iaw that the effects produced by induction oppose the causes

of induction.

F =Bil= . {(5.19)

Ifat a general instant of time ¢ acceleration of wire P(is a then
we have

F=F =ma ..-(5.15)
F-F,
e} a=
n
p By
= a= R .(5.16)
m
dv FR=B
= 7 mR

Electromagnetic Indugtion and Afternating Current |
dv dt

= FR-Bv _ mR

To find the velocity of wire PQ as a function of fime we integrate
the above expression from initial instant £ = 0 10 a general time
instant t = given as
o _fa
FR-BI*v {mR

] o

1
= -ﬁ [In (FR- BP)Ty= — (£}

1
_E}F [ln (FR-BP)~In (FR)] = — [¢-0]

(FR—BZI’v] Bt
In _—

= FR R
FR-Bv _ -Ef

= T

= FR-B*v=FRe ™

B
BPy=FR{1-¢ ™

. FR it
= V=g, [l—e "‘“J

With the above expression given in equation-(5.17) it can be
seen that with time velocity of sliding wire approaches to a
steady value and at # —» o velocity approaches to the steady
velocity given by equation-{5.17) as

FR
e
As external force is acting on the wire PQ, from equation-(5.15)
we can state that due to acceleration, velocity of wire PQ
increases and with increase in velocity from equation-(5.14) we
can see that the opposing magnetic force on wire PQ increases
due to which acceleration decreases and when the opposing
magnetic force on it becomes equal fo external force then
acceleration of wire becomes zero and velocity becomes steady
which is given by equation-(5.18).

517

y ...(5.18)

When after start velocity of wire PQ increases the instantaneous

power supplied by the external force also increases which is
given by equation-(5.17) as
P=F .
FR , B
e et
FR{, -Ek
= P=BTIZ[I"€ 4 . £5.19)
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From equation-(5.19) we can analyze that the power supplied
by external force increases with time and after a long time this
power becomes steady which is given as
_F'R

P= =g . (5.20)
Initially when wire is accelerating, the supplied power by the
external force is being used in two parts. One part of supplied
power s increasing the kinetic energy of the wire and other part
is being dissipated as heat in the resistance R which is given as

H={R

1In above expression, we substitute the value of current from
equation-{5.13) as

BWvY . B
= — R:
P [ ! ) £

Substituting the value of velocity from equation-(5.17) in above
expression gives

R | B

2.2 2
2 Wil
= H—FR(l—e """J

1,2, \2
B | FR ——
H= —[7(1’3 )

- BZI2 "'(5'21)
After a long time above expression -approaches to a stcady
valne given as

F’R
H,= B .. (5.22)
Above expression in equation-(5.22) is same as equation-(5.20)
50 we can state that afler wire P attains steady velocity then
power supplied by the external agent is filly dissipated as heat
in the resistor connected across the rails upto the time wire PQ
attains steady velocity the a part of power supplied increases
the kinetic energy of wire and remaining is dissipated as heat.

In different cases of electromagnetic inductior in mechanical
setups when external forces are present, dug to induction some
opposition is developed which causes the effect of external
force to reduce and at some point of time the system attains a
steady state when external force is balanced by the opposing
effects. Under this state the power supplied by external force to
the system is transformed into some other form. This happens
due to magnetic field as magnetic forces does equal and opposite
work to transform energy from one form to another. This
phenomenon can be used in design of many electromechanical
system for efficient transformation of energy from one form to
another.
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# Hlustrative Example 5.1

A copper rod of length L is moving at a uniform speed v paratlel
to a long straipht wire carrying a current of J as shown in
figure-5.25, The rod is perpendicular to the wire with its ends at
distance ¢ and b from it. Calculate the motional EMF induced
in the rod.

Figure 525
Selution

The magnetic field at a distance x from straight wire is given as

Mol

2nx
We consider an element of lenpth dx in rod at a distance x from
the straight wire as shown in figure-5.26. Due to the motion of
the element dx in the rod in magnetic field B of straight wire,
the motional induced EMF in the element is given as

de = Bvdx

Figure 5.26

The direction of de is shown in figure by right hand palm nie.
As all such de in all the elements in the rud arc in series so

www.puucho.com



Study Physics Galaxy with www.puucho.com

[130-

induced EMF in whole rod PQ is given by integrating above
expression within limits from 4 to b given as

e= jde = I:Bvdfx

b uodvdx
= e=
a 2y
Fi
= e=%[lnx]:
- e="1np-1na]
2n
Bed¥ [b]
=_1n -
= €= 2m a

# Mustrative Example 5.2

Accircular copper disc of radius 10cm rotates at 1800rpm about
an axis through its centre and at perpendicular 1o the disc. A
uniform field of magnetic induction 1T exist in region
perpendicular to the disc. What potential difference develops
between the axis of the disc and its rim?

Solution

The disc can be considered to be made of several elementat
sectors as shown in figure-5.27. Each such thin sectors can be
considered like rotating rods across which the EMF induceed is
given as

i 2
= —BoRf
€~ 2

» b x

Figure 5.27

All such sectors can be considered as EMFs connected in
parallel across the center of the disc and its rim and we know
when identical EMFs are connected in parallel the equivalent
EMF remnains the same so the net induced EMF across the
center of the disc and its rim is given as

i 1800 .
= A x2x3.14x 2380 (0.1
e= X g0 <OV

e=0942V

# Hlustrative Example 5.3

A copper rod PO of mass m stides down two smooth copper
bars which are set at an angle o to the horizontal as shown in
figure-5.28. At the top of the bars these are interconnected
through a resistance R. The separation between the bars is
equal to /. The systern Is located in a uniform magnetic field of
induction B in vertically upward direction as shown in figure.
The resistances of the bars, the rod and the sliding contacts
are constdercd to be negligible. If the rod is released from rest,
find the velocity of rod as a function of time and its steady
velocity attained.

Figure 5.28
Solution

When the rod is released from rest and as it starts moving, it
cuts the magnetic flux and an EMF is induced in it with polarity
given byright hand palm rule as shown in figure-5.29. If at any
instant conductor velocity is v and as it is moving perpendicular
to the magnetic field component Beosa, the induced EMF in
the rod is given as

e = (Beoso)vl = Bvlcosa

Figure 5.29

Thus current induced due to induced EMF in the loop
containing resistance as shown is given as

_ ByLcosa
g R

Figure-5.29(b) shows the side vicw of the sliding rod on which
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byright band palm rule, we can see that magnetic force will act

along leftward direction and ifrod stides with an acceleration o
then equation of motion of the rod is given as

mgsine— Bil.coso = ma

B I'veosta

= m(@)—m sina—
dij ¢ R

2r2 2
B*Lfvcos a]dt

= dv=} gsing —
(g mR

P ta
o mgRsine —B* veos’a ¢ mR

[in(ngsin o — 8 L*vcos? a)]' =1

oy A

B’ cos’ o o mR
L o] PeRsine— Blveos’o ) B'ltcos’a

mgRsina mR
2, ¥
mgRsino —ﬂ%g
= y= —————il-e
B°L cos" o

Steady state is theoretically attained afier a long time when
velocity becomes
mgRsino
V3T PP cos?a
In steady state the cornponent of gravitational force is balanced
by magnetic force on rod which gives

mgsino = BiL cosa

B veos’ a
R

mgRsino
= e T S T
S Bcosta

= mgsino =

# Hlustrative Example 5.4

A straight horizontal conductor PQ of length 1, and mass m
slides down on two smooth conducting fixed parallel rails, set
inclined at an angle 6 to thehorizontal as shown in figure-5.30.

Figure 5.30

The top end of the bar are connected with a capacitor of
capacitance C. The system is placed in a uniforin magnetic
field, in the direction perpendicular to the inelined plane formed

Ayt e

B e T PRI B

by therails as shown in figure. Ifthe resistance of the bars and
the sliding conductor are negligible calculate the acceleration
of sliding conductor as a function of time if it is rcleased from
restat =14,

Solution

When the conductor is released from restand ifat ime = ¢ its

speed is v then induced EMF in the conductor is given as
€py= Blv

This potential difference is across the capacitor so
instantancous charge on capacitor is given as

g=CV=CBlv

Current through the capacitor is given as
j = d—q—CBa’ﬂ = CBI
Ta T My TR

In magnetic ficld the current carrying conductor experiences a
muagnetic force in upward direction by right hand palm rule as
shown in figure-5.31(b) which shows the side view of sliding
conductor and its free body diagram. This gives

Fpy = Bil= BPCa

Fipure 5.31

1f & i3 the acceleration of conductor then its equation of motion
is given as
ma =mg sin 0 — B*PCa
= alm+ B2 Cl=mgsin @
mgsinQ
m+ BXAC
Here we can see that a is constant in time.

= a=

# IRustrative Example 5.5

In a region of space a horizontal magnetic induction exist along
+Z-direction which is into the plane of paper and magnituede of
magnetic induction varies along Y-direction (vertically
downward), is piven as

F=Br;

/4
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Where B, and g are positive constants. A square loop EFGH
of side a, mass m and resistance R is placed in X-¥ plane and
start falling under gravity from rest as shown in figure-5.32.
Find .

{a) The induced current in the loop as a function of
instantaneous speed of the loop and indicate its direction

{b) The total Loreniz force acting o the loop as a function of
instantaneous speed of the loop and indicate its direction

{c) Anexpression for the speed of the Joop, W{f) and its terminal
velocity.

@8

o

Figure 5§32
Solntion

{a) Ifvbe the instantancous velocity of the loop at anytime £,
Induced EMF in segment HG of the loop is given as

N By(y+a)
B a

va =B (y+a) ...£5.23)

€yG

The point 7 will be at higher potential in above EMF. Similarly
the EMF induced in segment EF is given as
By

= —¥Yd =
€cr Byyv

> .(528)

Here Fis at higher potential and the EMF induced in remaining
two segments are zero as these are not cutting any magnetic
flux,

ey and e, =0
So, the cutrent in the loop is given as

. By(y+ayw—Byyv  Bpav
1= =
R R

The current will be in anticlockwise direction due to higher
EMF in segment HG.

(b) The magnetic forces on EF and HG are given as

By .
F£F=T Xixn
B.(y+a
Foo= o (y )X:‘xa
a

Different elements along the vertical segments will experience

Electromagnetic [nduction and Allemating Current ]

different forves but in opposite direction as shown in
figure-5.33 so will get cancelled out,

o .y
E F @3
-] * -
—1 F [,
— —
‘1— +FHG —-
i ¢
¥
Figure 5.33
Net Lorentz force on loop is given as
F=B{y+a)i—Byi=B,ai
" Bgazv 4
= F= -
R =5
{¢} Net forceacting on loop in downward direction is
2 2
F=mg— Bya‘v
dv Bld®v
M = o ==
= = "8 7
t dv b dt
= I N .
0 mg_Boa v m
R

Bld? Blatt
= |ln| mg— ~la(mg) | = - —2—
{ [ g4 (mg) v
2 2
Bea®r
2 2 6
= mgR Boavze R
mgR
R Bgazl
m
= v= f: l-eg ™R
Bya

After a long time terminal velocity of conductor is given as

mgh
L
terminal 2.2

Bya

# Hlustrative Example 5.6

Two paraliel vertical metailic rails 45 and CD are separated by
tm. They are connected at the two ends by resistances R, and
R, as shown in figure-5.34, A horizontal metallic bar PQ of mass
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Lusi gt oo o

0.2kg slides without friction with maintaining contacls with
- therails, vertically downward undet the action of gravity. There
is a uniform horizontal magnetic field of 0.6T perpendicular to
the plane of the rails in the region. It is observed when the
terminal velocity is attained, the powers dissipated in R and
R, arc 0.75W and 1 .2W respectively, Find the terminal velocity

of the bar and the values of R, and R,

X A x R.‘..x % e
iy
® x X ® b
*® o o 3
% X x #
PL 20
= x * X
* x x x
X x x x
E ARA
NV
x HL’Q » R, x ] b
Fipure 5.34

Solution

Due o sliding bar an EMF is induced in it which causes currents
to flow in the resistances as shown in figure-5.35 the forces
acling on the bar are the weight of rod in vertically downward
dircetion and the magnetic force Bif in vertically upwards

direction by right hand palm rule as shown.

p

ot

X g3 X R, % %o
‘U’"‘\'
* ] = * ®
Al B+l
x ! x X 3 X
-
® x(li '2). x ®
Pv—u
X x x x
i
x ZT x x ”:rg ®
X % x %
ASM
Y
® 8 . Ry ox % D
Figure 5.35

When the two forces are equal then the bar acquires terminal
velocity v, which happens when

mg = Bil
._ Ing
= =B
_0.2x9.8
= = T06x1 15

If i, and i, be the currents in R, and R, respectively. Then
ahove eurrent is distributed in inverse ratio of resistances so

WEC USC

»

and

We have

e
and

f—

From equations-(5.27) and {5.28) we have

=

Solving equations-{5.25) and (3.29), we get

and

i=i+i,
49
Y _;
15 1
e=i R,=i,R,

+I2

P] = efI
076= e,
P,=e,

12=ei,

i 076
A=
L 12 4
19
:1—‘5!2

i, =2A
19
= 1—5“A

From equation-(5.28) we have

—

Atterminal speed EMF is given as

and

12=ex2
e=06V

e 0.6x15
‘RI= — =
i 19
e 0.6
R = —_——=— :0
Ty 2

# Hlustrative Example 5.7

133!

...(5.25)
.. (526)

(527

..(5.28)

(529

...(5.30)

Figure-5.36 shows a conductor 04 of Ecng&htf placed along
y-axis with one end at origin. In this region a non-untform
magnetic field exist along +Z-direction of which magnitude
depends only on its ¥ coordinate which is given as

rd

- y
B—BG(HI—Z
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If the conductor Od starts translating with velocity ¥ =vgf ,
find the EMF induced in conductor.

’ )

Figure 5,36

¥y

Solution
We consider an elernent of width dy at a distance y from origin

in the conductor as shown in figure-3.37, Motional EMF induced
in element dy is given as

2
de=Bvﬂa)'=Bﬂv0[1+);—!]dy

Y3
oF.]
AL
ifi-
dy Pl
¥y
o "X
Figure 5.37

Total EMF induced in 04 is given by integrating the above
induced EMF in the clement which is given as

! 2
e5= ‘[de = J'ano (1+“;'—2]dy
0

!
3
b
= €,54= Bovo I:J"F?]
o
= €n,= gﬂevol

# Ilustrative Example 5.8

,;\ coil 4 of ra;‘dius R and number of turns » carrics a current {
and it is placed in a horizontal plane. A small conducting ring P

of radius r (r << R) is placed at a height ¥,above the centre of .

—the cuil 4 as shown in figure-5.38. Calculate the induced EMF
“in the rmg when the ring in allowed to fall freely. Express the
induced EMF as a function of instantaneous speed of the

lestromognetic induciion and Altamatig, Cument |

falling ring and its height above the eenter of the eoil 4.

— P

Yo

—

A I's) A

i
Flgure 5.38
Solution

The magnetic induction at a point on the axis of a current
carrying coil at a distance y from its centre is given by

poNiR?

Due to the coil A the magnetic flux linked with ring P is given as

$=84
b= polViR® )
Z(Rz +y2)312
S
_ poNink*?
= b= AR+ (532

If the ring P falls with instantaneous velocity v at any instant
of time. The induced EMF induced in the ring Pis given as

_db o NinR dr o, 312
=a= 2 al® o]
3 d
= e=-7 pNiRZ? (R + 2y 2% Zyd—f
_ 3 pomniR2r?
= e=- 2(R2+ )szy{ V)
_ iyﬂmfRzrzyv
= €=5 (R? + y2 Y2
# Hlustrative Example 5.9

Figure-5.39 shows two vertical smooth rails 4B and CD separated
by a distance /. Ends 4 and C are connected with capacitor of
capacitance C. A rod PQ of mass m is herizontally kept in touch
with both rails as shown. Ifit is released at ¢=0 and it remains
in contact with rails during its fall, find the charge on capacitor
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as a function of time. Neglect resistance of connecting wires
and rails.

Figure 5.39

Solution

When the rod falis then at any instant when its speed is v, the
motional emfacross PO is given as

e =Bl

As we can neglect the resistance of all connecting wires and

rails the charge on capacitor is given as
q=Ce=CBlv ... (53%)

Current through the capacitor 1s given as

The rod experiences an upward magnetic force and downward
its weight as shown in figure-5.40.

Figure 5.40

Ifrod has an acceleration a, it can be given as

mg—Bil mg-B1*Ca

a —
m i1
mg
= =95
m+BC

As acceleration is constant, after time ¢ its velocity is given as
, mgt
v=al= S5
m+ B PC
Thus charge on capacitor after time ¢1s given by equation{5.33)
as

mgt CBlmgt
= CBI =
7 [m+3“zzc] m+BHC

# Hlustrative Example 5.10

Figure-5.41 shows arectangular wire loop ABCD with length /
and breadth b. The wire is having a resistance A/ per unit length.
If the loep is pulled out from the magnetic field at 2 uniform
speed v as shown in figure-5.00, find the potential difference
across points of the loop Vy— Voand V, - ¥,

S » .4 H *

A B
L4 = o x

b —y
4 b3 x x

D H C
* X L3 k4

Figure 5.41
Solution

Due to motion of loop motional EMF is enly induced across
segment AD which is given as

€, = Bvb

The equivalent circuit ofthe loop with motional EMF is shown
in figure-5.42

4 el B
Bvb
i zAD
Ab
D W ¢
Figure 5.42
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Induced current in above loop is given as

. B
YY)

Now we can calculate the required potential differences as

_ Bvxb® B’
T 2x(b+D) T 20+D

Vy—Vo=ixhb

Bvb(b+21)

V= Vp=ixhb+ah= =0

# Ilustrative Example 5.11

A metal rod of mass m can rotate about a horizontat axis O,
sliding along a circular wire ring mounted in a vertical plane of
radius a as shown in figure-5.43. The arrangement is located in
a uniform horizontal magnetic field of induction B directed
perpendicular to the plane of ring. The axis and the ring are
connected to an EMF to form a circuit of resistance R.
Neglecting the friction and ring resistance, find the time fonction
according to which the source EMF must vary to make the rod
rotaic at a constant angular velocity «. Given that at =0 red
was vertical,

Figure 5.43

Salution
Ifrod is rotating at constant angular speed then motional EMF
induced in it is given as

1
e= —Roa* !

If a current / flows in the circuit then force on the rod at the
instant shown in figure-5.44 is given as
F=8Ia

For a constant angnlar velocity, torque about O must be zero
which happens when torque due to magnetic force balances
the torque on rod due to its weight so we have

mg (a/2)sin & = Bla(al2)

Figure 5.44

This must be equal to the current due to total EMF in the
circuit which is given as
1

2
I E_EBUM _ mg sin et
h R 4B
- ; 33
= E 2Ba(:ngRsmmt+15'am)

# Hlustrative Example 5.12

Figure-5.45 shows a semicirenlar wire loop of resistance R and
radius ¢ hinged at point O and rotating at an angular speed w.
Point O is located on the boundary of a uniform magnetic
induction B. Plot the current as a function of time in the loop
taking clockwise direction as positive. Take =0 at ¢ =0.

* ‘B’ x
x x
b3 x
x x x
A
F

P x > ®

_Figure 5.45
Solution

In the rotating loop shown in figure EMF will only be induced
in the segment of 28 and OA of the lcop when these are inside
the magnetic ficld region and cutting the magnetic lines. When
segment OB is in the magnetic field then byright hand palm rule
point B will be at higher potential and EMF induced across OB
is given as
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1
e= "2".80){12

This causes an anticlockwise current in the loop which is given
a8
e Boa®

1= — =

R 2R

After halfrevohition when segment OB comes out of the region
of magnetic field, segment QA enters into the region and same
EMTF is induced in it and a clockwise current of same magnitude
flows in the loop. Thus the plot of time function of current is
shown in figure-5.46.

. (538)

LT
L Boa®
I ]
tl/ey 1 2nte Sniw
1
Bwa® i
———
2R
Fignre 5.46
it Mustrative Example 5.13

Pand Q are two vertical infinite conducting plates kept parallel
to each other and separated by a distance 27. A conducting
ring of radius » falls vertically between the planes such that
planes are always tangential to the ring. Both the planes are
connected by a resistance R. There exists a uniform horizontal
magnetic ficld of strength B perpendicular to the plane of ring.
The arrangement is shown in figure-5.47. Plane { is smooth
and friction between the plane P and the ring is enough to
prevent slipping between ring and plane P. At =0, the ring
was at rest and neglect the resistance of the planes and the
ring. Find

{2) The current through resistance R as a function of time
{b) Terminal velocity of the ring

(¢} State the difference in analysis of situation if ring is also
made up of a wire of resistance R.

® B x R ® >

o
b ® ¥ . =
/>
= » " L4

»

x *

Ph—2r—(
x x % *®

Figure 547

137

Solution

If v be the velocity of center of mass of the ring at any time #,
the EMF across the diamcter of ring is given as

e =2Byr
Current through resistance is given as

. 2Bwr

TR
The forces acting on the ring are shown in figure-5.48. For
rolling motion of ring its equation of motion for rotational
motion is

...{5.35)

fr=lu
fa Ia
=T=?_—2 ..-{5.36)

Smooth
plane

mg o
Figure 548

The upward magnetic force on ring is given as

F_=Bi2n
2z 2
= F = 4BR" Lt ..(537)

Equation of motion for translational motion of the ring is

mg—f—F_=ma ...{5.38)
N Ia 4Bzr2v ma
m PR —— =
g 2 z
2.2
= T — Br v =mat+—
¥
2.2 I
== mg_4B r y = a[m-i——z}
R r
m —482}21; “-@[m%-—}
= g B dt r
= —dv—x(m-i-iz]:dt
48%* 4
mg— v
g R
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For a ring we use its moment of inertia is given as f= m2 which
gives

2md.

= — g
L 4p%” J
mg — v

.. (5.39)

R
Inteprating equation-(5.39) within proper limits, we get

_mr [ [ aB? ’
2B £77R I

mR 48%2 )
- In| mg - -In{mg) | =
= 2Bzr2|: ( &= —p V} ( g):' t
T mR ng—4Bzr2v\
= ooz R =1
2B%r mg y
2
mgR 1 2.:’ ;2:
= = 4B%t - G40

From equations-(5.35)and (5.40), we get

28%%
i= 2Bvr _ Mg
R 28r

(b) Terminal velocity of the ring can be calculated by
equation-(5.40} after a long time which is given as

_mgR_
4Bt

(¢) Ifringismade up ofa wireof resistance R then EMF induced
in the two half rings will remain same but as both the halfrings
will have resistance R/2 and the twe EMF's in these half rings
are considered in parallel so the total resistance of the circuit
will become R + R/4 = 5R/4. Thus the analysis done in part (a)
and (b) remain same with the resistance value replaced with
5R/4 instead of R.

t
2
) AgeGroup Gmdchh_

2.4 Age 17-19 Years
= Section - m..b'vnc Effccts ’

Practice Exercise 5.1

(3  Acoil of mean area 500cm? and having 1000 turns is
held perpendicular to a uniform field of 0.4G The coil is turned
through 180° in 1/10s. Calculate the average induced EMF.

10.04v)

Eteotromagnetio Tndustion and Aisrmating Coment |

(i Two long parallel conducting horizontal rails are
connected by a conducting wire at one end. A uniform magnetic
fictd B divected vertically downwards exists in the region of
space. A light uniform ring of diameter d which is practically
equal to separation between the rails, is placed over the rails as

shown in figure-5.49,

Figure 5.49

g ]

Ifresistance of ring be 2 per unit length, catcnlate force required

to pull the ring with uniform velocity.

4A%vd
o

[ I

(iii) A verysmall circular loop ofarea 5 x [0~*m?, resistance
2Q) and negligible inductance is initially coplanar and
concentric with a much larger fixed circular loop of radius 0. 1m,
A constant current of 1A is passed in the bigger loop and the
smaller loop is rotated with angular velocity wrad/s about a
diameter. Calculate

(a)  Maximum flux linked with the smaller loop

(b)  Average induced EMF in one rotation of the loop

{¢}  Induced current in the smatler loop, as a function of
time. '

f(2) 10x x 10710 Wh; (b) 107 w; (c) 2.5 x 107 @ sinwi]

{iv) A plane spiral with a great number N of turns wound
tightly to one another is located in a uniform magnetic field
perpendiculat to the spiral's plane, The outside radius of the
spiral's turns is equal to 4. The magnetic indaction varies with
time as B = B, sin o, where B, and o are constants, Find the
amplitude of induced EMF in the spiral.

[ %WazBow }
W  Twolong parallet horizontal rails, a distance d apart and

each having a resistance A per unit length, are joined at one
end by a resistance R. A perfectly conducting rod MM of mass

. m is free to slide along the rails without friction as shown in

fipure-5.50. There is a uniform magnetic field of induction B
normal to the plane of the paper and directed into the paper, A
variable force F'is applied to the red MN such that, as the rod
moves, a constant current / flows through R.

(@) Find the velocity of the rod and the applied force F as
function of the distance x of the rod from R.

{b)  What fraction of the work done per second by F is
converted into heat?
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X ek
x X N x X X =
Figure 5.50
Hr+2hx) 2iTALR + 23x) Bg?
—. b .
@ s ’"[ #E | ko) )

() A wire frameofarea 3.92 x 10~*m? and resistance 20Qis
suspended freely from a 0.392m long thread. There is auniform
magnetic field of 0.784T and the planc of wire-frame is
perpendicular to the magnetic ficld. The frame is made to
oscillate under gravity by displacing it through 2 x 10-2m from
its initial position along the direction of magnetic field. The
plane of the frame is always along the direction of thread and
does not rotate about it. What is the induced EMF in wire-frame
as a fiunction of time? Also find the maximum current in the
frame.

[2 = 109V, 107TA]

(vii) A square frame with side 2 and a long straight wire
carrying a current { are located in the same plane as shown in
figure-5.51. The frame translates to the right with a constant
velocity v. Find the EMF induced in the frame as a function of
distance x.

ﬁ:—){

Figure 5.51
j.lufﬂz.\'v
2rx{x+a)

t 1

(vili) A rod of length 2a is free to rotate in a vertical plane,
about 2 horizental axis O passing through its mid-point. Aleng
straight, horizontal wire is in the same plane and is carrying a
constant current § as shown in figure-5.52,

I

Fignre 5.52

At initial moment oftime. The rod is horizontal and starts to
rotate with constant angular velocity e, calcufate EMF induced
in rod as a function of time. '

Hoflo

[ o dln[d’“f““"}-ms;m: ]
Zasin” of d +asinot

(ix) Two long wircs are placed on a pair of parallel rails
perpendicalar to the wires. The spacing between the rails 4is
large compared with x, the distance between the wires. Both
wires and rails are made of a material of resistivity p per unit
length. A magnetic flux density B is applied perpendicular to
the rectangle by the wires and rails. One wire is moved along
the rails with a uniform speed v while the other is held stationary.
Determine how the force on the stationary wire varies with x
and show that it vanishes for a value of x approeximately cqual

to (1, v/4np).

®  Auniformrod 4B of mass m and length /is placed over
two smooth conducting rails P and Q. If the switch shown as
ctosed at £= 0, find the velocity of rod AB as a function of ime.

X X .3 »

x ’ s x "

]_‘_—in
¥ —10
R BuU—
X * x x
Figure 5.53

£ BPmR
[50-e }1

(xi) In figure-5.54 a wirering of radius R is in pure rolling on
a surface. Find the EMT induced across the top and bottom
points of the ring at any instant.

% X x X x
+A\
614
% x % ® ,y %
R

L iy

= = X L ®

Figure 5.54
[2BnA?]

(xii) Figure-5.55 showsa small circular cofl of area 4 suspended
from a point O by a string of length / in a uniform magnetic
induction B in a uniform magnetic induction B i horizontal
direction. If the cnil is set into oscillations like a simple pendulum
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by displacing it a small angle 0, as shown, find EMF induced in
coil as a function of time. Assume the plane of coil is always in
plane of string,

ki

Figure 5.55

[ %BAeﬁmin(gE:J ]

5.2 Time Varying Magnetic Fields (TVMF)

Whenever a coil Is placed in a magnetic field which varies with
time the magnetic flux linked with the coil changes with time. As
already studied in previous chapter that variation in magnetic
field causcs an electric field to be induced which can cause
charge inside coil to flow and can cause induced current. There
are several electrical parameters which can be calculated in any
electrical circuit when magnetic flux associated with the circuit
changes with time. In this section we 1l discuss some of specific
cases related to time varying magnetic fields.

5.2.1 Charge Flown through a Coil due te Change in Magnetic
Flux .

_ Ifmagnetic flux associated with a coil changes with time then

according to Faraday's law the EMF induced in the coil is given
as

49
. = \ar
Ifcoil resistance is R then the induced current in coil is given as
- e _Lide
"“"RTR|a

Ifin time d* a charge dg flows through the coil when flux change
is d¢ in this time then we have

dg _11]d¢
dt R |dt
. ~ Jad|
= dg R

.

Integrating above expression we get

[A¢]
R
Using above equation-(5.41) we can calculate the total charge
flown through a coil if the flux linked with the coil changes by
Ad. In above expression modulus for change in magnetic flux is
used to avoid the sign for the charge flown as direction in
which charge flows can be calculated by Lenz’s law which we've

alrcady discussed.

Ag= . (5:41)

5.2.2 Induced EMFin a Coil in Time Varying Magnetic Field

‘When a ool is placed in time varying magnetic figld, as discussed
in previous article the changing magnetic flux causes an EMF
to be induced in the coil. If the coil area is 4 through which the
magnetic flux is passing as shown in figure-5.56 then at any
instant magnetic flux passing through the coil is given as

¢, =BA
x x x o
B=mt

= x
Arca=4

o x

L4 4 x x

Figure 5.56

Ifthere are N turns in the coil then all these turns are considered
in series one after another at the same place so in such condition
the magnetic flux ‘linked’ with the coil is given as

. (5.42)

b=BAxXN
The EMF induced in coil (in all turns) is given as
I CL] SN
e= | |=ANT; ...(5.43)

Above EMF is called ‘Loop EMF” induced in the coil which is
distributed in every element of the coil.

Figure-5.57(a) shows a single turn circular coil placed in time
varying magnetic field in inward direction of which magnitude
is increasing with the function 5 ={1). According to Lenz's law
due to increase in magnetic flux through the coil an anticlockwise
current is induced in it to oppose the increasing flux. Actually
this induced current is caused by the EMF induced in every
clement of the coil as shown in figure-5.57(b). Every small element
of the coil behaves like an elemental EMF de and all such
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Study Physics Galaxy with www.puucho.com .

zéloé-gt;o;n;ghigﬁédachc‘:nu an_aA_!tematmgCurrent

elernental EMFs are in series. Sum of all these EMFs in the coil
is cailed locp EMF given by equation-(5.43).

x o b x
Arca=A
B=fint
x x
> b
k3 = = E
{(a)
E = » x

(b)
Figure 5.57

523 lnductfd Electric Field in Cylindrical Region Time
Varying Magnetic Field

Figure-5.58 shows magnetic field along the axis ofa cylindrical,

region of radius R. A coil of radius r is placed coaxially in the
region as shown. If magnetic induction starts increasing with
fime an EMF is induced in the coil wire which causes an electric
field to be induced in the wire due to which induced current
flows. :

- L

o

-

Figure 5.58

By symmetry of the region in which magnetic field exist, the
direction of induced electric field in the coil wite must be same

as that of the induced current so at every point of the coil we
can consider electric field to be along the tangent as shown in
figure-5.59(a). Even if cail is not placed here, induced electric
fietd lines will be closed circles as shown in figure-5.59(h).

- M

Elgotric Ficld Lines

(b}
Figure 3.59

The inducced EMF in the coil shown in figure-5.58 can be given
as

..{5.44)

If we consider an electric field line of radius x as shown in
figure-5_55(a} then along this circalar line total loop EMF induced
is given as .
db
e!oﬁp - MZ E
If E be the strength of induced electric field along the above
line of force in consideration then we can write
Jrx . dB
€lo0p= | Edl =’ ar
0
By symmetry we can state that magnitude of electric field along

the coaxial line of force should remain same and it is tangential
to the line of force so we can write

dB
E(2mx) —Tcxzz
1 dB
= E= EIE ...(5.45)
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Equation-(5.45) shows that electric field increases with distancé
from axis of region thus the densily of electrie lines of forces
inereases as we move away from the central axis. The
configuration of electric lines is shown in figure-5.60.

o e e
- -~
-

Figure 5.60

524 Indwed Electric Field cutside a Cylindrical Region Time
Varying Magnetic Field

Figure-5.6] shows a time varying magnetic field confined in a
cylindrical region of radius R and we consider a closed circular
path of radins x concentric with the region of magnetic field as
shown by dotted path, Within this path the magnetic flux
passing is given as

¢=nRB

Fipure 5.6¢

Hfwe place a coil along this path then EMF induced in the coil is
given as

By symmetry the direction of induced electric field will be
tangential to the path as discussed in previous article and using
induced electric field loop EMF can be given as

2nx

- 4B
Clomp™ j E.d!=1tR2‘E
bt

. s kil 7 A G

dB
B = y Rubiemilh
= E(2m)) =nR o
‘ 1( R \dB
= E=2 < | ar ...(546)

From equation-(5.46) we can see with distance from the axis of
the cylindrical region magnitude of electric field decreases. The
configuration of eleciric lines of forces inside and outside the
region of time varying magnetic field is shown in figure-5.62.

Figure 5.62

5.2.5 Electric Potential in Region of Time Varying Magnetic
Field

We've discussed in previous article that induced electric field
In time varying magmnetic field have closed loop electric lines of
forces as there are no static charges or source of electric field is
present in this situation for which the field is non congervative
in nature as for a charge going round the loop electric force acts
in same direction and hence work done is non zero. Thus for the
induced electric field in time varying magnetic field we have for
a general closed path

$E-di =0 - (547)
Thus in regions of time varying magnetic fields at any point in
space we cannot define potential as electric field in this region
is non conservative in nature,

When a metal body is placed in time varying magnetic field
then due to induced electric field free electrons of the metal are
displaced which. causes an opposing static electric field to be
developed inside the metal due to static charges and at every
point inside the metal its magnitude is equal to that of non
conservative induced electric field of the region. To understand
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Figure 5.63

Inside a time varying magnetic ficld, a rod 4B of length L is
placed such that the axis of rod is at a distance r form therod.
We consider an element of length dx on rod at a distance x from
point {J as shown in figure above. The induced electric field at
the location of element dx can be obtained by equation-(5.45),
given as

E=idrisd
i2 de
Due 1o the component of this electric field along the length of
the rod its free electrons will drift toward left and left end 4 of
rod becomes negative and due to deficiency of electrons end B
becomes positive. These charges cstablishes another electric
field inside the rod from B to A. In steady condition this electric
field balances the component of E, along the rod so that no
further drift of free clectrons take place. Thus the electric field
inside the rod due to static charges which is conservative in
nature is given as

-..{548)

E= Ecos0 ...{5.49)
A
= E= 5 r+Xx 7 X e
1 4B
= =Er-d7 ..-(5.50)

The cxpression in above equation-(5.50) shows that the static
electric ficld inside the rod is uniform and deperds only upon
the distance of axis of rod from the center of the cylindrical
region in which magnetic field is confined.

1f this electric ficld is uniferm, the potentiat difference across
the rod is given as

Vy—V,=EL
1 4B
= VB_VA:[E?-E)L
1 ,d8
= Ve—-V,= ErLE (85D

R
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5£.2.6 EddyCurrents

When a conductor moves in a magnetic ficld or there exist some
relative motion between a conductor and magnetic field then
localized currents are induced within the body of conductor in
plane perpendicular to magnetic field if magnetic flux passing
through the conductor changes. These currents are called * Eddy
Currents’ or *Foucaults Currents’.

Figure-5.64 shows a closed loop which is being pulled out from
a magnetic field due to which the magnetic flux through the
loop is decreasing and according to Faraday’s Jaw a motional
EMF Bv! is induced in the scgment D4 of the conductor and a
clockwise induced current flows in it. Dueto this current segment
DA experiences an oppoesing force Bif which opposes the leop
tobe pulled out from the magnetic field which is in accordance
ofLenz’s law.

1
1
1
* x X
1
1
A o ! B
i
1
x > L
1
& H
] : —d
F=gvi i i
% % 3
1
o i
D : . C
X x x|
E
'
Figure 5.64

See fignre-5.65 in which a sheet of metal is being pulled through
amagnetic field. In this case there is no wire loop like fignre-5.64
but the dotted segments ofthe sheets as shown in below figure
will devetop an induced EMF and tend to supply clockwise
induced currents as shown in whichever path is avaitable in the
body of conductor. Due to these induced current these all
segments within the magnetic fields experience a backward force
by magnetic field and opposes the motion of sheet or develop
a braking action for the moving conductor. These induced
currents are ‘Eddy Currents’.

" Flgure 5.65
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Figure-5.66 shows another illustration of braking of a rotating
conducting disc by eddy currents. On the surface of a rotating
metal disc we apply magnetic field on a part of its surface area
as shown. Those segments of the metal disc which are moving
through this region of magnelic field develop an induced EMF
and eddy currents tlow as shown in figure-5.66(b) which is the
top view of the rotating disc. These currents are cencentrated
mainly in the part of disc where magnetic field is applied and
outside these are scattcred to form close loops. In this part of
disc these currents will experience an opposing magnetic force
to rotation of disc and hence it provides a braking action on
rotating disc by the torque due to this magnetic force.

Eddy Current

/

mEgnetc

(b)
Figure 5.66

When a metal body is placed in a time varying magnetic field
then locatized currents arc induced in metal body due to swirling
of free electrons of metal in small closed paths. These are also
eddy currents which produce their localized magnetic field in
opposition to the change in external magnetic field. Figure-5.67
shows a metal sheet placed in a time varying magnetic field into
the plane of sheet which increases with time, This causes several
miniature anticlockwise currents induced in the body of sheet
due to swirling of free electrons in small closed path at their
local positions. Such currents cause continuous dissipation of
heat in the metal body,

__Electromagnetic Induction and Allernating Current |

\\

Eddy curren!s
Figure 5.67

As discussed above whenever eddy currents are pr{;duced ina
metal body these have two main effects on the specific situation
under which these eddy currents are produced. One is the
braking action on the relative motion of conductor and magnetic
field and other is the heat dissipation in the body of conductor.
Dueto these actions there are many useful applications of eddy
currents arc developed at industrial and laboratory level,

# Mlustrative Example 5.14

Two concentric coplanar circular loops made of wire with
resistance per unit length 104Q/m, have diameters 8.2m and
2m. A time varying potential difference (4 +2.5¢) volt is applied
to the larger loop. Calculate the current in the smatler loop.

Solution

The situation described in question is shown in figure-5,68

V= (4 +2.50

Figurc 5.68

The maguetic induction at O, due to the current in large loop is
given as “

_ Bt
BT 5k
¥ (a+2.35)
where i=p= _—_(Zm‘i)p
_ Bo[{4+2.58
= By= m[ CrR)yp |
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Here we consider that the central loop is verysmallie., r <<R,
so the field may be considered as constant within the loop,

Thus within the loop the ﬁeld is B, so the flux through smaller
loap is given as .

o [4+250]

= = —f———— '

=8, () ZR[ CrR)p i
Induced EMF in the smaller loop is given as

_ |44

Hor”
& x{2.5)

4Rzp

Thus current { in the smaller loop is given as

b
i = E‘ = pﬂr X 2,5 > 1
R 4R% 2arp

2.5m,r
= j= R
8nRp
2.5x{(dmx1077)0.1
= _ 25x(4mx10" X )=1.25A

Brx1x107®

i
# Hiustrative Example 5.15

A current i=3.36(1 + 28 x 1072A increases at asteadyrateina
long straight wire. A small circular loop of radius 10 *m has its
plane parallel to the wire and is placed at a distance of lm from
the wire. The resistance of the loop is 8.4 % 107% Q. Find the
magnitude and direction of induced current in the loop.

Solution

Sttuation described in question is shown in figure-5.69

&

Figure 5.69

The magnctic flux passing through the loop is given as

; 2.
poa’i
SRICI

2
= o= %[3.36 (1+26x 167

The induced e.m.f, is given by

x [3.36 x 2 x 1072]

= e=3.36 ><-1(}’:!><p.ua2

So, the induced current { is given by

i=—=—=x330x lﬂ'zxpoaz

|
oy |-

(3.36x1072)x (4nx 1077 )(1072)?
(8.4x107%)

. i=

_ 422x107M
= = ———————— =8"=x

8.4x107* 174

# Mustrative Example 5.16

A long straight solenoid of cross-sectional diameter
d and with » turns per unit of its length has a round turn of
copper wire of cross-sectional area 4 and density p is tightly
put on its winding. Find the current flowing in the turn if the
current in the solenoid winding is increased with a constant
rate f ampere per second.

Solution

The magnetic field inside the solenoid is given as
B=p,ni

The flux through its eross section of copper winding is given
as :

m{Z
d=B4d= (LLGJH') T

EMF induced in the copper wire is given as

b d* di

e= dt SHohT T~ 4 df

Current in the copper wire is given as

e pomrd I ponddl
td 4p
4.0l 2=
p( A]

# Hnstrative Example 5.17

ICR

For the sitnation described in figure-5.70 the magnetic field
changes with time according to,

B=(2.00F— 4.002+0.8) Tandr,=2R=5.0cm

() Calculate the force on an electron located at point P, at
time instant /=125

(b} Whatare the magnitude and direction of the clectric field
at P when ¢=3sand #, = 0.02m.
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Figure 5.70

Solation
{a) At point P, the induced electric field strength is given as
g (B
2?’2 df

| F= E—ﬁ(ezz 8¢
g 2, -85

Substituling the values we get

_ (1.6x107°)(2.5%x107%)
2x5x1072

F [6(2Y-8(2)]
= F=8.0x102N

(b) At P, being a point inside of the maguetic field, the
induced electric field at this point is givenas

- E= %{6:2-8:}
= E= 0'—32 [6(3°~8(3)]
= E=03V/n

As discussed inthe above part, direction of electric field is in
the direction of induced current (anticlockwise) in an imaginary
circular conducting foop passing through P,.

# Mustrative Example 5.18

A plane loop shown in figure-5.71 is shaped in the from of two
squares with sides 4 and b and it is introduced into a wniform
magnetic field at right angles, fo the loop's plane. The magnetic
induction varies with time as B = B sin w¢. Find the amplitude
of the current induced in the loop if its resistance per unit
length is equal to r. The induction of the loop is negligible.

Electromagnetic induction and Allemating’ Current |

Figure 5.71

Solution

The logps are connected in such a way that EMFs in loops will
oppose each other. The EMF induced in first loop is given as

d_, d ,
e,= d_t(a By=a Z(anmmr)

= e,=a’ B, wcos ot
EMF induced in the second loop is given as
ep=—b B, 0 cos of

Resistance of the circuit is given as

R=4{a+b)r
Amplitude of current is given as
. @ -tH)Byo
l’ I e—
®  4a+B)yr
. 1{a-b)Byo
= fg=o———
4 r
# Mnstrative Example 5.19

Figure-5.72 shows a conducting loop of which semi-circular
part lies in the magnetic induction B which varies with time,
given as

B=af + e+ (T

The wire is héwi;lg a resistance R$/m. Find current in foop at _
time ¢=2s.

_=|
el

Figure 5.72
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Solution
Induced emf'in the loop is given as

fif
e= 4% _ &(3«;: +2¢t)

Total resistance of the loop is given as
R.= R[ += 5 + 2n+nr] =rR(3+m)

Current in loop is given as .

2
- %(Sat; +2¢1)

rR(3+m)

# Hlustrative Example 5.20

A thin non-conducting ring of mass m carrying a charge g can
freely rotate about its axis. At the initial moment, the ring was
at rest and no magnetic field was present. Then a practically
uniform magnetic field was switched on, which was
perpendicalar to the plane of the ring and increased with time
according to a certain law B(f). Find the angular velocity

attained by the ring as a function of the magnetic induction
B(H).

Solution

A changing magnetic field sets up an induced electric field duc
to which the torque on ring causes it to accelerate, we use

mR? d_m

= dt

...(552)

i ,dB
t=q,ER= Q'ER m

From equation-(5.52) and {5.53) we have

But ..(5.53)

-_-qu dB Rz dw
2 dt dt

1
= Equ =mdn

Integrating above expression upto a time f we get
1 B(H)=m®
2 q

= w=-1B()
2m

The direction of & will be opposite to the direction of magnetic
induction.

# IHustrative Example 5.21

An infinitestmally small bar magnet of dipole moment M is
pointing and moving with the speed v is in the X-direction. A
sinall closed circular conducting loop of radius a is placed in
the Y-Zplane with ifs centre at x= 0, and its axis coinciding with
the X-axis. Find the force opposing the motion of the magnet,
ifthe resistance of the loop is R. Assume that the distance x of
the magnet from the centre of the loop is much greater than a.

Solution

The varying magnetic field due to magnetic dipole will produce
induced current in the coil. Due to induced current in circular
conducting loop, it witl also behave like a small bar magnet.
This bar magnet will produce a force opposing the motion of
the magnet. The situation is shown in figure-5.73.

z
“ i
R »X
B
(2] e
v
¥ —x————
Fipure 5.73

The magnetic field at the centre G of the coil due to bar magnet
is given as

Mg

——x

47 x3
The magnetic flux through the loop duc to bar magnet is given
as

M

¢: —x2 x{m )

Induced EMF induced in circular loop is given as

dé dipg 2M 1
= oame——— = em—f — M —
¢ dt dr[4n’ % x(ra’)
__p.ﬂMa2 -3 _d
= T 2 & ar
_ 3 Maty " _dx
= €=~ where v= "7
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If M_;, be the magnetic moment of the coil. Then we have
3u,Ma’v
M =ixd= 20
2x"R
B 3npMa’v
= coil 3
2x°R -
Now, oppesing force on bar magnet is given as
F= M_gg — p_()x GMMMH
45 x*

Fe ;1_0@_[3:1}105@%]

=
4m x4 2x*R
ou2ps2a
L gkl
4Rx
# Mustrative Example 5,22

A closed coil having 50 turns, area 300cm?, is rotated from a
position where it plane makes an angle of 45° with a magnetic
field of flux density 2.0T to a position perpendicular to the field
inatime of 0.1s. What is the average EMF induced in the coil?

Solution

Initially the flux linked with each turn ofthe coil is given as
&= B-A =BAcos 0= BA cos45°
Substituting the values, we get
$=2.0 %300 x 10* x0.7071
= $=4.24 x 102 Wb
Finally flux linked with each turn of the coil is given as
¢'=BA cos 0° = BA _
= $¥=20%300% 104=6.0% 102 Wb
Change in flux in this process is given as
Mp=¢'-¢
= Ap=(6.0% 10?)-424 x 102
= Ap=1.76 % 102 Wb

This change is carried out in 0.1s. The magnitude of the average
EMF induced in the coil is given as

r__ -5
o= N3O0 _ 4, 1.76x10
dt .1

e=8.8V

~ Electromagnatic Indaction and Altemating. Current |

# Dlustrative Example 5.23

Along solenoid has n turns per unit length, radius R and carries
acurrent fiskept in gravity free repion. From its axis at a distance
twice that of its radius a charge +q and mass m is placed. If the
current in solenoid is suddenly switched off, find the velocity
attained by the charge.

© Solution

Magnetic induction inside the solenoid is given as

B,=pgnd

p— R

Flgure 5.74

1f the duration in which field drops to zero after switching off
then electric ficld induced at a distance x outside in this duration
8t is given as

‘Due to the induced electric fieid, impulse on the charge +¢ in
this duration is given as

J=gEdt=mv
gESt
= v=
m
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Practice Exercise 5.2

(® A magnetic flux through a stationary loop with a
resistance R varies during the time interval T as =g f(z - £).
Find the amount of heat generated in the loop during that time.
The inductance of the loop is to be neglected,

21_3

a
[—3};]

(i) A long solenoid having 1000 turns per cm carries an
alternating current of peak value 1A. A search coil having a
cross-sectional area of I x 10~* m? and 20 turns is kept in the
solenoid so that its plane is perpendicular to the axis of the
solenoid. The search coil registers a peak voltage of
2.5 x 102 V. Find the frequency of the current in the solenoid.

[15.8571]

(iiiy Two infinite long straight paralle] wires 4 and B are
separated by ¢. Lm distance and carry equal currents in opposite
directions. A square loop of wire C of side 0. Lm lies in the plane
of A and B. The loop of wire C'is kept parallel to both 4 and B at
a distance of 0.1m from the nearest wire, Calculate the EMF
induced in the loop C while the currents in 4 2nd B are increasing
at the rate of 10> A/s. Also indicate the direction of current in
the leop C.

[2 % 105 In G} volt, cloclavise]

(v} A flat circular coil of 200 turns of diameter 25cm is laid
on a horizontal table and connected to a ballistic galvanometer.
The complete circuit is having resistance of 8002, When the
coil is quickly turned over, the spot of light swings to a maximum
reading of 30 divisions. When a 0.1 pF capacitor charged to 6 V
is discharged through the same ballistic galvanometer, a
maximum reading of 20 divisions is obtained. Calculate the
vertical component of the earth's magnetic induction.

[0.37 x 10-T]

()  Arectangular frame ABCD made of 2 uniform metal wire
has a straight connection between E and " made of the same
wire as shown in figure-5.75. AEFD is a square of side lm and
EB = FC= 0.5 m. The entir¢ circuit is placed in a steadily
increasing uniform magnetic field directed into the plane of the
paper and normal toit. The rate of chanpe of magnetic field is
1T/s. The resistance per unit length of the wire is 1€/m. Find
the magnitudes and directions of the currents in the segment
AE, BEand EF.

B
' e B
{x  x  x xJEx x
;: xox ox X % x
1m } B H
;| % x w b3 X X
l _. x L3 x x . Fx ®
‘U--.._m.. I e
ft——— [ ——— 1 f2m ™
Figure 5.75
7 A 1 A
(vi) Inalong straight solenoid with cross-sectional radius a

and number of turns per unit length » a current varies with a
constant velocity f ampere per second. Find the magnitude of
the induced ¢lectric field strength as a function of the distance
r from the solencid axis. Draw the approximate plot of this
function.

i
[For r < a, —l-rp.unl and for r > a, _l_a Hoft
2 2 r

(vii) A thin non-conducting ring of mass m radius a carrying
a charge g rotates frecly about its own axis which is vertical. At
the initial moment, the ring was at rest and no magnetic field
was preseni. At instant £=0, a uniform magnetic field is switched
on which is vertically downwards and increases with time
according to the law B = Byt. Neglecting magnetism induced
due to rotational motion of the ring, calculate

(@) The angular acceleration of the ring and its direction of
rotation as seen from above.

(b) Power developed by the forces acting on the ring as
function of time.

BofI g Byat Eo“ ¢

(@ () = —1

(viil) Inthemiddle ofa longsolenoid, there is a coaxial ring of
square cross-section, made of conducting material with
resistivity p, The thickness of the ring is equal to 4, its inside
and outside radii are equal to @ and & respectively. Find the
current induced in the ring if the magnetic induction produced
by the solenoid varies with time as B = 3¢, where § is a constant.

[”'3 )

(iX) A longsolenoid of diameter 0.1m has 2 x 10* turns per
meter. At the centre of the solenaid a 100 turn coil of radius
0.01m is placed with its axis coinciding with the solenoid axis.
The current in the solenoid is decreased ata constant rate from
+24 to— 24 i 0.05s. Find the EMF induced in the coil. Also find
the total charge flowing through the coil during this time ifthe
resistance of the coil is 107202

[6.4%2 x 10 3V, 32uC]
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(0 A long solenoid of cross-sectional radius ¢ has a thin
insulated wire ring tightly put on its winding; one-half of the
ring has the resistance 1 times that of the other half. The
magnetic induction produced by the solenoid varies with time -
as B = bt, where & is a constant, Find the magnitude of the

electric field strength i thering,
abfn-1
[ 2 (r[-i-l) ]

(i) A magnetic field induction is changing in magnitude at
a constant rate 4B/dt. A given mass m of copper is drawn into
a wire of radius a and formed into a loop of radius is placed
petpendicular to the field. Show that the induced current in the
loop is given by

. m dB
i= —
4ntpd dt

where p is the specific resistance and B, the density of copper.

(xii} A long solenoid of cross-sectional area 5.0cm? is wound
with 25 turns of wire per centimeter. It is placed in the middle of
a closely wrapped coil of 10 turns and radius 25c¢m as shown in
figure-5.76.

Figure 5.76

(a) What is the EMF induced in the coil when the current
through the solenoid is decreasing at a rate — 0.20A/8?

(b)  Whatis the electric field induced in the coil?

[(a) 3.14 x 1076V; (b) 2.0 x 10-¢V/m]

(xiif} Ina coil of resistance R, magnetic flux due to an external
magnetic field varics with time as ¢= k{(C - 2). Where kand C
are positive constants. Find the total heat produced in coil in
timer=0tosr=C

arec?
3R

(xiv) Figure-3.77 shows a fixed coil of ¥ turns and radius a
carrying a current . At a distance x from its centre another small
coaxial coil of radius &(b << a) and resistance R is moving
toward the first coil at a uniform speed v. Find the induced
current in smaller coil.

Electromagnetic Inducﬁg}]‘and_j\ltelﬁhamwaurreﬁib]

A
) O
—
! v
Fixed
Figure 5.77
3u Nl blve

Sresd

5.3 Self Induction

We've studied that current flows in a closed circuit only and a
circuit may consist of one or more loops. Whenever current
flowing throngh a conductor (part of a closed circuit) or a coil
changes then magnetic field produced by that current also
changes and il changes the magnetic flux through the loop or
loops in that circuit of which the conductor or coil is a part.

Due to change in magnetic flux linked with the circuit of
conductor or coil an EMF is induced in the coil which opposes
the causes of induction i.e. the effects of induced EMF opposes
the change in current. Thus every conductor or a coil when
current flowing in it is changed due to the flux linked with the
cireuit of its own current, electromagnetic induction takes place
which opposes the change in current in itself. This property of
a conductor or coil by which it epposes change in current in
itself is called *Self Induction’.

Ifin & coil or a conductor a current fis flowing then magnelic
flux ¢ which is linked with the same coil or conductor is directly
proportional to the current in it so we have

heel

= o=1Li ...(5.54)
In above equation-(5.54), L is a proportionality constant which
is called ‘ Coefficient af Self Induction® for the coil or conductor

and its associated circuit in which current [ is flowing.

If current changes at a rate of df/dt then EMF induced in the
circuit of coil or conductor is given as

d¢ dl
hah 4 Iy g L
at dt

According to Lenz’s law the direction of induced EMF is such
that it opposes the causes of induction which is change in

e= =

...{3.33)
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current thus signs of ¢ and dl/d? are opposite iri above equation
which can be written without modilus as
drl

e=-L—

” .. (5:56)

Unit used for measurement of coefficient of Self Induction is
*Henery’ or *H" which is given as
1H=1Vs/A

3.3.1 Understanding Self Induction

Consider two situations of a wire segment AB in a circuits as
shown in figure-5.78. In first case shown in figure-5.78(a) its
just a straight wire 4B in which a current 7 flows when switclt is
closed. Here we consider that remaining part of circuit is far
away from the wire and not affected by the magaetic induction
produced by this wire 4B. In second case shown in
figure-5.78(b} in the middle of wire 4B a loop is made by twisting
the wire through which magnetic flux passes when current flows

through wire AB.

Y
1Y
Wb
H
i

e,

l‘*\

\’ \
. -

1 ]
Vb ¥
' ! 13
k/’ ; k/}: k ;J:
/S "a ‘,; ‘,J ®
o
(2)
] [0 =
& 6] ©
© 10 G
i o] 9, O] { g
/s |
N |
|
]
g
(b},
Figure 5.78

When the switch is closed in first case the current in wire quickly
grows to a valuc f but in second casc when switch is closed
current grows but with this magnetic flux through the loop also
increascs which causes an EMF to be induced in the loop of
which the direction is such that it opposes the change in flux.
We've discussed that in time varying magnetic fields every
element of fhe conductor or coil acts as an EMF thus the direction

154

. T

of such elemental EMFs in the loop are asshown in fipure-5.79.
Due to the induced EMF in the loop the growth of current in
wire AR after closing the switch is opposed and it grows slowly
as compared to the first case.

I_\i
LA
T 7
Ii“;ith tim}/ X& i‘)\

Figure 5.79

Figure-5.80(a) and (b) shows the time variation of current in
wire AR in the above two cases. In second case the growth of
current is stow due to the induced EMF in the loop while current
increases,

1a
s
4
=0
{a}
14
F A el - it
1
=0
(b}
Figure 5.80

We can imagine & situation if instead of one we make three
loops in wire AB as shown in figure-5.81. In this case EMF witt
be induced in all three loops which opposes the growth of
current in wire 48 hence opposition is more and growth of
current will be even slower compared to the case with one loop
in wire 48, Here we can say that with three loeps sclf induetion
of wire AB is.higher compared to the situation with one loop
and that is more than the situation without a loop. With the
above illustrations we’ve taken il is evident that self induction
of'a conductor or a coil depends upon the shape and size of the
condnetor.
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Fipure 5.81

5.3.2 SelfInductance of a Soleroid

A solenoid is a coil with multiple turns wound on a cylindrical
core. When a steady cusrent [ is flowing through along solenoid
of length /, total turns NV with cross sectional area S, the magnetic
induction inside Is given as

B=pnl= f-‘o(g] I

The magnetic flux through any cross section of the solenoid is
given as

; ...(557

Magnetic flux linked with all the turns of the solenoid is given
as

w20

O=G;* N
W N2 ST
= = —
{
p NS -
= ¢= 7 I ...(5.58)

Comparing above equation-(5.58) with equation-(5.54) we get
the coefficient of seif induction for a solenoid given as

L= B NS

i

Due to multiple tarns connected in serics in a solenoid when
current flowing through it changes the EMF induced in it due
to self induction is significant high compared to normal
conductors and this property makes a sotenoid very useful in
different types of electrical circuits. When a solenoid is used in
circuits it is called an ‘Inductor’.

...(5.59)

Whenever current flowing through an inductor changes with
time then the inductor behaves like a battery of EMF given as
Q

Iy
ET M

In next article we’ll discuss about the behaviour of an inductor
when used in electrical circuits.

Electromagnetic induction and Altemating Current |

5.1.3 Behaviour of an Inductor in FElectrical Circuits

For use of a solenoid in electrical eircuits it is made in miniature
form with close packed turns and cross sectional radius is kept
very small compared to its length. Figure-5.82(a) shows a
common commercial inductor which isused in electrical circuits,
To save the space instead of keeping it as a straight solenoid
the wire is wound in form ofa toroid as shown. Figure-5.82(b)
and (¢) shows different types of inductors used in a circuit on a
printed circuit board (PCB).

Figure 5.82

When a steady carrent flows through an inductor the magnetic
flux due to the current remains constant and no EMF is induced
due to self induction. Always remember that selfinduction plays
its role of opposition only when current through a cotl changes.
If current ts steady then the inductor behaves like a straight
wire as shown in figure-5.83(b)

L
B
TR —— = -4 &
A B
I =constant
) - (b))
Figure 5.83

Consider the case shown in figure-5.84 when current flowing
through the inductor increases with time. In this case due fo
selfinduction an EMF is induced in the inductor so as to oppose
the change in current. In this case as current is increasing and
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flowing to the right then left end of inductor will have high
potential and right end of inducter will be at low potential so
that the EMF induced in the inductor tend o supply its current
in dircetion opposite ta the flowing carrent so that increase in
current is oppused. In this situation the inductor behaves like

an equivalent EMF across iis terminals 4 and B as shown in
figure-5.84(b).

L
A B 4 _ B
i = s >

=t ! dl
I=fyh E-L9r

{ increcasing with time
(2} (b)
Figure 5.34

Figure-5.85 shows a case when current flowing through an
inductor decreases with time. In this casc due to self induction
an EMF is induced so as to oppose the change in current. As
current is decreasing, right end of inductor will be at higher
potential and left end at lower potential so that the setfinduced
EMF will tend to supplyits carrent in the same direction as that
of the existing current to oppose the decrement in current. In
this situation the inductor behaves hike an equivalent EMF
across its terminals 4 and B as shown in figure-3.85(x) and {(b).

L
A B 4 R B
. + L ’ |
=gl E=1%
I decreasing with time

(z} ®

Figure 5.85

# Mustrative Example 5.24

How many meters of a thin wire are required to manufacture a
solenoid of length £, = 100 cm and inductance L= 1.0mi, ifthe
solenoid's cross-scctional diameter is considerably less than
its length?

Solution

Selfinduction cocfficient of a solenoid is given as
e Nl
o
Total length of wire Is given as
i=Nx2mr

_ et
4wl

’4 i,L
— _ [= —-]l={].1km
ko

# Hlustrative Example 5.25

The inductor shown in figure-5.86 has inductance 0.54H and
carries a current in the direction shown thatis decreasing ata
uniformrate, di/di=—0.030 A/s.

‘L

a L ¢b

Figure 5.86

(8) Find the self-induced emf.
(b) Which end ofthe inductor, a or &, isat a highcr potential?

Solution
{a} Selfinduced EMF is given as
e =L|£I-| =0.54x003V
di

= e=162x 1072V

{b) Current in the shown direction is decreasing. Hence
induced EMF should produce current in the same direction.
1Tence induced battery polanty will be as shown in figure-3.87
below.

.

On
o

]l'—

]l
Figure 5.87

So we have

Va} Vb

# Hlustrative Example 5.26

Calculate the inductance of a unit length of a double tape line
ifthe tapes are separated by a distance 4 which is considerably
less than their width b. Current flows in the two sheets of the
tape line in opposite direction as shown in figure-5.88. Such a
tapeline is used as connecting wircs to industrial appliances
where additional inductance is required for supply of current,

Figure 5.88

www.puucho.com



Study Physics Galaxy with www.puucho.com

{134
Solution

The current per unit length in the width of the sheets of tape
line is I/b due to which each sheet of the line produces a
magnuetic induction between the sheets which is given as

go iy (L
=3P}

In between the sheets of line the total magnetic induction due
to both the sheets is given as

_ Bl
b

The magnetic flux passing through the region between the two
sheets of tape line of length / is piven as

B

Hol
= [
="
[ T
= ==F

= I b H

If self inductance of the tape line is Z then we have

¢ _ Mo
L=—= "—I;l
= I~
Self inductance per unit length of the line is given as
L_ b
I b

# Hlustrative Example 5.27

Calculate the inductance of a toroid whose inside radius is
equal to & and cross-section has the form of a small square of
side a. The solenoid winding consists of ¥ turns. The space
inside the solenoid is filled with uniform paramagnetic material
having relative permeabilit .

Solution
If we consider an elemental ring of radius » and width dr as

shown in the figurc-5.89. The number of turns per unit length
in this ring shaped element is given as

Figure 5.89

'EIectrémanq!ic_ induc N’ |
The magnetic induction inside the elemental toroid is given as

Bty NI
2ar

B=pppl=

The magnetic flux through a cross section of the elemental ring
shaped tGroid is given as

db

Magnetic flux linked with all N turns of the toreid in the
elemental ring shaped element is given as

dr

— prp{)NI

x adr
2nr

Total magnetic flux linked with the given toroid is given as

_ _ PBrBoy,2 b*’"ﬂt
b= fdé - N Iaf, >

Brlg o502 b+a
= =10 N2, in( ]
b 2n a
Self inductance of the toroid is given as
_2
L= T
b L]
N . Nza;n[ +a]
2n a

# Hlustrative Example 5.28

An iron coreis inserted into a solenoid 0.5m long with 400 turns
per unit length. The area of cross-section of the solenoid is
0.001m?, {a) Find the relative permeability of the core when a
current of SA flows through the solenoid winding, Under these
conditions, the magnetic flux through the cross-section of the
solenaid is 1.6 % 10-*Wb. (b) Find the indiictance of the sofenoid
under these conditions.

Solution

We know that the magnetic induction on the axis of a solenoid
is given by

B= u(i—i) Gyni ...(5.60)

where p is the permeability of the medium.

(a) - As magnetic flux $= B4 we use B= ¢/4 which gives

1.6x107
= ‘m—_3 =146T

Substituting the values in equation-(5.60), we get
16 =p(107) x 4rx 400% S
= u=637.
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(b) Total number of turns in the solenoid are given as
N=nx[=400x0.5=200
Total magnetic flux linked to the solenoid is given as

$=Nx$=200x1.6x103=032Wb

5.4 Growth of Current in an Inductor

In previous articles we’ve discussed that an inductor behaves
like an equivalent battery when current through it changes.
Due to the self induction of an inductor it opposes the change
in current in itself and depending upon the value of coefficient
of self induction of the inductor the opposition to changc in
external current is different. In next article we will discuss and
analyze the growth-of current in an inductor when it is connected
across a battery,

5.4.1 Growth of Current in an Inductor Connected Across a
Battery

Figure-5.90(a) shows an inductor of self induction coefficicnt I,
is connected across an ideal battery of emf E. When the switch
is closed a current starts growing in circuit which is opposcd
by the induced EMF in inducter as shown in figure-5.90(b).

A L B

()
Figure 590

In figure-5.90{b) we can sec that the inductor is connected across
the battery so potential difference of battery is always equal to
the induced EMF across the inductor. If at time ¢ = 0 switch is

closed and current in circuit at time £ = £is { then we have
E=L di
dt

= Ldi = Edt
= j' Ldi = _[Ed:
4] 1
= L[], = E[],
— Li=Ft
= i= % ...(56D)

Above expression in equation-(5.61) shows thai current in circuit
linearly grows with time and variation curve is shown in

figure-5.91.

i

fan B =——

-y

Figure 5.91
5.4.2 Growthof Current in RL Circuit across a battery

Figure-5.92 shows a circuit with an inductor of inductance L
connected in serics with a resistor of resistance R across a
battery of EMF E. In this circuit when the switch is closed at
+=0, a current starts flowing and if at 1 = f current flowing in
circuit is considered to be i.

x % & -

X

—
E
Figure 5.2

We write KVL equation for the above loop as

+E~iR- L% =
! dr
é_ E—iR
= dt L
Podi e dr
= =7
-gg—;ﬁ {L
= ~LnE—iryi= L
R 1] L [\]
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g """ T

= fIn{(E-iR)-In(E)]=- %[t—ﬁ}

£—iR Rt
= ln(—E )="f

E—iR —‘f
= & ¢

-_£ 1 _%

= =% —e ...(5.62)
= i= i_.{l—e-%J ..{5.63)

Here ig = E/R is the steady state current of RL circuit.

Expression in equation-(5.62) shows that the current in circuit
grows exponentially and the variation curve for the growth of
current in RL circuit is shown in figure-5.93.

Figure 5,93
5.4.3 Time Constant of RL Circuit

From equation-(5.62) we can analyze that current in RL circuit
approaches to steady value i; = E/R when ¢ — o and
theoretically it fakes very long time. In above equation-(5.62)
we analyze the cirenit current at time ¢ = 7= L/R which is called
‘Time Constant’ of RL circuit. Using this time t = L/R in
cquation-{3.62) we get’

_E.
1= R{ —€ )
E 1
= — 1—-—
= 1 R( e]
. _E(i 1
R 2.718
_£ 1-0.3
= i—R( -0.37)
E
= i=0.63% ...(564)

Etectramagnetic Induction. and Altemating Gurrent }

From equation-{5.64) we can state that time constant of 2 RL
circuit is that time duration in which current in RL circuit grows
to 63% of the steady state value. If in equation-(5.62) we analyze
the current after five times the time constant then we have

E
i= g (t-c?)

'—8993£
= =4 R

From equation-(5.65) it can be seen that in duration equal to
five times of time constant current attains 99.3% of steady state
value and remaiming 0.7% will be achieved theoretically in infinite
time which can be ignored practically. Thus for analysis of RL
circuits we consider that in approximately five times the time
constant duration steady state arrives practically so transient
period of growth of current in a RL circuit is approximately
equal to SL/R. The growth of current is shown in the plot of
current vs time in figure-5.94. In the below graph transient period
and steady state are also mentioned.

...(569)

ik

'iS
0.9%,

0.634;f==-==-=

Y

t=t=LiR
Figure 5.94
5.4.4 Instantancous Behaviowr of an Inductor

We've already discussed that at an instant inductor behaves
like a battery of EMF L{di/dt) when current through it changes
at a rate di/dt. From equation-{5.64) we can analysis the EMF
across the inductor at an instant of time ¢ which is given as

; B
e= L-‘-{I—= Lxg-x _R et
dt R L

R
= =—Fe *

...(5.66)

From equation-(5.64) we can see that at £ = 0 current § = § and
from equation-(5.62) at ¢ = 0 the EMF induced in inductor is
e =—F that means the EMF in inductor is in opposition to battery
EMF and it is equal so current in circuitis zero at t = ),

In other words we can state that just after closing the switch at
#="0 inductor in circuit behaves tike open circuil through which
nocurrent can pass as shown in figure-5.95(a). After a fong time
when steady state is arrived we know that current becomes E/R
and becomes steady due to which EMF induced in the inductor
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becomes zero so we can state that in steady state an inductor
behaves like a straight wire or short circuit as shown in
figure-5.95(b). '

L open circuit
t =0+ TR iy — o
A 4 B A4 B
(a)
Al = L short circuit
=00 e SISO —— m>
A B A )]
(b)
Figure 5.95

5.4.5 Transient Analysis of Advance RL Circnits

We've already discussed in the topic of capacitance that in
case of a circuit if multiple resistors and batteries are present in
a circuit then across the capacitor we can replace the remaining
circuit by Thevenin’s equivalent circuit and then we can use
the results derived for simple RC circuit. In the same way for RL
circuits also if multiple resistances and batteries are present
then we can replace the circuit across inductor by a single
equivalent battery and its internal resistance and use the results
of simple RL circuit. Will analyze such cases in upcoming
illustrations,

# Hlustrative Example 5,29

A solenoid has an inductance of 10H and a resistance of 2. Tt
is connected to a 10V battery. How long will it take for the
magnctic energy to reach one fourth of its maximum vatue?

Solution

(a) The I-R circuitis shown in figure-5.96 Let at a time instant ¢,
after shorting of switch, current through the circuit is 7.

L R

Lo Al
iy
Hi= -
v K
Figure 3.98

For the given loop of circuit current as a function of time is
given as

... (567)

Where i, = V/R is the maximum current in circuit. The magnetic
energy stored in inductor is given as

V
i= E (l _ e—Rn’L)= io(l _ L,-ML)

|
U=—Li
2

Given that at an instant the magnetic energy attains one fourth
of the maxirnum gives

111
Ly T —[—dli&}

2 4.2
bV
= T2 72R
Substituting the values in equation-(5.67), we get
4

V’
2l an ] g0
R _R(l e Mor 0.5 e

or ¢ " =0.5 which gives t=3.478 s

# Hlustrative Example 5.30

Calculate the time constant T of a straight solenoid of
length [ having a single layer winding of copper wire whase
total mass is equal to m. The cross-sectional dizmeter of the
solenoid is assumed to be considerably less than its length.
Take resistivity of copper to be p and density is equal to 8.

Salution

Time constant of LR circuit is given as

L

T=—

R
Inductance of a solenoid is given as

2 2
L = M — _}.Jl}..g_x Tl:?‘z
! !
If £, is the total length of wire making the solenoid then we can
rewrite above expression as
LY
n 4r 1

The tesistance of the wire is given as

4 Ay, VvV (mid)
3pli
— = Plo
m
mR
= 2= —
op
_ Mo mR
= L 4n opi
_L pgm
= "R 4ndpl
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# Ittustrative Example 531

o e g o e o 1

A battery of EMF E and of negligible internal resistance is
connected in an LR cirenit as shown in figure-97. The inductor

. o , (t) Work done in pulling out the piece is given as
has a piece of soft iron inside it. When steady state is reached

the piece of soft iron is abruptly pulled cut suddenly so that W=U-U= I fi} 1 L2
the inductance of the inductor decreases to nl with < [ with 2
battery remaining connected. Find : N2 2
1 I E 1 L E
(@) Currentas a function of timeif at =0 is the instant when = W= 5(” ) R _5( ) R
the soft iron piece is pulled out.
. . . 2
(b) The work donein pulling out the piece. - W= lL(EJ (l _1]
() Thermal power generated in the circuit as a function of R)A\n
time. 2
. ] ] 1,{EY(l-n
(d) Power supplied by the battery as a function of time. = = EL r s
L R (¢) Thermal power generated in the cirm.l!it as a function of
time is given as
P =R

J Here, i the time function of current obtained in part (a).

M )

E

Figure 5.97 (d) Power supplied by the battery as a function of time is,

Solution P, =Ei

Here, i the time fanction of current obtained in part (a).
(a) At 1= 0, steady state current in the circuit is i, = E/R.

Suddenly L reduces to nl (n < 1), so to keep the flux constant, ¥ ffiystrative Example 5.32

. o - h E
the current in the circuit at time ¢ = 0 will increase to — = — . L A . ) L.
n AR’ Athin wirering of radius a and resistance ris located inside a

If i be the current at time  in circuit as shown in figure-5.98  |onp solencid so that their axes coincide. The length of the
then by using Kirchhofl’s law in the loop we have, solenoid is equal to [ its cross-section radius to 5. At a certain
' di moment, the solenoid was connected to a source of constant

E- "L[EJ_ iR=0 voltage V. The total resistance of the circuit is equal to R,
Assuming the inductance of the ring to be negligible, find the

di 1 maximum value of the radial force acting per unit length ofthe
= —dt .
ring.
Ring
{1
4
Figure 5,99
Figure 5.98
Solution

Integrating the above expression, gives -

] r The inductance L of the solenoid is given as
¢ di 1

— =g 2 2o 22
E-iR ~ nLj L= Mof;f’ 4_ uo(fd)f (")

=pontrh?l  ...(5.68)
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The current through the solenoid varies:with time as

Magnctic induction inside the solenoid varies with time as
B=ugni
Magnetic flux passing through the ring is given as

= ¢= Brna®

= d=nning’
nVna® _
= _ H'O n (1—6’ RJ'H.)

EMF induced in the ring is given as

,_ 9%

e=
qr
2
#Vra® _
- _He Rz
L
Current induced in thering is given as
2
i =f uon¥na kL
Ry rlL :

as

dF )
Fo=a =Bk
pgnlf'mz —Rt/L
= Foepuf| ————e
2 2, .2
I M V _ ¥ V —
- Fr: [’JU’ rL e RbLJ [E(l_c RHL)J
2.2 12
V .
- F= F‘u”r;; e R (] _ g RILY - (5.69)

Substituting the value of L from equation-(5.68) to
equation-{5.69), we get

. QZVZ

T rRb

e RUE(1 — R0y (5T

Inabove equation we can sce thatat¢=0, F =0 and also F =0
at ¢= co. Thus at some intermediate time value of radial force
per unit length is maximum for this we differentiate ¥ with
respect to time ¢ and equate it to zero which gives the time at
which this occurs and it is obtained as

e Rl =1/2
Thus maximum value of F is given as
kg 2y?
"X 4rRID?
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# Ilustrative Example 5.33

A section of an ¢lectrical circuit XY is shown in figure-5.100
which carries a current of 5A which is decreasing at the rate of
10 A/s. Find the potential difference V=V,

6.5H
il

10 H 5‘\«r
oW
x I ¢

-]

Figure 5.100

e=L—
’ dt

Solution

[n the above eircuit section as current is decreasing with time,
the polarity of self induced EMF is shown in fipure-5.101. In

~ this branch of circuit we write equation of potential drop from

point x to y which is given as

di
V —iR+E+L— =V
=t dt ¥

= F-5x1+15+0.5x10=F,
= V,- V=15V

1€ 15V .51
A o
i + hd

o

Figure 5.101

# Mustrative Example 5.34

Figure-5.102 shows a 8L circuit. Ifat £ = 0 switch is closed, find
the current in the inductor as a function of time,

R

L A
R i

E
B

2R

Figure 5.102
Solution

In the above circuit, we can remove inductor and calculate the
Thevenin's equivalont battery across the terminals £ and B as
shown in figure-3.103. The internal resistance across terminals
A and B can be calculated by shorting the battery which gives

cons RS
AT, T2
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Figure 5.103

Due to removal of inductor right loop of circuit is now open and
a current flows in the left loop which is given as

_E
2R

The open circuit potential difference across terminals 4 and B is
given as

i

.. _E
VAB—LR—"Z*

Thus the reduced circuit for the given circuit is shown in
figure-5.104. This circuit is now reduced to simple RL circuit
and in this case the current as a function of time can be given as

(B, E
"(511/2)[5l ¢ j

Figure 5.104

5.5 Energy Stored in an Inductor

‘When current grows in an inductor then the EMF induced across
its terminals opposes the current flowing into it and the high
potential of induced EMF is at that end of inductor from which
the current is entering into it as shown in figure-5.105 and the
inductor behaves like a battery as shown.

_di

o . E_d

{ withtime L ; . !
’ _,_._ir_.___

A+ - B A B

Fipure 5.105

In the chépter of current electricity we've studied if current
cnters into a battery from its high potential end then power is

it 2 T

Electromagnetic Induction and Aternafing Current |

absorbed by the battery and chemical energy of battery
increases. Similarly in above case the EMF absorbs the power
from the current flowing into it, As with current magnetie field
increases in the inductor, the energy of magnetic field also
increases. At any instant of time  the power absorbed by the
inductor is given as

poi- (1)

In time dt, energy absorbed by the inductor is

(51

dU= Pdt
= dU = Lidi

When current in inductor increases from 0 to J, total energy
absorbed upto this instant by the inductor is given as

U= J-dU = jL:’df
)

= U=}Liz~I
2

]

Q-
s ] L)—

Above expression of energy stored in an inductor carrying a
current f as given in equation-(5.72) is a standard result which
can be used in different cases. Whenever in a given physical

.(572) -

situation an inductor carrying a current f is given that means
Wheg this current was grown to fin the inductor that time this
energy was stored by the inductor and it is maintained along
with the current in it. This energy is actually stored in inductor
in form of field energy of magnetic field within the volume of
inductor which is an energy similar to the field energy of electric
field we studied in the chapter of electrostatics. In next section
same will be discussed in detail

5.5.1 Magnetic Field Energy Density

In the chapter of electrostatics we discussed that in whole region
wherever electric field is present there exist electric field energy
of which the volume density is given as

1
=3 EOEQ Jm?3

Similarly in region of magnetic field also there exist magnetic
field energy which we've already discussed in article-4.10. The
volume density of magnetic field energy in space is given as

2

M= I

= o ..(573)
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35,2 Field Energy Stored in a Cuzrreat Carrying Inductor

In an inductor of length 7, cross sectional area § with N turns
carrying a current I, the magnetic induction inside is given as

Af
B=1}, (T]I

Total magnetic energy stored in the volume of inductor is given
as

U=umxSl
2
= . U=—‘L><SI
2u,
2
117
U___l HGNZS 12
= T2l
| RN
= U= ..(374)

Above equation-(5.74) is same as equation-(5.72) which verifies
that the energy absorbed by the inductor during the time its
current grows is stored in form of magnetic field energy in the
volume of inductor.

When an inductor in which a current [ is flowing and it is
suddenly cut from the circuit then the encrgy stored in it does
not dissipate immediately as under ideal conditions it is
considered to remain intact by magnetic polarization of molecules
in the volume of inductor. This phenomenon of retention of
magnetic field is called hysteresis about which we will discuss
in magnetic propertics of material later in this chapter. Suchan
isolated inductor which contains magnetic energy is called
‘detive Inductor’ which is indicated by the direction of last
current flowing in it as shown in figure-5.106. In this figure ‘dof’
at one end of the inductor indicates the end which behaves like
its north pole. This dot convention is used because on paper in
two dimensional picture of inductor it is difficult to show the
actual direction of current by which the magnetic field direction
can be determined. Like in the below figure magnetic field inside
solenoid exist from left to right.

I .
—— T ——
4 B

Figure 5.106

# Hiustrative Example 5.35

A solenoid of resistance 50} and inductance 80H are connected
toa 200V battery. Ilow long will it take for the current to reach

; . 181

50% ofits final equilibrium value? Calculate the maximum energy
stored in inductor.

Solution
The current § in R circuit is given as
E _

i=

When ¢ — o the final steady state or equilibrium value of
current is given as

If the current has half of this valuc at time £, then we have

1E _ E(i—e'm‘”‘")
2R R
1
= — = (1 — Rty
2
- e——Rrg!L = 1__,_;_ = %
= eRrg;'L =3
L
= to= ELH(Z)
80
= ty= 55X 0:693 = 1.104s

The maximum energy stored in inductor is given as
2
200
x80x| =—| =64
( 50] 640J

# Hlustrative Example 5.36

The current in a coil of self inductance 2.0H is increasing
according to J = 2sin(f?) ampere. Find the amount of energy
spend during the period when the current changes from zero
to2A.

Seolution

The energy stored in & coil of self inductance L when the current
changes by 2A is given as

E=— LP= — x(2.0)x (2)?=4]

1
2

b3 | —

This is equal to the amount of energy spent by the source
which is supplying the current.
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# Iltustrative Example 5.37

. Find the magnetic field energy in a cubical region of edge ‘a’
above a large current carrying sheet carrying a uniform linear
current density f A/m.

e =)
- ~
i -~ 1
- - {
- . ;
1
i
1
i
— | ——p
A
f”‘ a
a
= i x x % = x x| x
N
TAlm-
Figure 5.107
Solution

Magnetic induction due to a large current sheet in its
sutrounding is given as

l
= I
B 2}10

Magnetic field energy density is in space is given as

p012 Jm3

(™)
=
=
00 | —

Field energy in cubical region is given as

U=d4xgl= %uoaﬁz

# Hiustrative Example 5,38

What inductance would be needed to store 1.0 kWh of cuergy
in a coil carrying 2 200A current.

Solution

Magnetic energy stored in an inductor of inductance L and
cartying a current 7 is given as

1,2
U=_Lf
2
U
= L=
!
2(3.6x10°
= - 206x109 _ eom
(200)

5.6 Decay of Current in RL Circuit

Figure-5.108 shows an active inductor carrying a current J, is
connected to a resistor of resistance R via a switch §. As already
discussed in previous article that /;, was the last current flowing
through the inductor when it was disconnected from a circuit,
The magnetic flux through the inductor that time was ¢= LI,
Because of hysteresis (also called magnetic inertia which we
will study in article-5.9.17), the magnetic flux through a coilor
inductor cannot change suddealy so if this active inductor is
again connected in 2 circuit, the total flux [inked in the circuit
remain same, In figure below when switch is closed then
immediately afier closing the switch corrent through this
inductor will be /,to keep the magnetic flux same.

AnA
V¥

R

()
Figure 5.10%

Due to current heat started dissipating in the resistor and the
encrgy for this comes from the magnelic energy in inductor so
current through the inductor gradually decreases and an EMF
is induced across inductor with high and low potential terminals
as shown in above figure. As current is decreasing for the
inductor and resistor in parallel we can write

di
_L - =7
@ iR
di R
= 77 dt

In this sitnation when the switch was closed at #= 0 the current
in inductor was J, which decreases with time. Ifafter some time
at £ = current in cireuit is i then integrating above expression
from t=0to ¢, we have

(di R
[5 =1l
“ —R

- [, = = 7
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®
= [n@-In@)]=— 7 [-0]

il &
= ln[]o)——L

N

= i=le

. (5.75)

Expression in equation-(5.75) gives the current in RL circuit
during its decay. Figure-5.109 shows the variation of decay
current in inductor with time. We can also see that in one time
constant carrent drops to 37% of the initial value. Substituting
i=L/R in above equation-(5.75), we have

I=I°e_‘
4
= =
£
_ b =0.371 5.76
= Tang T - G76)

i

[ t=LiR

LY

Figure 5,109

As current decays exponentially, after a long time in steady
state current becomes zeto and in this period whole of the
magnetic energy stored in inductor is dissipated as heat which
can also be verified by calcunlating the heat dissipation in
resistor. Using expression of current in equation-(5.75), we can
write the thermal power produced in resistor R is given as

P, = 2R

2R

= Py=1IRe * .57

Heat dissipated in resistor during an elemental time df is given
as
dil= P, dt

b1

= dH=IlRe * dt

To calculate the total heat dissipated in resistance we integrate
the above expression from £ = 0 to  — « as theoretically it takes
infinite time after which current will drap.to zera.

o 2R
= H=[dH =[I}Re © dt
0

[ 2T
= H=1'R| —— || ¢
2R ,
1.2
, i
= H= ELIJ ...(578)

Equation-(5.78} is the total magnetic cnergy initially stored in
the inducter before closing the switch. This verifies that all the
magnetic enerpy of inductor is dissipated as heat in resistor
during the time current decays,

# Hiustrative Example 5.39

A thin charged ring of radius @ = 10cm rotates abont its axis
with an angular velocity o= 100 rad’s, Find the ratio of volume
energy densities of magnet and electric field on the axis of the
ring a point removed from its centre by a distance {=a.

Solution

‘We know the magnetic ficld at Pa distance ! from the centre O
of the coil on the axis

[.10102
2,;:(!2 +al)312
Current due to revolving charge is given as
qm
==
2m
_ o 9902

= = Eaz 127"

Energy density of magnetic field is given as

BZ
The electric field strength at an axial point is given as
i g!

E= 41{80 UZ +a2)3f2
The encrgy density of the electric ficld is given as

1 2
up= 5 )
Ratio of energy densities of magnetic and electric field are

given as

2 232
LA (B5) =[QTGJ Ha€

ug KoBo
2
i
U _ = =11x 10-13
. ¢
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# Hlustrative Example 5.40

A 10H inductor carries a current of 20A. How much ice at 0°C
could be melted by the energy stored in the magnetic field of
the inductor? Latent heat of ice is 22.6 x 10% J/kg.

Solution

Energy stored in inductor is given as
1,2
=—Li
2

This energy is completely used in melting the ice. It L is the
latent heat of fusion, we use

o
—Li*=mL
7 i
'=> Li?
m:—
ZLJ,-

Substituting the values we get

_ Qo))

—0.88
2(2.26x10°) 8

# Hiustrative Example 5.41

A coit of inductance L = 2.0 pH and resistance R = 1.0} is
connected to a source of constant e.m.f, E=13.0V, A resistance
R,=2.0Q2is connected in parallel with the coil. Find the amount
“ofheat generated in the coil after the switch Swis disconnected.
The internal resistance of the source is negligible,

1, L R
R
Ry
- i
Sw E I

Figure 5.110

Solution

When the switch is disconnected the decay of current [ starts
where [, is the steady state current in the inductor. KVL
equation for the loop in which current decays at an instant
when a current f exist in loop is given as

IR,+IR=-L E
dt

e e i 21

- dl _ —[?]df

Sclving the above integration gives
=1, o (R+RNIL

Heat generated in time 47 is given as

d0=PRdt
= Q= {dg = [ Rd:
2
= Qo= IZR L LE [AsI,R=E]

2R, +R)  2R(R+Ry)
Substituting the values we get

0=3x10I=3p]

Alternative way : Above result can be directly obtained ason
disconnecting the switch current decays in resistance R and
R, in series combination so the total heat produced is divided
in same ratio ofthe two resistances which is cqual to the energy
stored in the inductor in steady state. Thus the heat generated
in the coil can be given as

R
R+R,

1
H= EU:X

# Hlustrative Example 5.42

In circuit shown in fipure-5.111, find the current through battery
Jjust after closing the switch and after a long time in steady
state.

AR
YT
E-]

Figure 5,114

Solution

Tust after closing the switch inductor behaves like open circuit
sothe circuit just after closing the switch is shown in figure-5.112
below.
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Figure 5.112

The current only flows in the left loop as shown which is given
as

T

In steady state after a long time the inductor behaves like a
straight wire thus equivalent circuit in steady state is shown in
figure-5.113 below. The two resistances on the right side can be
considered in parallel and thus across the battery equivalent
resistance will be & + R/2=3R/2.

A
hikd

Figure 5.113

The current flowing through battery in steady state is given as ©

5 3Rt2 3R

# Mustrative Etan;pfe 543

For the circuit shown in figure-5.114. £ = 50V, R = 104,
R,=20Q, R, =30Qand L= 2,0mH. Find the current through R,
and R,.

(a) Immediately after switch Sis closed
(t) A longtime after Sis closed

(c) Immediatelyafter § is recpened

(d) Along time after S is reopened

)
=

Figure 5.114

Solution

(a) Resistance offered by inductor immediately after switch is
closed wall be infinite as it behaves like open circait. Therefore,

current through R, will be zcro and current through R, is given
as

E

1:

' R +R,

=2 __ 2,
= 1 10+20 3

(b} After a leng time of closing the switch, resistance offered
by inductor will be zero as in steady state it hehaves like short
circuit, In that case R, and R, are in parallel, and the resultant
of these two 15 then in series with R thus equivalent resistance
across the battery in steady state is given as

, 2030
20430

Ry Ry

4

R =R =
R+ Ry

net
+

=22Q

Current through the battery is given as
¢ E 0
12 = = ls_._.. _
Ry 22
This current will distribute in R, and R, in inverse ratio of
resistance so current through R, is given as

. @) R
2\ )\ R+ Ry
50 30
()

22 )\ 30+20

(¢) Immediately after switch is reopened, the current through
R, will become zero.

)
1

=

But current through £, will be equal to the steady state curzent
through ., which is given as

= —_——_—-— = .91

(d) A long after S is reopened, current through all resistors
will become zero,

# Hlustrative Example 5.44

In the circuit shown in figure-1 15, find the current in inductor as
a function of time if switch is closed at £ = 0.

19 | 20V
-‘I‘I‘U ]
3Q
A hy
2H
B o
40
Figure 5.115
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Solution

In above given circuit we remove the inductor and across
terminals 4 and B we reduce the circuit by its Thevenin's
equivalent battery as explained in figures-5.116 below.

e 3
¥y - ] T
0
A
b 3
BI
i=2A 40
s
A
12VT 21
i B
540%

Flgure 5.116

Internal resistance of circuit across 4 & B is given as

r=3+6x4
6+4

=5.4Q

Open circuit potential difference across 4 & B is given as
V,-=Vy=12V

Growth of current in LR circuit can be directly given by the
refation of simple LR circuit as

._E —RiLy
—_— l—e
i R( )

I 541
fiof, .f
] e 2
= VT 5.4{ ¢ ] /

= i=222(1—e A

# Mustrative Example 5.45

In a process of current decay in an inductor through a resistance,
ifin time ¢, current falls to v times (1} < 1) the initial value, find
the time constant of circuit,

Solution

For decay of current in an inducter in LR circuit current is given
as

T RUL
i= Iae

In above situation time constant of circuit is given as
t=L/R

= i=Ie

Given that at 1=, i =nJ, which gives

W= e
- I [l] _L
n)
B t
= = nQ/m)

e i

.rs;dc 11 &12| Age 17:\-19‘Yc'ars
"Topic - Self &Mutual Inductance
ModuleNumber-1to2l -

e o

i, P

Practice Exercise 5.3

(0 Find the self inductance of a umit length of 2 cable
consisting of two thin walled coaxial metallic cylinders if the
radius of the outside cylinder is n {1 > 1) times that of the
inside one. The permeability of the medium between the
cylinders is assumed to be equal to unity.

B
Lo I ]

(i) Find the inductance of 2 unit length of a double line if
the radius of each wire is 1| iimnes less than the distance between
the axes of 'the wires. The field inside the wires is to be
neglected, the permeability is assumed to be equal fo unity
throughout, and n>> 1.

[Boinm) )
"
@iif) Tnthecircuit shown in fignre-5.117, find potential of point

C at the instant shown. The rate of increase of current in
resistance is 2.5A/.

www.puucho.com-



Study Physics Galaxy with www.puucho:com

,mélﬂé‘ctromagnetlchlpguétrm and E!_té{:_}gtikggﬂ Gurrent

C
2H
+
f 3
T v
1oV Hile] D 4g 1+ 40V
Figure 5.117
[- 15V]
(v} A long cylinder of radius g carrying a uniform surface

charge rotates about its axis with an angular velocity o. Find
the magnetic field energy per unit length of the cylinder inside
of it if the linear charge density equals A and consider
permeability of the mediam is equal to unity.

n k!,w‘l 62
{OT )
"  Along coaxial cable consists of two concentric cylinders
of radii a and b. The central conductor of the cable carries 2
steady current / and the outer conductor provides the return
path of the current. Calculate the energy stored in the magnetic
field of length { of such & cable

wily (b
t 4it in[a)]

i) In a branch of an electrical circuit shown in
figure-5.118, R= 100, L=5H, £ =20V, i=2A. This cutrent is
decreasing at arate of 1.0A/s. Find ¥, at this instant.

q R i L E b
——w———— T ———

Figure 5.118

[35V]

(vii} The potential difference across a 150mH inductor as a
function of time is shown in figurc-5.119. Assume that the
initial value of the current in the inductor is zero. What is the
current when (a) ¢ = 2.0ms (b) 1= 4.0ms ?

Vivol) &

5.0
40
3.0
20

o L6 20 36 48 )
Figure 5.119

{(a) 3.33 x 107 A (b) 6.67 = 10 2A]

1674

{viii) A metal rod Od of mass m and length 7 is kept rotating
with a constant angular speed o in a vertical plane about a
horizontal axis at the end @ as shown in figure-5.120. The free
end A is arranged to slide without friction along a fixed
conducting circular ring in the same plane as that of rotation, A
uniform and constant magnetic induction B is applied
perpendicular and into the plane of rotation as shown in figure,
An inductor and an external resistance R are connected through
a switch § between the point () and a point C on the ring to
form an electrical circuit. Neglect the resistance of the ring and
the rod. Initially, the switch is open.

(a)  'What is the induced EMF across the terminals of the
switch?

(b)  The switck 5is closed at time ¢ =0. Obtain an expression
for the current as a function of time. In the steady stale, obtain
the time dependence of the torque required fo maintain the
constant angular speed, given that the rod 04 was along the
positive X-axisat=1q.

Figure 5.120

2 2.2
A e R

[(@) %Br’a; 5]

(ix)  Asolenoid of inductance L with resistance r is connected
in paralle! to a resistance R. A battery of EMF Eand ofnegligible
internal resistance is connected across the parallel combination
as shown in the figare-5.121.

Lr

T -
{l

Figure 5,121
(a) Currentthrough the solenoid afier the switch is opened at
(=0,
(b) Amount of heat gencrated in the solenoid

Ry

¥ — 2
@ Ze i, gy Lk
r

2r(R+r)

1
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188, .

(®  Inthecircuit diagram shown, initially there is no energy
in the inductor and the capacitor. The switch is closed at t = 0.
Find the current fas a function of time if R= fL/C

I
4

Figure 5.122

(x) - A closed circuit consists of a source of constant EMF £
and & cheke coil of inductance L connected in series. The
active resistance of the whole circuit is equal to R, At the moment
t=0, the choke coil inductance was decreased 1 (1 <1) times
suddenly. Find the current in the circuit as a fenction of ¢,

R
[%{I—m—ne ; ]1

(xil) Inthe circuit shown in figure-5.123, switch S is closed at
time ¢= 0. Find the current through the inductor as a function
ofﬁ‘ time /.

1 AL

v Q2 \

I

av 10 ]

e SRR

] L=ImH
Figure 5.123

[i = 5(1 — e¥0HYA)

(xiii) Find the total field energy of magnetic field stored per
unit length inside a Iong cylindrical wire of radius R and carrying
acurrent .

(el
16x

(xdv) Figure-5.124 shows an active inductor with current I
connected in series with a resistance and a battery. Ifatf=0the
switch is closed, find the current in inductor as a function of
time.

Efeciromagnetic Induction and Attemating Current ]

R I
— T
—_—
Iy
s/:_ 1=
=0 g
Figure 5,124

[-j; [ - & — [ R)e™)]

3.7 Mutual Induction

It is a property ofa pair of coils due to which change in current
in one coil is opposed by the EMF induced in other coil because
of magnetic flux linkage in the two coils. Figure-5.125 shows
twa coils kept close to each other along same axis. When a
current i, flows in coil-1 it develops a flux ¢, of which some
fraction passes through coil-2 as shown which is linked with it.
When current in coil-1 is changed, the flux due to its current
which is linked with coil-2 changes and induces an EMF in
coil-2. This is called ‘Mutually induced EMF asits due to flux
change in coil-1.

Coil-1

Coil-2
Figure 5.125

If ¢, is the magnetic flux [inked with coil-2 dueto the current ,
in coil-1 then we have

i)

= &, =Mi, (579
‘Where M is the proportionality constant called *Coefficient of
Mutual Induction” which depends upon the dimensions of the
coil and separation between the two coils. Remember that A7 is
bidirectional coefficient which remains same for a given pair of
ceils and can be used in calculation of flux linked with either
coil due to the current in other coil. If ¢, is the magnetic flux
linked with coil-1 due to a current £ in coil-2 then we can also
Write

b, = Mi, ...(5.80)

Thus Jﬁumally induced EMF in coils will depend upon therate
at which the current changes in other coils which are given as
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di,

Q=Ma

di,

and €= "

The direction of mutually induced EMF in either coil will be.

such that it opposes tlie change in current in the other coil.

5.7.1 Total Flux linked to a Coil with Mutual Induction

When there is a pair of coils kept fixed at some separation
having their self induction coefficients L, and Z, and mutual
induction coefficient for the pair M then total magnetic
flux linked with either coil will be the sum of magnetic flux
linked with the coil due to both self induction and mutual
induction if both the coils are connected to closed circuits and
carry currents.

Figure-5.126 shows two coils which carry currents i| and £, and
the direction of their magnetic flux is denoted by the dot at one
end of the coil according to the dot eonvention we already
discussed in previcus article-5.5.2.

Figure 5.126

In figure-5.126 we can sce that magnetic flux due to both coils
are from left to right so the part of flux due to one coil which is
linked with other coil is in same direction as that of their own
flux so net flux linked with coil-1 and ¢coil-2 are given as

&=L +Mi ...(581)

¢, = Loiy+ Mi, ..(582)

If current in above coils starts changing then EMF induced in
the two coils are given as

d, di, di,

= = —+ M —
=g ~hy My

do, dr, di,
and “" @ Td U dt
Now consider a pair of coils shown in figure-5.127 in which the
direction of magnetic flux due to the two coils are in opposite
direction so the net magnetic flux linked with the two coils are
given as

b = Lji, ~ Mi, ..(5.83)

& = Lyi, ~ Mi, . (5.84)

Firure 5.127

If current in above coils starts changing then EMF induced in
the two coils are given as

_ 9%

& di,
7 Mo

& dt
doy_y dy_di
o= “hy M
For a given pair of coils the coefficient of mutual induction is
used for calculation of magnetic flux through one coil due to
the current in either coil, This property of mutual induction for
a pair of coils is called ‘Reciprocity Property’ of mutnal
induction. :

=1,

and

5.7.2 Relation between Coefficients of Self and Mutual
Induction for a given Pair of Coils

Figure-5.128 shows a pair of coils with their coefficient of self
induction L, and L, and coefficient of mutual induction M. The
relationship between these coefficients is given as

M=k LI, ...(5.85)
I'I !‘)
(WWU‘LJ_J MMM]
Figure 5.128

Where k is called ‘Coupling factor' which depends upon the
orientation of coils and the separation between the two coils. If
the fraction of magnetic flux produced by one coil which is
linked with other is high then coupling factor between the two
coils will be higher. In peneral 0 <k £ 1 for anyset of cails. If
there is no flux linkage between the two coils then k=0 and for
full flux linkage between the coils £= 1. No flux linkage means
no part of flux of one coil passes through the other coil. This
happens when the coils are separated by a very large distance
as shown in figure-5.129(a) or when the coils are mounted at
right angle to each other as shown in figure-5.129(b) in which
flux of one coil does not link with turns of other coil.

I I Lz
Large
... Scpamfion ______
(a)
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7o -

(b}
Figure 5.129

When coils are wound over each other as shown in figure-5.130
then complete fhux of one coil is Jinked with the other coil soin
this case we can consider the value of & to be equal to unity.

L,

Lt
Figure 5.130

For partial linkage of flux between the two coils the coefficient
of mutual induction is given by equation-(5.85) with valucof &
between 0 and 1. Students need not think about derivation of
equatien-(5.85) which ts considered as a standard empirical
relation here,

5.7.3 Inductorsin Series Comhination

There are two ways in which inductors can be connected in
series combination with their flux in samedirection or in opposite
direction. We will discass the two ways as different cases one
by one.

Case I : When flux of the two inductors are in same direction

Figure-5.131 shows two inductor coils in series with their flux in
same directions as shown by the dots on the right end of the
two coils. 1f a current I flows through the coils the magnetic flux
imked with each coil are given as

&=L I+MI
&=L+ Ml

and

Figure 5.131

When the flowing current starts increasing at a rate d//df then
the mnduced emf in the two coils are given as

dd, drl dr
==L MT .. (586)
_ddy, dr dl
and o= =L M .. (587)

As current is increasing with time the EMF induced in the two
coils will oppose the increment in current and have their high

Electromagetic Induction and Alternating Current |

and low potential ends across the two coils as shown in
figure-5.13 1. Writing KVL equation from A to B in figure-5.131

wc have
dl df df dI
-l = Z LM =
Va (L' dthdr] ( Tt dt) £
drf ar
= Vp=Va= +L) o +2M—
_ ar
= VA"VB“(L1+L2+2M)E
df
= V- V= Ly = ...{5.88)

In above equation-(5.88) the equivalent self inductance of the
two inductors in serics is given as

L‘,:q =L +L,+2M ..{5.89)

Case II; When the flux of the two inductors are in opposite
direction ]
Figure-5,132 shows two inducter coils in serics with their flux in
opposite directious as shown by the dots on the different ends
of the two cotls. Ifa current f flows through the coils the magnetic
flux linked with cach coil are given as

& =L J-MI
¢ =LJ—-Mi

and

Figure 5.132

When the flowing current starts increasing at a rate dl/dt then
the induced emf in the two coils are given as

dg, . dI _ dl
L/ Ry Vs

= =ho Mo ...(5.90)
_d%, _, dl_,dl

and e=—t=Lig M, .. (591)

As current is increasing with time the EMF induced in the two
coils will oppose the increment'in current and have their high
and low potential ends acress the two coils as shown in
figure-5.131. Writing KVL equation from A4 to B in figure-5.131
we have

dr df dr di

R NV L N ARy ¥ i

Va ( dt Mdt] ( dt d:} £

dar dl

V.—V.=(,+L) ZomZ

= A V= Ly dt dt
= VA—VB=(L1+L2—2M)%

= VA—VB=LM% - (592)
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In above equation-(5.88) the equivalent self inductance of the
two inductors in series is given as

L =L +L,~2M (593)

5.7.4 Inductorsin Paralle]l Combination

There are several ways in which inductors can be connected in
parallel combination depending upon the orientation of
inductors but here we will discuss simple combination without
considering mutual induction between them.

Figure-5.133 shows the two inductors having self inductances
L, and L, connected in parallel combination. Ifa current i flows
through the combination and it divides as /, and 7, in the two
inductors which are changing with time then for parallel
combination of inductors we use '

Figure 5.133

Integrating the above expression for any time limits when
currents are i, and i, in the two inductors, we have

Ly =Ly,

iti=1

- (5.98)
and ..(595)

From equation-(5.94) and (5.95) we can calculate the current
distribution in two parallel inductors at any time which gives

o Li

i = L+L ..(5.96)
and = LII:’L: ..(597)
From equation-(5.95) we have

di _ iy di

i dr+ 2 ...{(5.98)

IfL,, is the cquivalent self induction for the combination then
for the terminals A and B across the inductors we have

dll di,
| Via= L., E et ien .. (599
From equation-(5.98) and (5.99) we have
Vo _ Vs  Vap
L, L L
= 1. l"-L {5.100)
I, L L

I

Equation-(5.100) gives the formula for calculation of equivalent
self inductance for the inductors connected in paraliel which
can be generalized to multiple inductors if mutual induction is
neglected between these inductors,

# Mustrative Example 5.46

A coil of 100 turns and lem radius is kept coaxially within a
long solenoid of 8 turns per cim and Scm radius. Find the mutual
inductance.

Solution

The magnetic field B inside the solenoid is given as
B=pgni

The magnetic flux linked with the coaxial coil placed inside the
solenoid is given as

& =N_BA =N (uni)d,
Where 4 _is the cross sectional area of coil.

The mutual inductance between solenoid and coil can be given .
as

O
Substituting the given values, we get

M=4nx107"x800x 100xnx 10*H
= M=3.15x10°H

# Ilustrative Example 5.47

Calculate the mutual inductance of a long straight wire and a
rectangular frame with side 2 and b as shown in figure-5.134.
The wire and the frame lie in the same plane, with side b being
closest to the wire, separated by a distance ! from it and oriented
paralle{toit.

————]

Figure 5.134
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To calcalate the mutual inductance between. the wite and the
frame we supply a current f through the wire and calculate the
magnetic flux through the frame. For this we considet an
elemental strip in the frame of width dr at a distance r from wire
as shown in figure-5.135. The magnetic flux through the
elemental strip is given as

sl
=" |bdi
d¢ (2:1?‘] g
a+l
Ho
= bd;
= ¢ '[(Zm-]
{
B ar
- e
ufb a+i
- ol
olb [ a]
= Inl1+—
= ¢ 2n !
dr
2 e
Jte— J —» T
b
he a >

Figure 5.135

Thus mutual inductance between the two is given as

b peb [ “]
= =In|l+—
M I 2= " !

# Mustrative Example 5,48

An inductor of inductance L is cut in three equal parts and two
of these parts are interconnected {a) in series, (b) in parallel.
Assuming the mutual inductance between the parts to be
negligible, calculate the inductance of the combination in both
the cases.

Eleciromagnetic Induction and Af

Solution

(a) When the given inductor is cut in identical parts then
each will have an inductance L/3. When two such coils are
connected in series then equivalent self inductance of the
combination is given as

L=L+L,
L L 2L
= L=3%37%

1 1 1
——:—_+_
L, L I
U S U
L, L/3 L3
L
= -
# Hilustrative Fxample 5.49

Figure-5.136 shows two coaxial coils of radit +and R (R >> r)
keptat large separation x (x >> R). Calculate the magnetic flux
passing through coil A due to a current Jin coil B,

l

R

I . 1 :

-]
—

Figure 5.136
Solution

If M 1s the coefficient of mutual induction between the two coils

‘then magnetic flux through coil 4 duc to current in coil B is

given as

4, =M, ..(5.101)

First we will cafculate the mutual induction coefficient between
the two coils and for this we find the flux through coil B if a
current { flows in coil 4 as shown in figure-35.136.

The magnetic induction at the location of coil B due to current
in coil 4 is given as
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- Pomz
2(x2 +R2)3!2

The magnetic flux through coil B due to above magnetic
induction is given as

¢y =B
22
Rorr R
-_—> = —-—
% 2( xz +R 2 )3!‘ 2
As coefficient of mutual inductance is a bidirectional coefficient,

we can caleulate it as

2pl
M'=Q§*— Homr R

I -_ z(x?. +R2)3|"2
Above is the mutual inductance coefficient for the pair of these
coil which can beused in calenlation of flux from either coil due
to current in other coif so from reciprocity property, we have
pomriRY
g =M= 2% + REP?

# MNustrative Example 5,50

In the clectric eircuit shown in figure-5.137 an EMF E, a
resistance & and coils of inductances L, and L, are used. The
internal resistance of the source and the coil resistances are
negligible. Find the steady state currents in the coils fong time
after the switch Sw was shorted.
i
L

L,

Sw,
"l'l' I

Fipure 5.137

Solution

In steady state inductors behave like short circuits so the
current through battery is given as

E
I=L+h=—

As already discussed in article-5.7.4 that current in inductors
connccted in paraltel combination is divided in inverse ratio of
their inductances so we have currents through inductors given
as

J—
VORI + L)

EL,
and L= R +1,)

e e 1T3]
' L
- TR e
I L,
T —
Sw\
g; ll'l' T
E
Figure 5.138

# Hlustrative Example 5.51

‘Two coaxial circular loops ofradii 0.5m and 0.05m are separated
by a distance 0.5m and carry currents 2A and LA respectively.
Calculate the mutual inductance for this pair of coils and the
force between the two coils,

Seolution

Magnetic field at the location of smaller loop due to larger loop
is given as

.2
_ Mol
2x? +2)2

Flux through the smaller loop is given as

$,=Bx(nr}

, 2
Mol 2
= =X
¢‘). 2{x2+r12)3"2 2z

If M is the coefficient of mutual induction between the pair of
cotls, we use

& =i,
_ 4y 1»‘07”12"22
= M i = 202 + 7272
(@rx107)nx0.25x (25x10~%)
= = 72
2(0.25+0.25)
= M=35x10%H

If'm is the magnetic motment of the coil then force on this coil is

given as
F=m 4B
dx
B
= F= (ﬂrziz)i
dx
. 2
ok
As =
22 +r,2)3"2
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dB
= dx
- dB - 3 I»‘n‘]'i2
dx Z(x +r2)5f2
Fe— 3 npﬂ:;azqzr-fx
= T2y
= —=xM
= Pty 8
= :SM x3.5%x107°
(0.25+0.25)
= F=2.1x10%N

# Hlustrative Example 5.32

There are two stationary loops with mutual inductance M. The
current in one of the loops starts varying as f, = af, where ot is
a constant and ¢ is any time instant starting from 7= 0. Find the
time dependence 1(¢) of the carrent in the other Joop which
has self inductance L and resistance R.

Solution

The induced EMF in the second loop when the current changes
in the first loop is given as

dly
e,= M— dt
— e, = Mot

For the sceond loop we use KVL equation which gives

12R+L& = Ma

dt
oar R
= f[ Ma] LI
"R
o _
= I2= R (l Rﬂ’L)

5.8 LC Oscillations

In article-5.6 we studied that on connecting an active inductor
across a resistor current in inductor decays and its magnetic
energy decays in resistor as heat. Figure-5.135 shows an active
inductor cennected across a capacifor via a switch. In this
situation when switch is closed (Stage-I} then current flows in
the loop with initial current I and the current charges the
capacitor due to which electrical energy of capacitor increases

which comes from the magnetic energy of inductor thus current
in loop decreases with time as capacitor energy increases and
inductor cnergy decreases as shown in stage-11.

P .
ot L z"l’ with time
— R ——
}/ —_— ]
1" =0 gt
i I 1
C c g’ with time
Stage-1 Stage-II
L I i =¢ v
i+ with time
LN
i | - &
—giitg -2 178
] 'l ]
C g ¥ with timc c
Stape-1V Stage-HI
IP .‘L
i1
1] o
C C g withtime
Stage-V Stage-VI
A }
= =0
S — :
A ‘
£=0 010
1
] _| |_
C c
Stage-VIII Stage-V1I

Figure 5,139

After sometime capacitor charge increases to maximum when
current in loop becomes zero and at this instant magnetic energy
in inductor becomes zero as shown in stage-II1. We can state
that whole initial magnetic energy of inductor is transformed
into electrical energy of capacitor thats why its charge is
maximum. After this instant capacitor staris discharging through
the inductor for which a cuerent flows in loop in anticlockwise
direction and current increases and charge on capacitor starts
decreasing and again electrical energy of capacitor starts’
transforming into magnetic enerpy of inductor as shown in
stape TV. After sometime stage-V comes when whole energy is
transformed as magnetic and current in inductor becomes 7,
again and charge on capacitor becomes zero. After this further
stages. VI, VII and VIII are self explanatory and finally in
stage-VIII loop attains the initial state as shown in stage-1.
With this cycle of oscillation of charge in the loop in above
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explained stages is called ‘LC Oscillations’. Under ideal
conditions resistance of the circuit is considered zero with
inductor and capacitor are considered ideal, no energy
dissipation is considered so charge in an inductor and capacitor
connected in parallel oscillates indefinitely.

5.8.1 Oscillation Period of LC Oscillations

As discussed in previous article when an inductor and a
capacitor with some energy in cither of these conneeted in
parallel, charge and energy starts osciilating in the loop. At any
instant if ¢ is the charge on capacitor and / is the current in
circuit then total energy of circuit can be given as

2

=L Lyp ... (5.102)

During oscillations energy periodically transforms from electrical
to magnetic and then back to electric and vice versa and inder
- ideal conditions of zero resistance no encrgy loss take place so
the above energy of circuit E will remain constant in time.
Differentiating the above equation-(5.102) gives

dE 1 dg 1 di
ar = 2c @D g L@ g =0

= cdr dr?
d’ 1
= d—t,‘l [E}‘FO ...(5.103)

Above equation-(5.103) is similar to the basic differential
equation of SHM which is for displacement and it is written as
2
‘ 'f;T;t' +o%x=0
This shows that in LC oscillations charge executes SHM of
which angular frequency can be given by comparing
equations-(5.103) and (5.104) which gives

... (5.104)

l
0= —F— ..-(5.105
T (5.105)
Thus time period of oscillating charge in LC circuit is given as
21
T=—
m
= T=2nyLC ..-(5.106)

From equation-{5.103) we’ve seen that charge on capacitor is
executing SHM so by the general solution of SHM from
cquation-(5.103) the charge on capacitor plates as a function of
time can be given as

..(5.107)

In above equation g, is the charge amplitude which is the
maximum charge on capacitor plates during oscillations, «is

g= qosin((nr +q)

S T

the angular frequency of oscillations which is given by
equation-(5.105) for the case when one capacitor and one
inductor are connected in parallel. In other cases it can be
obtained by differentiating energy equation for the given circuit
and o is the initial phase of oscillating charge which depends
upon the initial condition of the circuit when switch is closed.
Initial phase can also be calculated by the uniform circular
motion analysis like the way we did it in different illustrations
while analyzing SHM. This will be further explained with the
help of illustrations on LC oscillations.

During oscillations the current in circuit can be given as

i= dq =goocos(wt+a)  ...(5108)

dt
Above equation is similar to the velocity of a particle executing
SHM thus current in circuit in terms of instantaneous charge
on capacitor can be given as

i=oyg —q° .. (5.109)

As already discussed that circuit current becomes maximum
when capacitor charge is zero thus maximurn current in circuit is
r¢lated to the maximum charge on capacitor as

i =@, LGB0
, o

= i =—F ... (5111
T 5.111)

Above expression of maximum current can also be obtained by
conservation of encrgy. If maximum charge on capacitor is known
then at the instant charge on capacitor is maximum current in
circuit is zero as whole energy of circuit is electrical ¢nergy in
capacitor and at the instant of maximum current whole energy is
transformed into magnetic encrgy thus by energy conservation
we have

13—=—1'LI
2C

= o=
mx JLC

# Mustrative Example 5.53

A capacitor of capacitance 251F is charged to 300V_Tt is then
connected across a 10mH inductor. The resistance in the circuit
is negligible.

(@) Find the frequency of oscillation of the circuit.

(b) Find the potential difference across capacitor and
magnitude of circuit current 1.2ms after the inductor and
capacitor are connected
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(c) Find the magnetic energy and elcctric energy at =0 and
t=1.2ms.

Salution

(a) The frequency of escillation of the L circuit is given as

1
2rJLC

Substituting the given values we have
1
I= = s
21, J(10x1073)(25x107%)

/=

N f=3183Hz

(b) Charge across the capacitor at- time ¢ will be given as
g = g, Ccos !

and i=—q,msin o

Given that initial maximum charge on capacitor is

g0=CV,=(25> 10)(300)

= go=7.5%107C

The charge in the capacitor afier time ¢= 1.2 x 10-3s is given as
g=(7.5x 102} cos (2% 318.3) (1.2 x 103)C

= ¢=-553x10°C

Potential difference across capdcitor is given as

lgl

gl _ 5:53x107°
c

25%107°
The magnitude of current in the circuit at /= 1.2 x 107%s.is given
as

V= =221.2V

|7 |= g4t sin @
= |#]=(7.5%107)(2m) (318.3)sin[(2x)(318.3) (12 x 103)] A
= [i[=10.13A
(c) At ¢=0current in the circuit is zero so magnetic energy in

inductor is also zero and charge in the capacitor is rpaximum so
total energy is magnetic energy which is given as

Lgg

U —_———

¢ 2cC
1 (7.5x107°)?

= L ISY s
2 (25x10°%)

Total energy in circuit at any instant which is stored in inductor
and capacitor is also given as

Electromagnetic Indqtu::t@nwand Alternating Current |

E=U,+Uy=1.125

Atz=1.2 ms, weuse

1

2 1 ]
U= L =5 (10%10%) (10.13)?

=  U=0513

and U.=E-U,=1I25-0513

= U=0612

Otherwise U can be calculated as

14> 1 (5.53x107%)?
U= 1L L O53A07)
2C 2 (25x107%)
= U,=0612]

# INustrative Example 5.54

In cirauit shown in figure-5. 140 charpe on capacitor is 0= 100pC.
Ifswitch is closed at £ = 0 find current in circuit when charge on
capacitor reduces to 50uC. Also find the maximum current in

_ circuit,
6mil
5
+Q| 1 '_Q
il
SpuF
Figure 5.140 -
Solution

At ¢ = 0 when switch is closed capacitor starts discharging
through the inductor and current in circuit increases. When
charge on capacitor is ¢ and current in circuit is 7 by
conservation of energy we have

2 2
.q__.|. _I.Ll'z - 2_
20 2 2C
6mH
LR
i \S
T
N
SpF
Figure 5.141

Current in circuit in terms of charge on capacitor is given as
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]E!?w%@ﬂr@g§!:mapi Alternating Current

L 1001y ~ (502

i=——

vLC V3x1078
- 1 e
= = ﬁxl04
= =05A

Maximum energy stored in inductor is given as

1 L2 = Q_z
2 2L

; -2 _100x104_iA
=JIC Jax1g? VB

# Hlustrative Example 5,55

Inan L-Ccircuit L=3.3 and C=840pF. At 1 =0 charge on the
capacitor is 105uC and maximum. Compute the following
quantities at = 2.0ms

{a} The enerpy stored in the capacitor
{b) The total energy in the circuit

{c) The energy stored in the inductor
Solution
The angular frequency of L-C oscillations is,
1
= —F—
NLC

I

= ©w=
V3.3x840%x1072

= w=1.9 x 10*rad/s

Charge stored in the capacitor at time ¢, is given as

q = g, cos ol
(a) At t=2x 103
g ={105%10"%) cos [1.9 ¥ 107} {2 x 107%]
= g=1003 «10°5C
Energy stored in the capacitor at this instant is given as
\ 92
U.=-%
¢t 2cC
(100.3x107%)?
= =
¢ 2x840x107"
= U.=60]

S
SRV & £

(b} Total energy in the circuit is the energy in capacitor at
maximum charge which is given as

U=

b=
I

105x107%)?
U=( x107")

= —_— e
. 2x840x10712
= U=6.56]

(c) Energy stored in inductor in the given time is given by
conservation of ¢nergy as

U, =(6.56-6.0)]
- U, =0.56)

# Ilastrative Example 5.56

In an oscillating LC cireuit in which C=4.00uF, the maximum
potential difference across the capacitor during the oscillations
is 1.50V and the maximum current through the inductor is
50.0mA

(a) What is the inductance L?
(b) What is the frequency of the oscillations ?

(<) How much time does the charge on the capacifor take to
rise from zero to its maxinmum value ?

Solution

(8} By conservation of encrgy we have

o, 1,
~LE = —CV,
2020

vl
= L= 3
fo

_ @4x107%(L.5)
©(50x107)?

= L=36x10"H

{b) Oscillation frequency of the LC circuit is given as
1

/= iic

)

= =
2m(3.6x1073 )4 x1075)

- F=0.133 % 10°Hz

- F=133kHz
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(¢} During oscillations the time taken for charge to rise from
zero to maximum is one fourth of the oscillation period which is
given as

LI
T4 4f
-t
= T 4x133x10°
= £=0.188 % 10-%s
- ¢ =0.188ms

# Mustrative Example 5.57

In the circuit shown in the figure-5,142, E= 50.0V, R=250Q and
C = 0.500uF. The switch S is closed for a loag time, and no
voltage is measured across the capacitor, After the switch is
opened, the voltage across the capacitor reaches a maximum
value of 150V, What is the inductance L?

AN

Figure 5.142

Solution

In steady state when switch was closed,

After switch is opened, it becomes LC circuit in which peak
current is 0.2A. By energy conservation we have

1.0 1 .2
=Li; = =C¥,
70 =54

S

-C

U

t~

1
ST

150y
0.2
L=028H

= L x0.5x107
e}

# Hlustrative Example 5.58

An inductor of inductance 2.0mH is connected across a charged
capacitor of capacitance 5.0pF, and resulting L-C circuit is set
oscillating at its natural frequency. Let O denote the

i, et g T,

instantaneous charge on the capacitor, and /the current in the
circuit. It is found that the maximum value of 0 is 200pC.

“
dt

(b) When Q= 200uC, what is the value of /7

(@) When Q= 100pC, what is the value of

{c¢} Findthe maxirnum vatucof L

(d) When [is equal to one halfits maximum value, what is the
vatue of |(0] ? )

Solution

Charge stored in the capacitor oscillates simple harmonically
and charge as a function of time is given as

g =gy sin(wt £ )
Here we use g,=200uC=2x10"C

1
m=ﬂ

and

t
m:

J@x107)(5.0x10°6)
Ifatt=0,9=¢q,

= =10%"!

q = gy cos ! .. {5112
= == = —g,msin ot . (5.113)
dt L _
di
and T =— g0t cos ot ..{5.114)

(a) At g=100pC wehave

c ' !
0S 0t = =
2

w|a

1
At cos {of)= 2 and from equation-(5.114) we have
di 1
— | =0x104C 4 ~1y2| —
- oty 3)
dl
| = 4
|dt 10°A/s

{b) At g=200uC wehave
cos wf =1

= we=0,2x...
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At this time instant we have
I'=-qmsinwf

= I=-0

(c) Current is given by equation-(5.113) as
I=— Q0 msin ot

Maximum value of current is Qo

=5 I =0
= I =(20x10%(10%
= I_ =204

(d) From energy conservation we have

2
Tip _1pp 1O
2 2¢C
= 0= JLCUL —1?)
Lo

Usingf = - = 1.0A -
- 0= /2.0x102)(5.0x10%)(22 -12)
= =3 x104C
= 0=1732x104C

# Rlustrative Example 5.59

In figure-5.143 if § is closed at £ = 0, find charge on capacitor as
a function of time, The inductor is active with initial current f;

L
|

Figure 5.143
Solution

If g, is the maximum charge on capacitor then by energy
conservation we have

1., qg
_-LI —— ——
27" T 2c

179]

Charge on capacitor as a function of time is given as
7= 4 Sin(of +a)
1
Where 0=——=—= andatt=0,¢g=0wegetz=0.
iTa g g

Thus charge on capacitor is given as

*3'i m

Practice Exercise 5.4

(i}  Two thin concentric wires shaped as circle with radii a
and b lie in the same plane. Allowing for a << b, find '
(@  Their mutual inductance

(b)  The magnetic flux through the surface enclosed by the
outside wire, when the ingide wire carries a current I,

()

Figure 5.144

Pom

(@ YE; ) 2L £l

1

(i) (a) Calculate the mutual inductance between two coils
when a current of 4A in first coil changes to 12A in 0.5s and
induces an EMF of 50mYV in the other coil.,

(b)  Also caleulate the induced EMF in the second coil if
curreat in the first changes from 3A to 9A in 0.02s.

[(a) 3.125 = 10-3H; (b) 0.9375V]

(iiiy Find the mutual inductance of two thin coaxial loops of
the same radius @ if their centres are separated by a distance /,
with />>n,
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(ivy  The equivalent inductance of two inductors is 2.4H when
connected in parallel and 10H when connected in series. What
is the value of inductance of the individual inductors, Neglect
mutual inductance between the two inductors,

[4H, 6H]

&)  Acircular coil Pof 100 turns and radius 2em is placed
coaxially at the centre of another circular coil O of 1000 turns
and radivs 20cm. Calculate :

(a)  The mutual inductance of the ceils,

(b) Theinduced EMF in coil P when the current in the coil
{decrcases from SA 10 3A in 0.04s

(c)  The rate of change of flux through the coil P at this
instant

(d)  Thecharge passing through coil Pifits resistance is 8€Q.
[(@) 3.94 % 10H (b} 19.72 x 1073V (&) 19.72 x 1073 Wh/s (d) 9.86 x 10-5C]

()  Alongsolenoid of length 1m, cross-sectional area 10cm?,
having 1000 turns has wound about its centre a small coil of
20 turns. Compute the mutnal inductance of the pair of solenoid
and the coil. What is the induced EMF in the coil when the
current in the solenoid changes at the rate of 10A/s ?

[251 V]

(vii) An indoctor with an inductance of 2.5H and a resistance
of B() is connected to the terminals of a battery with an EMF
6V and negligible internal resistance. Find

(@  Theinitial rate of increase of current in the circuit

(b) ° The rate of increase of current at the instant when the
current 15 0.50A

(&  Thecurrent 0.25s after the circuit is closed
@

[(a) 2.40A/s (b) 0.80AJs () 0.413A (d) 0.750A]

The final steady state current

(viii) In the given circuit shown in figure-5.145, find the
current through the 5 mI inductor in steady state,

Sml
10mH
/T
20\’]_
50

Figure 5.145

[3A)

| oo

Electromagnsfic Inductiony dnd Akerating: Curtéhf]
(ix) IntheLC circuit shown in figure-5.146, C= 1uF. With

capacitor charged to 100V, switch §is suddenly closed at time
¢=0, The circuit then oscillates at a frequency of 10° Hz,

(@ Calculatewand T
(b)  Express g asa function oftime
(¢) Caleulate L

(d) Calculate the average current during the first
quarter-cycle.

-~
A}

T

H

Figure 5.146
[(a) 6.28x10%radss, 105 (b) 10~ cos(6.28x10%) (c) 0.0253K (d) 0.4A]

(x)  Two capacitors of capacitances 2C and C are connected
in series with an inductor of inductance L. Initially capacitors
have charge such that ¥, — ¥ = 4V and V— V= V|, Initial
current in thecircuit is zero. Find

(@) Maximum current that will flow in the circuit
(b)  Potential difference across each capacitor at that instant
(¢)  Equation of current flowing towards left in the inductor
A B cb
L1 17
2C C

L
S

Figure 5,147

. 3
[(3) 2CV 0 (b) 3V,;:3 V), () i = gy sinot, Here, ¢,+- 2CV, and 0= 3IC ]
(xi) A circuit containing capacitors C, and C,, shown in the

figure-5.148 is in the steady state with key X, closed and X,
opened. At the instant £ = 0, K| is opened and X, is closed.

0V R

=i

K:L
] C, =2uF Cy=2pyF
Sl o=
Kz[
- DIRo0 [
L=02mH

Figure 5.148
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@
(b) Determine the first instant £, when energy in the inductor
becomes one third of that ir the capacitor.

{c) Calculate the charge on the plates of the capacitor at
that instant.

Find the anpular frequency of oscillations of LC circuit,

{(2) 5 x 10" radfs (b) 1.85 x 10~% (¢) 10v3pC]

(xif} Incircuit shown in figure-5.149 if switches §| and S, are
closed at ¢ = 0, find the oscillation frequency of charge in this
circuit. Neglect mutual induction between inductors,

D PR ———
\. 51

C
]

20" +20
_. N\ 5,
2C
1L -

)

Figure 5.149

1
( GKJLC ]

(xiii) Figure-5.150 shows LC circuit with initial charge on
capacitor 200pC. Ifat t= 0 switch is closed, find the first instant
when energy stored in inducter becomes one third that of
capacitor.

0.2mH

NS

2pF

Flgare 5.150

FiD.5us]

5.9 Magnetic Properties of Matter

In previcus chapter and articles we've discussed about the
origin of magnetic field by currents whether in a coil ot by
motion of charge particles or orbital motion of electrons in atoms.
It is observed when a material is placed in an external hagnetic
field then the magnetic field of atomic electrons in the atoms of
material interact with the external field. The magnetic properties

181

e e —— e
B

of different materials depend upon how the atomic electrons
interact with external magnetic field. The best way to discuss

“about the magnetic properties of materials is to analyze the

behaviour and respenses of different materials when placed in
an external magnetic field. Based on the responses of materials
in magnetic field, all materials are classified in three broad
categorics ;

(i Diamagnetic Matcrials
(i) Paramagnetic Materials
(i) Ferromagnetic Materials

To understand the behaviour and classification of materials as
discussed above first we need to understand the magnetic
moment of atoms in different materials due to the orbital motion
of electrons.

5.9.1 Magnetic Moment of Hydrogen Atom

In 2 hydrogen atom a single electron revolves around a proton
and by Bohr's postulate of quantisation of angular momentum
the angular momentum of electron in its ground state is given
as

_n
T 2rm
The magnetic moment p of the atom due to electron motion can
be directly given by equation-{4.168) as

L ...(5.114)

e
H= 2m)< L
_e. .k
= T 2m 2n
eh
= RS (5 115)

The value given in equation-(5.115) is termed as ‘Bohr
Magneton’ and it is used as a basic unit for measurement of
magnetic dipote moment due to electron spin or orbital motion
inan atom.

5.9.2 Natural Magnetic Moment in Different Materials

In atoms of different matcrials there are many clectrons in
different orbits in their atoms. These electrons have orbital
magnetic moment due to their orbital motion and in addition to
that these electrons also have magnetic moment due to their
spin angular momenturn which may get added or subtracted in
their resulfing magnetic moment depending upon their direction.

QOverall there can be two possibilities in a matcrial. First is that
magnetic moment due to an individual aton in a material is zero
thus overall magnetic moment of the picce of material is also
zero. Figure-5.151(a) shows magnified view of a small block of

www.puucho.com



Study Physics Galaxy with www.puucho.com

182

matertal in which each dot represent an atom which has zero
dipole moment. Another possibility is that magnetic moment
duc to individual atoms in the material is non zero but all such
dipole moments are randomly scattered in the volume of material
so overall magnetic moment of the piece of material is zero.
Figure-5.151(b) shows magnified view of asmalt block of material
in which each of its atom has nen zero magnetic dipole moment
which is represented by a smail arrow but all these magnetic
moments ar¢ distributed in random directions thus overall sum
"of all the dipole moments can be taken zero.

=0
= —»
Q q a o [+] M]":sz=0
(=)
_ w0
PN
J — N M.=z@=0
NA >
(b)

Figure 5.151
5.9.3 Diamagnetism

The propertyin & material because of which it has a tendency to
repel external magnetic field is called ‘Diamagnetism’. To
understand this see the figure-5.152 which shows a coil mounted
on a rigid support and a bar magnset is moving toward the coil
along its axis. We know that due to motion of magnet the
magnetic flux through the coil changes and a current is induced
in the coil in such a direction to oppose the motion of magnet.
We can also say that a magnetic moment is induced in coil in
opposition to the magnet. /

Figure 5.152

" Elsctomagnefi indiisiidn ard Aemating CURE
In every material there are atoms in which orbitting electrons
behave like equivalent currents. Whenever an external magnetic
field is applied on a2 material, all the orbits in atoms of the material
have more or less tendency to oppose the external magnetic
field and an opposite magnetic moment is induced in the coil

which opposes the external field. Thus every material has some
diamagnetic character in it.

5.9.4 Response of Diamagnetic Materialsto External Magnetic
Fields

Those materials in which individual magnetic moment of each
atom or molecule is zero are called * Diamagnetic Materials’
because when these materials are placed in external magnetic

 field, magnetic moment is induced in all these atoms or molecules

of material due to which cumulatively all the atoms ar molecules
of material oppose the external magnetic field and repel it.
Figure-5.153(a) shows a block of diamagnetic material of which
initial magnetic moment is zero as discussed ir article-5.9.2 and
when a bar magnet is brought close to this block, due fo its.
magnetic field, magnetic moments are induced in all the atoms
in the block in opposite direction and because of all these dipoles
block produces an induced magnetic field B, in direction

- opposite to that of bar magnet as shown in figure-5.153(b) and

this repels the bar magnet.
=0
=] a =] Q =3
=
M.=0
o L3 [+] o =}
o 1] [+] a [~
i [+] a a [»}

DL

NERNERREIN

ENRARAN
ERARANS

(b)
Figure 5.153

Always remember that diamagnetism is 3 weak phenomenon
but in diamagnetic materials it can be seen in different ways like
figure-5.154 shows a diamagnetic block placed between two
opposite pole pieces repel the magnetic field and due fo this
magnetic lines bulge out as shown and almost cvery material
has diamagnetic character upto some extent.
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Figure 5.154
5.9.5 Magnetic Levitation in Diamagnetic Materials

As discussed in diamagnetic materials when subjected to
external magnetic ficld then due to magnetization an opposite
dircetion magnetic field is induced in the material and external
magnctic field repels the magnetized block, This repulsive force
can be used in suspension or propelling materials. This
phenomenon is cailed ‘Magnetic Levitation’. Figare-5.155(a)
shows a diamagnetic bleck placed at the top of an electremagnet
on an insulating stand and as soon as the circuit switch is
closed a magnetic field by electromagnet passes through the
diamagnetic block and it is repeticd. 1f the repulsive force is
more than the weight of block 1t gets suspended in space above
the electromagnet as shown in figure-5.155(b). ‘

{a}

e e ————T

bl

P24 : ™ + s
dp \\‘\ <

()
Figure 5,155
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5.9.6 Paramagnaetism

Whenever amagnetic dipole is placed in an external magnetic
field, it exerts a torque on the dipole to align it aleng the direction
of magnetic field. Figure-5.156 shows a free magnetic dipole
placed in external magnetic field due to which it experiencés a
torque M x B in clockwise sense and as the dipole is free to
rotate it will align along the direction of magnetic ficld ag shown.

4

L

Figure 5.156

The materials in which their atoms or molecules have non zero
magnetic moment randomly distributed in volume when piaced
in external magnetic field, these dipoles align along the direction
of external field and then the total magnetic moment of the
matcrial will be non zero and along the direction of magnetic
field. This phenomenon by which all the dipoles in a material
align along the direction of external magnetic field and induces
a magunetic field in the direction of external field is called
‘Paramagnetism’ and such materials are called ‘Paramagnetic
Materials’. :

5.9.7 Response of Paramagnetic Materials to External
Magnetic Fields

Figurce-5.157(2) shows a block of paramagnetic material in which
all its dipoles arerandomly distributed with total dipote moment
of the block zere as already discussed in article-5.9.2. When the
block is subjected to an external magnetic field then all its dipoles
align along the direction of external magnetic ficld as shown in
fipure-5.157(b). As all dipoles are in the direction of external
magnetic. field, thus the side of magnetically polarized block
facing the magnet acts like a south pole which attracts the
magnet or source of external magnetic field as-shown in

figure-5.157(b).
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Flgure 5.157

Paramagnetism is also a weak phenomenon and as already
- discussed that in every material upto some extent diamagnetism
also exist which is in opposition to paramagnetism.

5.9.8 Magnetic Induction inside a Paramagnetic and
Diamagnetic Materials .

As already discussed in previous articles that in diamagnetism
after polarization, material repel external magnetic field and the
internal magnetic field produced by the material is in opposition
tothe external magnetic field. As shown in figure-5.158 if B,is
the internal magnetic induction produced by the dipoles of the
material after it is placed in exteinal magnetic induction B, then
inside the material magnitude of net magnetic induction is given
as

=B,-B, ...(5.116)

B, (Extemal ficld)

h

— F . ‘
-1 {Induced field)

k

Diamagnetic Matetial

Figure 5.158

In pararnagnetism after polarization, material attracts external
magnetic field and the internal magnetic field produced by the
material is in same direction as that of external magnetic field.
Asshown in figure-5.159 if B, is the internal magnetic induction
produced by the dipoles of the material after it is placed in
external magnetic indaction B then inside the material
magnitude of net magnetic induction is given as,

B

NetzB{):i- B,

(51T

" Electromagnetic induction and Altemating Curent §

B, (Bxteraal ficld)

-
»

- oo
- & —
(Induced ficld) N
Paramagnetic Material

Figure 5.159
5.9.9 Intensity of Magnetization

Asalready discussed in article-5.9.2 due to random distribution
of dipoles inside a material (if dipoles exist in the material) the
total dipole moment of the whole block of material is zero but
when it is subjected to an external magnetic field it gets
magnetically polarized and net dipole moment exist. This net
dipole moment dircction is opposite to external magnetic field
in diamagnetic materials and it is in same direction as that of
external magnetic field in paramagnetic materials,

Volume =¥

—
—
—
—

bbb

Figure 5,169

After magnetic polarization of a material the total dipole moment
of the material per unit of its volume is called ‘Intensity of
Magnetization’. Figure-5.160 shows a block of volume Vwhich
is magnetically polarized. Ifthe total dipole moment of the block
is M then the intensity of magnetization inside the block is
given as

I= ...(5.1135

=R

Unit used for measurement of intensity of magnetization is
‘ampere/meter’ denoted as *A/m”,

Inside a magnetically polarized material the magnetic induction
due to its polarized dipoles is related to intensity of
magnetization as '

B=p,I ...(5.119)

Above relations given in equations-(5.119) is empirically defined
relativns which students can directly use in applications.
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5.9.10 Magnetic Ficld Vectors B and H

It previous chapter we've discussed that in a region of magnetic
ficld the magnetic induction is measured in units of * Tesla’ and
denoted by vector B . In previous articles we've also discussed
when external magnetic field passes through different materials
then due to magnetization of materials net magnetic induction
inside the magnetized (magnetically polarized) material changes
so we need to define a physical quantity H for external magnetic
field which does not change with medium. This H is called
‘Magnetic Field Strength’ or *Muagnetizing Field’ of magnetic
field. Magnetizing field in a given region is measured in units of
‘ampere/meter’ and denoted as ‘A/m’.

In general both the vectors B and H arecalled commonly as
magnetic field in practical situations. It is the unit of measurement
which clarifies about which vector we are talking about. [funit
used is ‘tesla’ then its B and if unitused is ‘A/m’ then its H .
In a given region of space both the vectors of magnetic field are
related as

B=p,H (5120

Inside a material having magnetic permesbility p_the relation is
modified as

B=puH (5121

5.9.11 Relationin B, Hand T in Magnetization of Materials

When 2 material is placed in external magnetic field of magnetic
induction B, then as discussed in article-5.9.8 due to
magnetization of material an induced magnetic induction inside
the material 1_3: is developed and net magnetic induction inside
the material vectorially is given as

B=R,+B, -(6122)
If magnetizing field of external magnetic induclion is H and
intensity of magnetization inside the matcerial is I then from
above equation-(5.122), we have

= B=u,(H +1) . (5.123)

5.9,12 Magnetic Susceptibility

This is a constant parameter for each material which gives an
idea about the ease with which the material can be magnetized
when subjected to external magnetic field. For any material

magnetic susceptibility is defincd ag the ratio of intensity of

magnetization inside the material to the magnetizing field applied
for mapnetization of the material so it is given as

- s e e 2y

e et OF ]
i
=T .. (5.124)
= H=%1 .. (5.125)

Vectorially above relation in equation-(5.125) can be given as

=1 ..(5.126)

For any material having magnetic permeability 1 net magnetic

induction inside is given by equation-(5.121} and (5.123) which
is given as

oty H =py(H +y H)

= w=1+y

(5127

As we know for diamagnetic materials 7 is in opposition to
external field & thus y is negative so magnetic permeability of
diamagnetic materials is Jess than unity and for paramagnetic
materials 7 is in same direction as that of external magnetic
field H thus ¥, s positive so maghetic permeability of
paramagnetic materials is more than unity.

5.9.13 Curie’'s Law

In previous article we've discussed that in paramagnetic
materials intensity of magnetization is duc to the alignment of
all the dipoles of the material along external magnetic ficld after

- it gets magnetized. There arc two main factors on which the

intensity of magnetization depends. Intensity of magnetization
18 dircetly proportional to the external magnetizing ficld H. As H
increases the dipoles of material will experience more torque
and overall alignment of dipoles in the direction of external
magnetic field increases. Thus we have

TocH (5128

Angther factor un which intensity of magnetization depends is
the temperature, As temperature increases then due to thermal
agitation the alignment of dipoles gets disturbed and overall
dipole moment of the material decreases. Intensity of
magnetization is observed to be inversely preportional {0 the
temperature of the material, thus we have

1

foc = . (5.129
T ©.129)
From equations-(5.128) and (5.129) we have
H
I=C| = {5130
(7) B0

In ahove equation Cis called Curie’s constant and ata :;‘pcciﬁc
temperature we can compare cquation-{5.130) w1th
equation-(5.131} which gives

C
= —= {5131
A= ( )
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Thus the magnetic susceptibility of paramagnetic material is
inversely proportional to ifs absolute temperature. This is called
*Curie’s Law in Magnetism’, In general diamagnetic materials
do not obey Curie’s law as in diamagnetic materials intensity of
magnetization is weak and their susceptibility does not very
significantly with temperature whereas paramagnetic materials
obey Curie law and on heating their susceptibility decreases to
lower values and a paramagnetic material lose its magnetic
character on heating. '

5.9.14 Ferromagnetic Materials

There are scme specific materials like Fe, Co, Ni and some more
elements in which atoms have non zero magnetic moments and
in their solid lattice due to a quantum phenomenon called
‘Exchange Coupling’ atomic groups are formed in different
pockets of material which have their magnetic moment aligned
in same direction in that pocket. This pkenomenon exchange
coupling is due to the alignment of all dipoles by the magnetic
field of neighbouring dipole in a short neighbourhood, Different
pockets in the material may have atomic groups aligned with
their magnetic moment ini different directions as shown in
figure-5.161. Each of these atomic groups aligned in same
direction are called ‘Domains’ and such materizls are called
‘Ferromagnetic Materials’. As all the domains in a
ferromagnetic material are having direction of their dipole
moment randomly distributed the net magnetic moment of such
materials is zero,

=\ S il AN
N 7N
Domains \ “:,.. B -~ ff;/
ENEACNLANIAS

Figure 5.161

5.9.15 Magnetization of Ferromagnetic Materials

Due to exchange coupling all atoms in a domain have their
individual dipole moment i aligned in same direction, In this
state even a very small magnitude external magnetic field can
align all the domairs along the direction of external magnetic
field as shown in figure-5.162. This is because the internal
magnetic field of already aligned atoms in a domain produce a
torque on neighbouring domain atoms which supports the
external field in this alignment process.

In ferromagnetic materials induced field B; due to magmetization
of material is much higher than the external field because of

exchange couphng. Thus we have
B,>>B,
I>>H

= .. (5.132)

Thus for ferromagnetic mateérials we use x >> 1,

Magnetic Field

Figure 5.162

The susceptibility of ferromagnetic materials decrease with the
rise in temperature in a different way. At a specific temperature
called ‘Curie Point’ or ‘Curie Temperature’ a ferromagnetic
material starts behaving like a paramagnetic material thus afier
Curie point, the susceptibility of a ferromagnetic material varies

_inversely with its absolute temperature or we can say that only

above Curie point a ferromagnetic substance obeys Curie’s

. law

5.9.16 Superconductor as a Perfectly Diamagnetic Material

Superconducting materials are regarded as perfectly
diamagneticas on subjecting to external magnetic field, the free
clectrons in superconductors starts developing an eddy current
whiich grows until it balances the external magnetic field inside
the material.

When inside a magnetic field a conductor is cooled o the
superconducting state and at a specific temperature material
looses all ifs electrical resistance and at the same instant the
material expels all the magnetic field inside it. This is called
‘Meissner's Effect’. Even when the material is not acting as a
superconductor, it had some eddy currents due to application

of external magnetic field which grows as its temperature

decreases and at the superconducting state the eddy currents
will increase so as to balance the external magnetic field and
resulting zero magnetic field inside the material.
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Figure-5.163 shows a theoretical situation of coil madeup of
superconducting wire. When an external magnetic ficld is
applied onto it then an induced current is developed in the coil
which oppeses the external magnetic field and due to zero
resistance in the coil the current in it docs not decay and grows
to the limit till the net magnetic field at the plane of coil by its
current balances the external magnetic field so theoretically we
consider no magnetic flux passes through a superconducting
coil when placed in an external magnetic field.

¢coi!=0

Figure 5.163

Another situation is shown in figure-5.164 in which a

superconducting bluck is placed in an external magnetic field

and in this situation inside the block eddy currents are induced
. tonullify the net magnetic field at all its interior points.

55 5 5
4 < 3 <3
B <4 4 3
e T

Bpn=0

Figure 5.164
5.9.17 Magnetic Hysteresis

The phenomenon in which the value of a physical property
lags behind the causes by which it is changing is called
‘Hysteresis’. When a ferromagnetic material is magnetized by
an external magnetizing field the intensity of magnetization in
the material increases with the external field and when
magnetizing field decreases then intensity of magnetization also
decreases but it lags behind the change in magnetizing field.
Thisis called ‘Magnetic Hysteresis’. We will discuss magnetic
hysteresis with the help of an illustration,

Consider a ferromagnetic material which is subjected to an
external magaetic field which can be changed in magnitude as
well as in direction. Figure-5.165 shows the variation of intensity

of magnetization in the material with change in magnetizing
field. The curve starts from origin when initial value of
magnetizing field was zero and at that instant polarization of
material was also zero and hence no initiat magnetization was
there. When H increases, [ also increascs and curve follows
path O to point A after which it no further increase in / is
observed with increase in H. This state is called magnetic
saturation material at which I approaches maximum value.

A7

t £

Figure 5.165

Now from the point of magnetic saturation H is decreases with
which I also decreases along the path 48. When H becomes
zero then at point B some magnctization is left in the material.
This magnetization OF which is left in the material at the point
when H iszero is caled *Retentivity” of the material. This intensity
of magnetization left in the material when magnctizing field is
reduced to zero from saturation is also called ‘Remanence’ or
somectimes called ‘Residual Magnetism®. This residnal
magnetism is also termed as ‘Magretic Inertia’ dueto whichin
absence of demagnetization the retention of magnetic flux in

. the material is there for a long term depending upen the

retentivity of the material,

To reduce the intensity of magnetization to zero, the
magnetising field is increased in reversed direction from Bto C
then at point C the intensity of magnetization becomes zera for
which we had to apply 2 magnetizing field in reverse direction
equal to OC. This magnetizing fictd OC is called ‘Coercivity’ of
the material. Thus the value of reverse magnctizing field required
to reduce the retentivity in material to zero is called coereivity
of the material.

Further when the magnetizing field is increased in reverse
direction, intensity of magnetization increases along the curve
€D and at point D again it is the state of magnetic saturation in
reverse direction. Now magnetizing field is increased in original
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direction upto point A by passing through the point E and F
which are corresponding to retentivity and cocrcivity in
opposite directions as shown in figure-3.165. In this figurc the
closed curve ABCDEFA is traced between values of H and Jis
called *Hysteresis Loup’. Based on several experiments and
analysis it is found that the area of the hysteresis loop which is
also called *LH Curve’ is propertional to the net energy absorbed
per unit volume by the material during one cycle of magnetization
and demagnetization. This energy appears as heat in the material
in the cycle.

Phenomenon of hysteresis discussed above is shown by
ferromagnetic substances only and the shape of hystercsis
curve gives the idea about some important magnetic properties
of the maferial, Figure-5.166 shows two hysteresis curves plotted
on same graph for steel and soft iron. Comparing the two curves
we can make some inferences given below,

{iy Arca of hysteresis lovp for soft iron is much smaller
- compared to that of steel which indicates that in case of soft
iron energy loss per unit volume is very small as compared to
stcel when these are taken over cycle of magnetization and
demagnetization.

() Soft iron gets magnetized to saturation value at less value
of external magnetizing field compared to steel and on removing
magnetizing field magnetic retention in case of soft iron is more
than that of steel. That indicates that soft iron is strongly
magnetized compared to steel by sarge magnetizing field,

(i) Coercivity of steel is much greater than sofl iron that means
the remdual magnetism in steel sustains for a 1dnger time and
for soft iron residual magnetism can be destroyed by 2 smaller
value of reverse magnetizing ficld easily.

A7
Soft Iron
/7 Stect
|~
1
H
7

Figure 5,166
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# Dlustrative Examp{e 5.60

Abar magnet has its polestrength 4.5 Am and length 12cm. The
cross sectional area of the magnet is 0.9 cm?. Find the total
dipole moment of the magnet and intensity of magnetisation of
the magnetic materiat.

Solution

The intensity of magentisation is the dipole moment per unit
volume in the material. The effective total dipole moment ofthe
magnet is given as

M=ml=45%0.12=0.54Am?

Intensity of magentisation of material is given as

M m m 4.5
== =T = 4
I=9="41= 4 = 0ox107 ~3*10°A/m
# Hustrative Example 5,6/

In a region at 280K temperature, on an aluminium samplc a
magnetising field of intensity 2 x 10° A/m is applied duc to
which the sample acquires an intensity of magnetisation.
4.8 x 1072 A/m. Calculate the susceptibility of aluminium at 280K
and if temperature of the sample is raised to 320K, what will be
the susceptibility and inteusity of magnetisation.

Solution

Susceptibility of atuminium at 280K is given as

i
K= 17
4.8x197
= A1 = 2—><10T=2'4x 108

As aluminium is a paramagnetic material, it obeys Curie's law
soify, , is the susceptibility of aluminium at 320K temperature
we use

320

If I' is the intensity of magnetisation of aluminium at 320K
temperature then we have

xmi — 5
x»ﬂ I}’
1
= xﬂ’! Xml E
280
= Xz =24 X105% —— =21x10 5

=y,
= I'=21x10%x2x 10*A/m -
= I'=42x1072A/m
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# Mustrative Example 5.62

A piece of iron of mass 8.4kg is repeatedly magnetised and
demagnetised by an external periodic time varying magnetic
field of frequency 50Hz. In the iron piece it is measured that rate
ofheat dissipation is 6.4 x 10%J/hr. Ifiron demsity is 7200kg/m®
find the energy dissipated in tron piece per cycle per unit volume
ofit,

Solution

The heat dissipation in the iron piece per unit volume per hour
is given as
Heat

_ _ 64x10*
Volume

 8.4/7200

Period of one cycle of magnetisation is given as

Fhe-m?

! L
I= = Sox3600

Thus heat dissipated per cycle per unit volume is given as

6.4x10" 1
x

= = 3
R.4/7200  30x3600 200 J/m

Ecb Rcterenct;_,tww Dhﬁlcww com

AgeGmup -Grade 11 & 12 | Age 17-19 Years
+-Section - Magmede Effects

; Topic - Magnetic Propertics of Matezials
.Mcdule Number«- 1rol6

R
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5.10 Alternating Current

A current which periodically changes direction is called an
Alternating Current (AC). In an AC along with periodic change
in direction of current its magnitude can also vary with time,
Based on the ways in which magnitude and direction of an AC
changes, several different types of ACs are analyzed.

Figure-3.167 shows some specific types of ACs in which current
variation with time is shown. The most common type of AC
which is widely used in AC applications is shown in
figure-3.167(d) which varies with time according to sine finetion
and it is called ‘Sinusoidal AC.
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Figure 5.167

The alternating current which is used for domestic and industrial
purpeses is comumonly the sinusoidal AC for which the time
function is given as

{ =i, sin{cf) .. (5.133)

Here i, is called current amplitude or peak value of alternating
current. @ is the angular frequency. The function given in
equation-(5.133) gives the instantaneous value of alternating
current.

Alternating current is produced due to an alternating EMF. An
AC EMF zlso changes its direction periodically and its
magnitude changes with time sinusoidally or in differeat ways,
A sinusoidal EMF in general is expressed as

£=eg,sin of

..(5.134)

The AC EMF shown in the above equation-{5.134) is considered
as a reference for phase analysis of current and other circuit
parameters in different types of AC circuits which we will discuss
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in upcoming articles. Figure-5.168 shows the circuit symbol of
an AC EMF used in drawing circuit diagrams.

AC EMF

()
e

£ =g, 8in of

Figure 5.168

5.18.1 Mean or Average Value of an Alternating Current

Average value of an alternating current in a given time is equal
to that steady or direct current due to which through a circuit
branch same amount of charge is passed which passes due to
the given alternating current in same time through the same
circuit.

Ifm a situation time duration for which AC is to be calculated is
not given then we caleulate it for one time period of the AC.

Ifan alternating current is expressed as i = 1) then its average
value [, foratime £=0 to ¢= T can be calculated by equating
the amount of charge which flows due to these vatues of current
in same time as

g T ! Fde

o - % { FlOdt ... (5.135)

!avg
Expression in above equation-(5.135) is the average fimction
formuia used to evaluate the time average of any given function
and here we will use this function for calculation of average or
mean value of current for any AC of which the instantaneons
variation of current with time is given.

If we carefully see the integral part of the cquation-(5.135) it is
the area of the curve f{f) vs ¢ between time t=0 %o t= T, For
current this area is the total charge flown in the specified duration
thus in case charge quantity is known which flows in a given
time like if a charge Ag flows in time Af then mean value of
current! can be directly given as

avg_ AI "'( * 6)
;= Areaunderi—tcurve 513
= avg ™ A .. (8.137)

5.10.2 Mean Value of a Sinuseoildal Alternating Current

A general sinusoidal alternating current is given by the time
function expressed in equation—{5.133). The curve of variation
of current with tinic is shown in figure-5.169. For one complete
cycle we can see in this figure the positive and negative arca

Etectromagnetic Induttion and Allernaling Current |

are equal thus mean value of this sinuseidal current for one
complete time period cormes out to be zero.

i

/.,
TQW T

Figure 5,169

3?:2\ *t

Ifwe calculate the mean value of the sinusoidal evrrent for half
cycle then it can be calculated by using equation-(5.135) as

2t

L™ T2 _!fa sin{es)dt
= I, == [ =2 eos(nye
g T2 w ¢
N L= == | 2 _{cos(0%)—cos(m)]
we” 772 | i) cos{r
= L= 211
2%
= L=~ =0.636i, {5138

Above equation-(5.138) shows that average or mean valye ofa
sinusoidal AC during half cycle is 63.6% ofits peak value but
the above equation is valid only ifhalf cycle is considered from
the duration = 0 to #= 772. For different half time periods the
mean value may be different. Figure-5.170 shows the graph of
same sinusoidal AC in which if we consider the time period from
t="T/4to t=3T/4 then we can see that the total area of the graph
is zero hence the mean current for this period which is also hatf
of the total period cames out to be zero.

i%

Figure 5.170

if we consider different time instants for the duration of half
period then we can say that the mean value of a sinusoidal AC
canrange from 0 to 2 /x.
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5.10.3 Root Mean Square (RMS) value of an Alternating
Cuorrent

RMS value of an alternating current for a given time duration is
calculated by taking the square root of the average of square of
the time function i = ff¢) of current as the name RMS implics.
This can be mathematically calculated by using the average
function formula for square of the time function of current which
is given as

T
%![ Ol .. (5.139)
Theoretically this RMS value is defined as a steady constant
current when passes through a given resistor produces same
amount of heat in a given duration which is produced by the
given alternating current when passed through the same resistor
in same time duration.

Ifthe alternating current i = f{¥) is passed through a resistor of
resistance R then for a given time § to T'total heat produced in
this resistor can be given as

H=|#Rdt

O'—-"\"-I

= H= I[f (P dt . (5.140)

If I, i the RMS value of the given alternating current then
the total heat produced by this constant value in a resistance R
in tirne 0 to T'is given as

H= I\ RT ..{5141)

From equations-(5.140) and (5.141) we have

T

2o RT = [LF@)T a

4

1 T
> Iy = FJLAOF
N Iy = /%j[ FOT de - (5.142)

¢

We can see that equation-{5.142) is same as equation-(5.139).

5.10.4 RMS value of 2 Sinusoidal Aiternating Current

A genersl sinusoidal alternating current is given by the time
function expressed in equation~(5.133). For calculation of its
RMS value as we wil find the average of squares halfcycle or
full eycle does not make any difference as square of positive or
ncgative both cycles will be positive. To determine the RMS
value of a sinusoidal alternating current first we will calculate

i 191
the ‘Mean Square’ value of this current which is given as
Lt
2 _ = 2
By =7 i[[f(r)} dt
i T2
2 -2
= e = 712 _'[ iy sin” eotdt
-2 i
= I ;MS Dl _[ sin’ wfd!
(DIZ niwp
= 2o =—L j [t —cos(2er)]de
i 1 . ik
—1 I:'MS = 2—;[! ——ZE)' sm(2ﬂ)r)l
o [~
]
~ to= 55|50 )-0-0)
.2
&)
= Tous= D)
i
= Frogs = % =0.707, ..(5.143)

The RMS value of sinusoidal alternating curgent as obtained in
equation-(5.143) is a standard resalt for full or halfcycle of it
but for different periods the RMS value may come differently
for this sinusoidal alternating current.

# Hlustrative Example 5.63

An electric bulb is designed to operate at 12V OC. Ifthisbulbis
connected to an 4C source and it gives same brightness, what
would be the peak voltage of AC.

Solution

As brightness is same, this indicates that heat produced in the
two cases is same 50 the effective (RMS) current supplied by
AC source is same as that of DC current through the bulb. Thus
effective (RMS) voltage of 4C must be 12V which is given in
terms of peak value of voltage as

€ .
™ V2
= e,= 2 e, = 122V

# Hustrative Example 5.64

The current decaying in LR circuit has a function i = [e™*
where T is the titne constant of the circnit. Find RMS value of
this current for the period t=0tof="1.
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Solusion \
. —
We know that root mean square value of current is given as %
1 T .
= — H 2 S——
T'![f( e ” T AT T
= !RMS I Iu —'Zh’t dt =)
Figure 5.171
. Ig e—zf( T
2 _2(& Solution
= Tats | —tit .
) ‘Time function of voltage for the above graph is given as
= s = ——2[e? ~1] - yig
2 V==Lt
., ‘ T
I 1 . .
= = ?(1 - ?) Mean square value of the voltage is given as
1%,
I 1 y =—=|¥Vdt
= Trus =f-= | S Jo.
V2V e ; -
. 1512y, 2
# Hiustrative Example 5.65 = V= ;j(—ﬁ:—%] dt
. o,
Adirect current of 2A and an AC of peak value 2A flows through 17 4V2t2 v
resistances 2€2 and 1Q respectively. Find the ratio of heat — V.= ‘I( L V‘f]dr
produced in the two resistances in same interval. T T T
Solution - p = .;:[ V; T—‘W" T+¥ TJ
In time ¢ heat produced by a DC current /| is given as 2
: %
; H1=1QRI ] = Vms= [—?J
= H=2P2)t=8
|4
RMS value of AC is given as = Y, = Vs == ]
- V3
- == =V2A
T
. .. [ are hysicspal o)
Heat produced by the rms current in time ¢ is given as :
1 AgeGroup Grade 11&12 | Ag,e 17-19 Years
Hy=2 Rt E Section - Magneuc Effects
- Topic~ Altmmtzng Cuxrent _
= H)= ('JE)?(]); =2t E Module N:i‘injber lro 13
Hl 8: . -
: ———=— = N
Hy, 2t Practice Exercise 5.5
# Mlustrative Example 5.66 ) . An ACvoltage is given as e= ¢, sin of + e, cos wz. Find
the RMS value of this voltage.

Find the RMS value of the sawtooth .voltage of peak value ¥ T3
per cycle for which the time function is shown in figure-5,171. [ 1' ]
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i) Inawiredirect current, and an AC current i, = i,y sin ©f
is superposed. Find the RMS value of current in wire.

2 i
P2+
IJ5 2 1

{iii) Calculate the RMS value of the EMF for a cycle of which
time variation is shown in figure-5.172

F

iz F 3T2

Figure 5.172
%
[ Ji}
{iv In a given AC circuit through a specific branch the
current varies as a function of time given as
i=igsin’at 0<ot<n
and

i=isinet nsof<2%

Calculate the average current per eycle of this AC.
11
Lip [z - ;‘] ]

(v)  Calculate the root mean square value of the voltage of
the given variation of an alternating EMF with time in graph as
shown in figure-5.173.

1
i
i
i
i
1
i

U rz 1 3t 21

Figure 5.173

(v In previous question calculate the average voltage per
cycle of the alternating EMFE.

3]

(vid) Calculate the average value of the AC per cycle for which
time function of the current is shown in figure-5.174.

A .

»!

Ve 1 3wz 2r
Figure 5.174 -

5.1 AC Circuit Components

In different types of AC circuits mainly three passive circuit
components are used which are resistors, capacitors and
inductors. These may be connected in different combinations
across and AC EMF. In analysis of AC circnits, carrents and
potential difference across different circuit components are to
beanalyzed when cireuit is closed. While analyzing AC circuits
an imporiant factor has be taken care of along with magnitude
of current and potential differences in different branches and
for different circuit components which is the phase of current
and potential difference being analyzed. Being a sinusoidal
function when EMF is applied across a circuit, due to the
behaviour of circuit components, currents in branches of circuit
may lag or lead the applied EMF in phase so it is an essential
parameter to be accounted in all calculations while solving an
alternating current circuit, Later in upcoming articles we wili see
that power in AC circuit is also dependent upon the phase of
current and potential difference for any circuit component. So
we will build our understanding of solving AC circuits step by
step.

5,11.1 AResistor Across an AC EMF

Figure-5.175 shows a pure resistor of resistance R is connected
across an AC EMF of which the time function is given as

e=eysin wt ... {5.144)

R
14

©
e=epsin ot

Figure 5.175

In above circuit due to applied EMF an alternating current {
flows through the resistance. The direction of current shown in
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figure is indicative and at an instant, By Ohm’s Law the
instantaneous current in the circuit is given as

=&
"R
. . epsinaf
= = R
= i =i, sinct . (5.145)
. _ &
Where Lh=% ...(5.146)

From equation-(5.144) and (5.145) we can see that altemating
EMF and alternating current produced due to this EMF in a
resistance arein same phase. Equation-(5.146) gives the current
amplitude of the alternating current produced in the resistance.

Figure-5.176 shows the time variation of AC EMF and current
through the resistor of resistance R when it is subjected to the
ACEMF,

ih

86 —_——

iﬂ = m——

Figure 5.176

5.1L2 ACapacitor Across an AC EMF

Figure-5.177 shows a capacitor of capacitance Cis connected
across an AC EMF of which the time function is given as

€=e,sin of

(5347

1% ¥

e =g, sin oy

Fipure 5.177

In above circuit due to applied EMF an alternating current i
flows throngh the capacitor. The direction of current shown in
above figure is indicative and at an instant. As capacitor is
connected in parailel across the AC EMF, neglecting the
resistance of connecting wires the instantaneous charge on

Elqc@oqagli@;fé'lﬁgﬁcﬁa'n and Altemnating Cuirent |

capacitor is given as -
g=Ce
= g = Ce, sinet ...{5,148)

The instantaneous current in the circuit can be given as

_%
dt
= i= Ce 0 coswt
N
== i (lfﬁ)C) COSm!
= ;‘=1‘0 cose!
= i=1i,sin(wt +7/2) = (5149
Wh j =20 5.150
ere ip= (/6C) ... (5.150)

From equation-(5.147) and (5.149) we can see that alternating.
current produced due to the applied alternating EMF in a

capacitor leads in phase over applied EMF by an angle n/2.

Equation-(5.150) gives the current amplitude of the alternating

current produced in the capacitor connected across AC EMF,

In equation-(5.150) the term 1/eC must have unit of ‘okm’ for
the equation-(5.150) to be dimensionally correct. This value
1/ is the ohmic opposition offered by capacitor in path of
alternating current. This is called * Capacitive Reactance’ of
the capacitor which is denoted by X, and given as

-1
_ ¢ wC
Figure-5.178 shows the time variation of AC EMF and current

through a capacitor of capacitance C when it is subjected to the
ACEMFE.

..(5.15D)

Ec -
FA . ! —q- !
i w, ! T ir .- L !
AN b -_— = - 1 ~ | -
S VI VA \
~ A o
T N ST St
- ~ I L | — -
4 IR 4 s -
i

Figure 5.178
5.11.3 An Inductor Acrass an AC EMF

Figure-5.179 shows an inductor of self inductance L is connected
across an AC EMF of which the time function is given as

e= e, s5in wf = (5.152)
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L
U

&
v
e=e¢, sin !
Figure 5.179

In above circuit due to applicd EMF an alternating current {
- flows through the inductor. The direction of current shown in
above figure is indicative and at an instant. As the inductor is
connected in parallel across the AC EMFE, neglecting the
resistance of connecting wires we use

di
= L-—-
et
= e, sin @ = JL.ﬂ
't
= Ldl = ey sin oot dt

Integrating the above expression we get
_f Idi = _[eo sinwtdt

I
L':_._ ) +
i (e;coscot) +C

. 1 . C
= i=- E(e" cosaf) + T ...(5.153)
In above equation first term on right hand side is the periodic
current whereas second term is the direct current which does
niot change with time so alternating current produced in inductor
due to AC EMF is given as

. 1
=— —{e,cosa
i Lm(eow )

= i= ﬁsin[e)t—i]
. s

= :=:osxn[mt-—5) ...{5.154}
. &

Where 0= oL ---(3.155)

From equation-{5.154) and (5.155) we can see that alternating
current produced due to the applied alternating EMF in an
inductor lags behind in phase with the applied EMF by an
angle /2. Equation-(5.155) gives the current amplitude of the
alternating current produced in the inductor connected across
ACEME

In equation-(5.155) the term @ must have uait of ‘ohm’ for the
equation-(5.155) to be dimensionally correct. This value @l is

o 1851

the ohmic opposition offered by an inductor in path of
alternating current. This is called ‘Tnductive Reactance’ ofthe
inducter which is denoted by X] and given as

...(5.156)

Figure-5.180 shows the time variation of AC EMF and carrent
through an inductor of inductance L when it is subjected to the
ACEMF.

A= el

k] 1=
SN AT AN
- 1 \\— > 3 \\
o . ~ 4 . 1 N e
¥ Y + -
ST T ™. AT 5T I
s = - 2 —
7 4 2 PoALT 42
1

Figure 5.180
3.11.4 Comparison of AC Circuit Elements

In previous articles we’'ve seen how a resistor, capacitor and an
inducter behaves when connected across an AC EMF. In case
of AC circuit a capacitor and an inductor also offers ohmic
opposition which is called ‘ Reactance’ of the circuit measured
in unit of ohm and denoted by ‘Q’. Unlike to the normal
resistance of a resistor the reactance in AC circuit depends
upon frequency as we’ve seen that both capacitive and
inductive reactance arc dependent upon freguency.
Equation-(5.151) shows that capacitive reactance varies
inversely with frequency of AC EMF whercas from
cquation-(5.156) shows that inductive reactance varies as
directly proportienal to the frequency.

Figure-5.181 shows the variation curve of the resistance and
reactance with frequency of AC source.

R.X
3

\

F

zY

Figure 5.181

As discussed in previous articles we've also discussed the
phase relationship between EMF and supplied current for
different circuit components. Same phase refationships can be
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psed in different AC circuits between potential difference and
current across AC components. Figure-5.182 shows a resistance
through which an alternating current § flows, In this situation
the potential differcnce across the resistance can be given as

...(5.157)

R

Iy

3
b
4
b

Figure 5.182

Students must keep in mind that in any type of AC circuit when
an alternating current flows through a resistance then potential
difference across the resistance and the current through it will
always be in same phase. Figure-5.183 shows a capacitor through
which an alternating current i flows. As we know the ohmic
opposition or the reactance due to & capacitor in AC circuit is
given as X = l/aC'the potential difference across the capacitor
is given by Ohm’s law as

V=i ..(5.158)
[
A i B

Figure 5.183

For all types of AC circuits when an alternating current flows
through a capacitor then the potential difference across itlags
behind in phase with the current flowing throngh it by a phase
angle /2. Figure-5.184 shows an inductor through which an

alternating current i flows, As we kuow the ohunic oppositionor

thereactance dueto an inductor in AC circuit is given as X, =l
the potential difference across the inductor is given by Ohm’s
law as

...(5.159)

Figure 5,184

For all types of AC circuits when an alternating current flows
through an inductor then the potential difference across it leads
in phase over the current through it by a phase angle w/2. For
any circuit component in AC circuit the potential difference can
be calculated by the above equations<(5.157), (5.158) and (5.159).

5.11.5 Behavionr of L and Cat High and Low Frequency AC

Equations-(5.151) and (5.156) gives the ohmic opposition ar
reactance offered by a capacitor and an inductor when AC is
passes through these. For an inductor its reactance is given as
X, = oL which is directly proportional to the frequency of
applied AC thus as frequency of AC passing throagh an inductor
increases its reactance also increases and at very high
frequencies its X, is also very high and an inductor behaves

Electromagnet Ind.iction and Afetnating Current|
like an open circuit at very high frequencies as shown in
figure-5.185(a). At verylow frequencies X, maytend to negligible
value and an inductor behaves like short circuit as shown in
figure-5.185(b).

X, = ol
N (i N
G ircuit
At high frequences pen ciet
(a)
XL = @k
TR =
Short circuit

At low frequencics

()
Figure 5,185

For a capacitor its reactance is given as X, = L/oC which is
inversely proportional to frequency of applied AC so as
frequency of AC passing through the capacitor increases its
reactance decreascs and at very high frequencies X maytend
to negligible value and a capacitor behaves like short circuit as
shown in figure-5.186(a). At very low frequencies X, will be
very high and a capacitor behaves like apen circuit as shown in
figure-5,186(b).

1
Xe==z

wC
- 1 :
At high frequencies Short circuit
(n)
1
X =t .
—— e —— —
At low freguencies Open clrouit
)

Figure 5,136
5.11.6 LR Series Circuit Across an AC EMF

Figure-5.187 shows a resistor of resistance R in series with an
inductor of inducatance L connected across an AC EMF. If at
anyinstant current in cireuit is 7 then KVL equation for theloop
at that instant is written as

di .
—iR-L —£+e sin o =0

a0
di (RY. & .
o = 2
= o (L] I Sin ¢ ..-{5.160)
] X L
— A AT ——
ik 1
o
s
=gy Sin of

Figure 5.187
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Equation-(3.160) is a first order differential equation of which
the solution is given as

el 7 = J’[—-‘?Dsi;m’}ﬁ‘”dmc

At e, sinwt ) &
= iel :_[[;]eidmc
L
B oog oy, u
= el =I°_fsmm:-e"dt+c

In above expression we can drop the last term Casitisnot a
periodic term and it will not contribute it alternating current so
considering only alternating current we have

R

&
et =2 [sinar-etdt = 2(1) ...6.16)

Rt
Where 1= j‘ sinaf-el dt o {5.162)

Above integration I, can be solved by-parts as

B
—J'cacosmt-[£e5 ]a’t
R .

L. Fi'4
11=—smmt-e"'
R

|2

Ri

(&)L z
—?J‘cosmt-e dr

[l

= L= %sinmr-e

L. 2 wL|lL B wLg¢, x
[==sinwi gt ——| —coset-et +—|sinwt-eldt
= 47R R [R z)

L ] & 2 & 2r2
= I= -Esmmt‘ez —%z—cosmt-e" —me i,
R+l L. 2 ol T
2 T2 ==sinmt-et - —coswf -2t
= ( RZ 1 R R!
N
Lel Rsi
= Il:mE sin @t —~ oL cos of] ...(5.163)

Substituting the value of J, from above equation-(5.163) in
equation-(5.161}) gives

Rt
L
& E%[Rsinmt — L cos ot}

= i= ﬁgg{!{sin et — wL cos of ] ..:(5.164)
In above cquation substituting
R=Acosd
and el = Asind
= A= IR+ b oL(5.165)

197!

PR

b= tan“(m?f']

Thus above equation-(5.164) can be reduced as

i= —%[QRZ +o'L sin(o)t —tan™ (m_LD]

and

...{5.166)

R+l R
= i= —r j’msz sin(mt —tan™ (Q—;-D ..(5.167)
= i=iysin(wt—9) .. (5.168)
Where the peak current i, in circuit is given as
. er)
iy= m ...{5.169)

In ahove equation the denominator is the total ohmic opposition
offered by LR circuit connected across the AC EMF which is
catled ‘Impedance’ of the AC circuit which is the resulting ohniic
effect of the combination of resistance of resistor and inductive
reactance of the inductor, So for a series RL circuit ifs impedance
is given as

Zp = NR? + @}

From equation-(5.168) we can see that the alternating current
produced in 4 series LR circuit legs behind AC EMF by a phase
angle ¢ which {s given by equation-(5.166). As we know due to
a pure resistance AC EMF and current remain in same phase
whereas due to a pure inductor cutrent legs behind EMF by a
phase angle /2. So when a pure resistance and an indoctor are
in series then due to the effect of both the current legs behind
AC EMF but by an angle which is less than n/2.

Soon we will discuss a specific method of selving AC Circuits
that is called ‘Phasor Analysis” with which in a much simpler
way we can determine the alternating current given in
equation-(5.167) but students must understand the whole
analysis we did in solving a series LR circuit to determine the
alternating current in flowing in it.

Figure-5.188 shows the variation of AC EMF and alternating
current flowing through a seriés LR circuit.

Figure 5.188
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5.11.7 RC Series Cireuit Across an AC EMF

Figure-3.189 shows a resistor of resistance R in series with a
capacitor of capacitance { connected across an AC EMF. Ifat
any instant current in circuit is # then KVL equation for the loop
at that instant is written as

—iR ~% + e, sin ot =9

Differentiating above equation, we get

éR+’ L= ! ‘
= at C i—'C‘]G)COS(D
£+[i] = 8 5170
= % T\RC JI= g cos i . (3179)
2 ' i
T +q][-q
i i
{2
u
€= ¢y 5in ot
Figure 5.189

Equation-(5.170} is a first order differential equation of which
the solution is given as

L weoswt ) [ea
ie ’e" = [——eo R Jejnc dt+C,
x 2,0cos Wi | -
= jeC = I(—[!T-Je“ dt +C,
£ (D LA
= igfc = -;z—jcos orefdi+C,

In above expression we can drop the last term C, as itisnota
periodic term and it will not contribute in alternating current so
considering only alternating current we have

jere = T Jeoswee®ar = 22n) _sam)
Where  7,= Icos wt.eredt {5172

Above integration I, can be solved by-parts as

L " £
I, = RCcoswte*c + Imsin wt.(RCe”c ]dt

I
- -+
= 1, = RCcoswr.e™ + wRCJsin wie® dt

L 4 £
= IIZRC cos wlerC +wRCI:RCsinmt.e*C —mRCIcosmt.eRcdt]

~

Electromagnatic Indjotioh and Atterating G

: L :
= I,=RCcosate™ +oR*C’ sinwt.e’ —o’RC*,

t t
= (1 +w*R%% 1 = RCcoswt-eRC + @R*C? sinot - eRC

L
RCeRc

1= Tsz—Cz[cosmt +®RCsin o]
s

(1T

Substituting the value of 7, from above equation-(5.173) in
equation-{5.171) gives

RCe®C

—
R | 1+@®R3C?

Fo RO —

ie [cos wf + wRC sin o]

__gaC
I+ olRC

In above equation substituting

— [coswt+oRCsinwe] ...(5.174)

i=Acosd
and  RC=4sind
= A= J1+ 0 RIC? .. {5.175)
N
d =tan”' | —— ...{(5176
an 9= tan [ch] ©.176)

Thus above equation-(5.174) can be reduced as
C i "y
= I= eozn;zcz l: 1+ R2C? sin[mt +tan™! [-I—D]

1w WRC

) € , af 107 .
TV ReC Sm(m ’ [WRCD G4

= i=i,sin {ot—§) . (5.178)
Where the peak current i, in circuit is given as
- &

iy Filoe ...§5.179)
In above equation the denominator is the total chmic opposition
offered by RC circuit connected across the AC EMF which is
the resulting ohmic opposition of the combination of resistance
of resistor and inductive reactance of the capacitor. So for a
series RC circuit its impedance is given as

— 2 2
Zy = VR +1/ 6*C

From equation-(5.178) we can see that the alternating current
produced in 4 series RC circuit leads AC EMF by a phasc angle
¢ which is given by equation-(5.176). As we know due to & pure
resistance AC EMF and current remain in same phase whercas
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due fo a pure capacitor current leads EMF by a phase angle /2.
So when a pure resistance and a capacitor are in series then duc
to the effect of both the current leads AC EMF but by an angle
which is less than n/2.

By using phasor analysis we can simplify the above calculations
which we did for calculation of current obtained in
equation-(5.177). Figure-5.190 shows the variation of ACEMF
and current through a series RC circuit.

F 3

-~y

Figure 5,190

# Mlustrative Example 5.67

A 100 pF capacitor in series with a 4002 resistor is connected to
a 110V-60Hz supply. What is the maximuin current in the circuit?
What is the time lag between current maxima and voltage
maxima?

Solution

The peak current in a RC circuit is given as

. 2y
o R+ /eCr)

Peak voltage is given as

e,= V2e_ =1414x110=155.5V

, 155.5
= I,= 2
o fae)

J[( "\ Sresx10+ ]

= i, =3.24A

In RC circuit, the voltage lags behind the current by phase
angle 4, where

(l/wC) 1
131'111):' = 3
R (376.8x1077){40)
= tan ¢ =0.6635
= ¢=tan™ (0.6635)=33.56°

The time lag is given as
o b (1
360 3600 f
33.56°( 1 '
t=——| — | =1.55%1073
= 360[ ) 3 s

60

# Hlustrative Example 5,68

An electric lamp which runs at 40V and consumes 10A current
is connected to AC mains at 100V, 50Hz supply. Calculate the
inductance of the required choke for lamp to glow at full
brightness.

Solution

Resistance of the lamp is given as

Circuit current is given as
E

I: S —
JIRE 4 (@Ly]
100
= 10=
V(@) +(2x3.14x50x 1)?]
= L=002916H

# Hlustrative Example 5.69

In the figure-5.191 shown the current in circuit is i = 10e™ A,
Find ¥V, and ¥,

R=4 L=2H
W ;r‘

Figare 5.191
Solution

The voltage across the inductor is given as

di
F o= J —
"
—al 0e
> V=), (10e™)
= ' =—80e¥

Writing equation of potential drop from point @ to & gives

di
— =V

v,—-iR-Lo =V,
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. . di v _ A
= Va—’Vb=;R+ LE VL_‘V""_LT:
= (10e™) (4)— 80 =— 40~ d -
# MMustrative Example 5.70
= Vv, =16e#V

In the figure-5.192 shown, i; = 10eA, i, = 4A and . . i
V=3¢V, Find V, versus time graph is as shown in figure-5.194.
{8) i and V,also plotthe time functions of i, and V, N )
®) V..V, and ¥V, alsoplot their time dependence curves. 16 '

Ly

C=2FV,
!
Ry =20 i | b k=20
a " 7 2 Figure 5.194
L §f -
v (b) Whriting equation of potential drop from point 4 to ¢ gives

" p

VimiL=4H : :p

i p;"’lRl""sz_ Vc

d - = Vo= Ve=Veem iR iR,

Figure 5.192 Substituting the values we get

Solution | Vo= (10e)(2)~(4) 3)

V., =(20e2-12)V
(@) Charge stored in the capacitor at time ¢ is given as i . .
; Time dependence curve of 7, is shown in figure-5.195.

q=CV,

1=() e i rea
g=6e2C

P ' :q 8\ -
d -
= i =L o _pera T t

¢ dt
Direction of currentis from bto 0, Applying KCL at O gives

=i +i+i =10e¥+4-12¢ %A
= i, =(4-2eNA
L= (4-2e7) Figure 5.195

i =[2+2(1 -2 .. , . . -
= g =[2+2(1-e7)]A Writing equation of potentia] drop from point g to b gives

i, versus time graph is as shown in figure-5.193, Vi RAV.=V
a” T eT

4ildy .
4 = V.~V,=iR -V,
Substituting the values we get
2
V=10 (2) -3V
» = V,=17e*V
Figure 5.193 Time function curve of ¥, is shown in figure-5.196
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R
17

-y

Figure 5.196
Writing equation of potential drop from point ¢ to d gives
i/r:_ LRy-V, =V,

= V-V,=iL,R +V,
Substituting the values we get

V=@ @3y +16eV
= Vv, =(12+16e*WV
Time function curve of ¥, is shown in figure-5.197.

AP LV}

28f--—---mmmm -

12

-y

Figure 5.197

# Hiustrative Example 5.71

When 100V DC is applied across a solenoid, a steady current of
1A flows in it. When 100V AC is applied across the same
solenoid, current drops to 0.5A. Ifthe frequency of AC souzce

1503

T
solenotd.

Hz, find the resistance and inductance of the

15

Solution

Steady currcnt through solenoid with DC source is given as

& _100 _,
R R

I:
R=100Q

L.R
T ——

¥

1 JUO¥
Il
Flpure 5.198

When AC is applied the current through the solenoid is given
as

e e 100
i=—= = =0.5
z JRE +x§ \/R‘z +xf
= JRT+ X% =200
L.R
— BRI
E %3 T
~
N/
100¥
Figure 5.199
= xj,‘2 =40000— 10000= 30000
= X, = 100432

\
1
Inductive reactance is given as

x, =l

. g 100V w1
®  2n [5043 3

H

# Mustrative Example 5.72

In a circuit a resistance of 402 and capacitor of capacitance
1250

g—uF are connected in series across a 500V, 120Hz AC source.
TC

Find the cffective current in circuit and phase difference between
cuerent and source EMF.

Solution

Circuit impedance of a RC Circuit is given as

Z=R+X_

Z=JR* + X2

Capacitive rcactance is given as

=

1 1
K= o¢ " g
_ 9mx10°
= ¢ 2r(120)(1250)
3x10°
= Xe= = =300
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Circuit impedance is given as

7= J(40)? + (30)* =500

Thus circuit current is given as

. Cms 300
fms= Tz " sp T 10A

Phase angle of Z phasor is given as

- ) )

tan™ (EJ =370
4

As it RC circuit current leads EMF so here current will lcad
EMF in phase by 37°,

b=

= b=

5.12 Phasor Analysis

In the chapter of Simple Harmenic Motion (SHM) we've studied
that instantaneous displacement of a particle in SHM can be
represented by projection of tip of a rotating vector at vniform
angular speed on the diameter of circle in which the tip is
moving. The uniform circular motion of the tip can be used to
analyze instantaneous displacement and phase of the particie
as shown in figure-5.200. Here the displacement of P*which is
in SHM can be given as

y=Asin{wt+a) ...{5.180)
Where a is the initial phase of the particle.
Ay
,/' PETTTTTS {\—'t r=dsin{w+a)

‘J" b—k‘ “_'_;3\‘!' =0
i ALt} i -
! -
1] 3
‘\ IJ

Figare 5.209

Above equation-(5.180) is similar function with which we
represent AC EMF and cusrent so this method can also be used
to represent such alternating circuit parameters for sinusoidal
functions. Such rotating vectors which are used to represent
AC circuit parameters are calied *Phasors’ and for time fanction
and analysis AC circuits we used these phasors 1o represent
the magnitude and phase of the circuit parameter. In general

Electromagnetic. tndugtion and Altemating Gumrent |

phasors are drawan in static manner only. Rotation is considered
only when we need to analyze phase at an instant, in general for
AC circuits it is not needed. With illustrations taken here it will
bemore clear.

A phasor is denoted by placing a bar ‘-~ over the symbol of
physical quantity being represented along with its initial phase
angle. If we consider yin equation-(5.180) represents a physical
quantity of an AC circuit then its phasor is written as

y=LZa .. (5.181)
The diagrammatic representation of the static phasor as given
by equation-(5.181) is shown in below figure-5.201. For
diagrammatic representation the peak value of a phasor is drawan
as length of phasor and its phase angle (also called as its
‘arguoment’}is the angle from the reference axis in anticlockwise
sense at which it is drawn as shown in below figure.

Figure 5.201

Ifin an AC circuit an AC EMF is used for which time function is
given as e = g, sinw then the phasor form of this AC EMF is
written as

€ =e, L0° ...(5.182)

The diagramatic representation of the EMF phasor as given by
equation-(5.182) is shown in below figure-5.202.

)

L LT

2=g, /0"
Figure 5.202

As discussed in previous articles generally we consider EMF
as a reference and in different AC circuits we determine the
phase lag or lead of current in the circuits so for a an alternating
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current { = isin(ewr+¢) its phasor form is written as
i =igZ¢ ...(5.183)

The diagrammatic representation of the current phasor as given
by cquation-(5.183) is shown in below figure-5.203.

.

- i=iz¢

Figure 5.203

5.12.1 Standard Phasors for Resistances and Reactances in
AC Circuits

In any AC circuit EMF and current are time varying functions
for which phasors can be considered as rotating vectors like
SHM if the time phase analysis of these is reguired. For
mathematical anatysis of AC circuits we also define standard
phasors for resistances, capacitors and inductors with standard
values for their magnitude and phasor angles. As resistances
and reactances in a given AC circuit are not time varying so
their vectors arc never considered as rotating vectors. Standard
phasors corresponding to these are given below.

{) Standard Phasor for a Resistance : For a pureresistor of
resistance R its phasor is writlen as
R=R/Z0° ...{5.184)

Diagrammatically it is represented as shown in figure-5.204.

L]
i%|

=)

= RA0"

Figure 5.204
(ii} Standard Phasor for Capacitive Reactance: For a pure
capacitor of capacitance C its phasor for capacitive reactance
is written as
X, - — L2 5.185
X =g L) . (5185)

Diagrammatically it is represented as shown in figure-5.205.

oy

203+

A -1
Xe—po F2

Figure 5.205

(iif) Standard Phasor for Inductive Reactance : For a pure
inductor of inductance L its phasor for inductive reactance is
written as

X, = ol /(+n/2) ... (5.186)

Diagrammatically it is represented as shown in figure-5.206.

X,= wljrn2

Fipure 5.206

In above equations-(5.184), (5.185) and (5.186) many times
students get confuse about the phasor angles taken. Here the
above values defined for phasor angles arc standard values
which are defined to analyze and solve AC circuits 50 one should
not think about the derivation or approach of these values.
With different iflustrations of these standard phasor values
applications can be understood at good level.

5.12.2 PhascrAlgebra

For ealeulations in different AC circuits some rules are defined
according to which different circuit parameters are used in
mathematical operations, set of such rules for solving and
analysis of AC circuit studied under ‘ Phasor Algebra’. We will
discuss some basic rules and applications in solving simple AC
circuits here. For basic mathematical operations these rules are
[isted below in pointwise manner.

(i} Phasors as Complex Numbers : For mathematical
calculations phasors are treated like complex numbers with
magnitude and argument and the diagrammatic representation
of a phasor can be considered the representation of a complex
number on argand plane with horizontal and vertical axcs as
real and imaginary axis of the argand plane. A specific phasor
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[204

z with its magnitude z, and argument o can be written as

i L AR e e LM e A o e e i R e

Z =z L0

..(5.187)

Above phasor if treated as complex number its diagrammatic
tepresentation on argand planc is shown in figure-3.207

VAN _
) Z

N

> .
()
Figure 5.207
In complex form equation-(5.187) can be wrilten as
Z =z cos o+ jz;sin a ...(5.188)

In above equation-(5.188) first term zycosa is the real part of the

complex number and z,sine is the imaginary part of the complex

number and j= J-1.

{ii} Addition of ﬁo Phasors : When iwo phasors Z; and z,
are given as
Z=z4Za, .. (5.189)

and Z, =z, Z0, ... {5.180)

Sum of the above two phasors can be done diagrammatically as
shown in figure-5.208.

3

oy

Y

Figure 5.208

Thus the resultant phasor which is the sum of the two phasors
is given as

il ndieion 73 iG]
Z, =5, +3,

= Zp =2,y Loy T2y L0,

Zx = |72} £0

Where |Z,|is the magnitude of resultant phasor and 8 is its

argument angle which can be calculated from figure-5.208 given
as

2] = V2 + 2+ 2zez cos(, —a) . (5.191)
Z,CO5¢, +2Z,, COSQL

and 0=tan“[ i) - | pit] - 2] ...(5.192)
2, SIR @, + 2, Sinc,

In the same we can calculate if two phasors are subtracted by
changing the direction of second phases and adding it to the
first. It is done in the same way we add or subtract vectors ar
complex mumbers diagramatically.

(iii) Product of Two Phasors : When two phasors Z, and z,
as given by equations-(5.189) and (5.190) are multiplied then in
the product phasor will have magnitude given by the product
of their individual magnitudes and its argument angle will be
given by the sum of the argument angles of the individuat
phasors as it is done in product of complex numbers.

= El 'Ez
= Zp =2y LO X 2y L0y
= = (zm X zm) Z (ul+ U.z) ...{5.193)

(v} Division of Twa Phasors : When two phasors Z, and z,
as given by equations-(5.189) and (5.190) are divided then in
theresultant phasor it will have magnitude given by the division
of their individual magnitudes and its argument angle will be
given by the difference of the argament angles of the individual
phasors as it is done in case of division of complex numbers.

Zp==—

P —

Z
_ _ Zpley
= 2 20,
Zyp L0y

7, = [?—“—] PACTETS ...(5.194)

20

With the above basic rules we can analyze all types of simple
AC Circuits however the above calculations can also be done
by considering phasors in complex notation form as given in
equation-(5.188) and for calculations real and imaginary parts
can be separated and finally given again in form of magnitude
argument form which can be transformed as time function
whenever needed.
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In next upcoming articles we will re-analyze the cases of AC

Circuits in which different circuit components are connected
across an AC EMF by using phasor analysis,

5.12.3 Phasor Analysis of a Resistance Across an AC EMF

Figure-5.209 shows a resistor resistance R is connected across
an AC EMF. Using Ohm'’s law the phasor current through the
circuit is given as

...(5.195)

v

F= e L0°

Fipure 5.209

Using equation-{5.195) we can write the time function of the
phasor current which is given as

i = iy sin (w¢+0°) ...{5.196)
€
Where W= X . (5197

Above equations are same as equations-(5.145) and {5.146) as
discussed in article-5.11.1 but here these are obtained by using
phasor analysis. Figure-5.210 shows the phasor diagram of AC
EMF and current through a pure resistance.

Figure 5.210

5.12.4 Phasor Analysis of a Capacitor Across an AC EMF

Figure-5.211 shows a capacitor of capacitance C connected
across an AC EMF. Using Ohm’s law in phasor form, phasor
current in circuit is given as

S [
o £
XC
L Co U
- ' W) 4/
T_ _i _.
= F=Toc £0WD=i,Z(rm2) ..(.198)
X'(::_l'l-—rr.."Z

wl
It
i

L o ]

e— gy LO°

Figure 5,211

Using eguation-{5.198) we can write the time function of the
phasor current which is given as

i ={, sin (et +/2) ...(5.199)
: € F:
Where iy= IJ(T)C':X_Z ... (5.200)

Above equations are same as equations-(5.149) and (5.150) as
discussed in article-5.11.2 but here these are obtained by using
phasor analysis. Figure-5.212 shows the phasor diagram of AC
EMF and current through a pure capacitance.

A X

Figure 5.212

5.12.5 Phasor Analysis of an Inductor Across an AC EMF

Figure-5.213 shows an inductor of inductance L which is
connected across an AC EMF. Using Ohm’s law the phasor
current through the circuit is given as .

_ @
I ==
L
7o 640"
= T eLz(+n/2)
- € =
- 7= m_ll(_mfz)—;uz(-mz) ..-(3.201)
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-
-
+

{2

F=e, £0°

Figure 5.213

Using equation-(5.201) we can write the time finction of the
phasor current which is given as

=i, sin (of—2) - (520)
Where iy= ;'T ...(5.203)

Above equations are same as equations-(5.154) and (5.155) as
discussed in article-5:11.3 but here these are obtained by using
phasor analysis, Figure-5.2 14 shows the phasor diagram of AC
EMF and current through a pure inductor.

Figure 5.214
5.12,6 Impedance of an AC Circuit

We've already discussed in brief that in an AC circuit total
ohmic opposition offered by the circuit including its all
resistances and reactances is called ‘Impedance’ of the circuit
and it is denoted by ‘Z° and its phasor is deroted by Z and
measured in unit of ‘ekm’. In a circuit impedance is caused by
either of its resistances or reactances. For purely resistive,
capacitive and inductive circuits impedances are given as

Purely Resistive Impedance 7 -
Purely Capacitive Impedance Z =X
Purely Inductive Impedance  Z = X,

When different types of circuit components are connected in
series or parallel then we calculate impedance of the circuit by

using series and parallel combination of these components in -

the same way we used to calculate equivalent resistance for DC
circuits. The only difference in case of AC circuits is that instcad

Electromagnetic Induciion and Allemaling Cifrenty

of simple calculations we use rules of phasor algebra for
calculations which will be clearly understood with the help of
some illustrations. Figure-5.215 shows series combination of a
resistor of resistance R with an inductor of inductance L. Here
the impedance of the circuit across terminals 4 and B is giver as

Z,=R+X,

Z o =R L0+l £ (+7/2) ...(5:204)

L { R
A o—— TR ——W———a 8
X, =0l Z(+n/2) R= 20°

Figure 5.215
Above cquation can be solve diagrammatically as shown in

figure-5.216 where we add resistance phasor and inductive
reactance phasor like vectors or complex numbers,

= Z
§ A |
!
3
1

Figure 5.216

From above figure-5.216, the magnitude of impedance phasdr is

given as
Z=, JRZ + X}
= Z=~R*+ 0L} .-.(5.205)
The argument of the impedance phasor is given as
0= tan-! (%} ...(5.206)

Thus the impedance of the series LR circuit is given as

R +o'l’ é[tan" (9’%}] .. {5.207)

Consider another circuit shown in figure-5.217 in which a resistor
or resistance R is connected in parallel with an inductor of
inductance L. In this situation the impedance of the circuit is
given as

Z =

1 11
= ==+=
I 1 1

— = +
Zyy RZC® alt(+w/2)
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1 i 1
L
——— S
A B
lgl'

Figure 5.217

Above equation can be diagrammatically solved for adding the
two terms on the RHS of the equation as shown in figure-5.218.

L0 Za

Figure 5.218

From the above figure the magnitude of the reciprocal of
impedance phasor is given as

R DRl
— = — | +f—
ZAB R wl

1 R* +o*?

:> — =
Z 43 Rl

...(5209)

The argument of the reciprocal of impedance phasor is given as

R
=—tan™ [%) =—tan! (&) ...(5.210)

Thus reciprocal of impedance phasor is given as

A VR + o' ; -zan-l(iJ
Z, Rol ol
_ Rl (R
- Z,= —é[tan ’[—)] ...(5211
* VR el oL G210

Above equation-(5.211) gives the impedance of the paralle] LR
circuit shown in figure-5.217.

For any given AC circuit in which different circuit components
are connected in some combiration if it is connected across an
AC EMF then alternating current suppiied by the EMF can be
given as

...(5.212)

bNy| )

207 ;

P Y N Vv,

5.12.7 Phasor Analysis of Series RL Circuit Across AC EMF

Figure-5,219 shows a series RL cireuit connected across an AC
EMF. As already discussed in previous article, circuit impedance

* in this case across AC EMF is given as

Z,=R+X,

= Z 4 =RL0°+ L £ (+7/2)

X, = wlft+n2)

R=R/0°

)
p

e=g, Z0°
Figpure 5.219

Above equation is solved graphically as shown in figure-5.216
which gives

7, = VB + L é(tan" (%Iiﬂ .. (5213)
The current supplied by the AC EMF is given as
-_¢
'TZ
- e L0°
= i= -
R +m2L2£[tan" (u}_]]
R
- _ elJ ! wL
= 7= ___'—122 T é(—lan (?D L {5.214)

Current phasor as given in equation-{5.214) can be written in
time function as

#sin(mr—mﬂ‘l(%)) ...{5.215)

R+’

i=

...(5216)

= i =i, sin(ot—¢)

€ oL
Where i, = ﬁ and $=tan™! (?]

Above equation-(5.215} is same as equation-(5.167) which was
obtained by solvin g long calculations nsing Kirchhoff's law
whereas in this case it is simply obtained by using phasor
analysis without selving any differential equation. and
integration.
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&.12.8 Phasor Analysis of Series RC Circuit Across ACEMF

[P S — = =

Figure-5.220 shows a series LR circuit connected across an AC
EMF. The circuit impedance in this case across AC EMF is
given as

€= gy Z0°
Figure 5.220

Above equation is solved graphically as shown in figure-5.221

which gives
Z_AB = [R*+ 1 | —tan™ (L} . (5.217)
Q)ZCZ_ RaoC
R
g "
XY ¥
Figure 5.221
The current supplied by the AC EMF is given as
-2
T Z
- 2,/0°
= P 1 1
z tan-h
\/R * m’cz‘é[ tan [RmCD
= 7= /| tan (L) .. (5218)
n 1 RaC

R+

o’ C?

Current phasor as given in equation-{5.218) can be written in
time function as

=B gin mr+tan"[—1 ] 5219
g . 1 RoC ) )+ 0219
R t
= i = iy sinfer + ) .. (5.220)

E!eclromag"gpﬁé}'gduc:ﬁabfé_ﬁd Alternating Current |

€ 1
Where i,= —~~———— and $=tan"* (—)
2y 1 RaC

o’C?

Above equation-(5.219) is same as equation-(5.177) which was
obtained by solving long calculations using Kirchhoff’s law
whereas in this case it is simply obtained by using phasor
analysis without solving any differential equation and
integration.

5.12.9 Phasor Analysis of Series 1.C Circuit Across ACEMF

Figure-5.222 shows a series LC circuit connected across an AC
EMTF. The circuit impedance in this case across AC EMF is
given as '

Za=X, +X,

= 1
= Ly =0l A(+a2)+ '&-L(—WQ)

X,=oLsra2 XK= mC £-nf2
E_

)
o\
e e, L0°
Figure 5212

Above equation is solved graphically as shown in figure-5.223,
Considering @l > /e gives

= 1
Zyg=|oL—| L2 ..(3221
AB [ . C) (+w/2) (5.221)
A XL
L XC
Figure 5.223
The current supplied by the AC EMF is given as
- E
I ==
A
- e, ZL0°
[mL——]A(-i»:rQ)
= £-n/2) ... {5222)
)
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Current phasor as given in equation-{5.222) can be written in
time function as

f=—0 _sin [mt—E) . (5223)
(o-e) *
wl
= i =i, sin(or— n/2) (5229
. £y
Where iy= F
[ _EEJ :

In case of an inductor in series with a capacitor across AC EMF
always current is either lagging or leading in phase by an angle
/2 with EMF as phasors of capacitive or inductive reactance
are in opposite directions. If capacitive reactance is more then
current wil] lead EMF and if inductive reactance is more then
current will lag behind EMFE

5.12.10 Series RLC Circuit Across AC EMF

Figure-5.224 shows a circuit in which R, I and C are connected
in series across an AC EMF. In this case the circuit impedance
is given as

- )
=  Zy =R£0°+mL£(+m'2)+;DE/_’(—1U‘2)

_ v 1
R_=R Z0° .XL=[I)LA+TIJ!2 XC.':EE L-mi2

{3
NS
e=g, Z0°

Figure 5.224

Above equation is solved graphically as shown in figure-5.225
in which we consider wl > 1/wC which gives

2 PR
Z 5= R2+[mL+—l—} Ztan! | —@C | | (5225)
o R

S|

X -X,

Fipure 5.225

~554]

The current supplied by thc ACEMF in above case is given as

-_&
T Z
- e,/0°
= i= Y
2 ol ——
R2+[mL——1~J /| tant| —— @€
wC R J
e mL._._.l_,
= 7= b Z| -tan™ ol || (5.226)

: LY R
R L——
(o2-2%) )
Using above equation-(5.226) which gives the phasor current

in series RLL circuit, we can write the time function of the current
which is given as

5.12.11 Phase Relations in Series RLC Circuit

Fipure-5.226 shows a series RLC components in a branch of an
AC circuit in which a cutrent ¢ flows. The impedance of the
branch across terminals 4 and B is given as

B 1V GJL—-—l—
Z, =-_\{R2 +[wL—-EJ Ztan™| —@C ...(5228)
7 R L c
Av——— W —— T — |—>——25
Va Ve A ‘

Flgure 5.226

The potential difference across terminals 4 and B is given by
Ohm's law as

Vag = iz

As in above equation-(5.228) we considered wL > 1/0C so in
the circuit current will be lagging behind the polential difference.
Actually the phase relation between the current and potential
difference depends upon the frequency of AC EMF in above
circuit. There are three cases in diffcrent situations.

1 1
T ol=— = o=+

Tn this casc 8 = 0 where & is the phase with which current will
lag behind the potential difference across terminals 4 and B or
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at the above frequency current and potential difference will be
in same phase.

1 1
-11: When ol > — > ——
Case en o = o m
In this case 8 is positive and current will lag behind the potential
difference across terminals A and B,

3 1
ase-JI[: W hen wl. C = 0 ,—C

In this case 0 is negative thus current will lead the potential
difference across terminals 4 and B,

1f we analyze the potential differences across each of R, Land C
and these are given as 7, , ¥, and 7, then we use

Vg =Vg+¥, +V, ... (5229)
As current 7 through all the three components is same the
potential difference across resistance ¥, is in same phase with
this current, potential difference across inductor 7, will lead

this current by an angle w/2 and the potential difference across
the resistance ¥ will lag behind this current by an angle n/2.

Figure-5.227 shows the phasors of current and potential
differences in this circuit branch and by this we can write the
relation in magnitudes of all the potential difference mentioned
in equation-(5.229) which is in phasor form.

VAB VRZ + (VL _Ve:')2

...(5.230)

Figure 5.227

# Hiustrative Example 5.73

S
A 12Q resistance and an inductance of 0.05/x Hwith negligible
resistance are connected in series. Across the end ofthis circuit
is connected a 130V alternating voltage of frequency 50Hz.
Calculate the alternating current in the circuit and potential
difference across the resistance and that across the inductance,

Electromegnefic Indutiion and Allemafing Cdrtent

Solution

The impedance of the circuit is given as

Z=J(R* +0’})

= Z= \f[Rz +(2mL)?]

= Z=J[(12) + {2x3.14x 50 (0.05/3.14)}*]

= Z= j(144+25) =13Q

Current in the circuit is given as

Potential difference across resistance is given as
V,=iR=10x%12=120V

Inductive reactance of ¢oil is given as

0.05
)i
T

Potential difference across inductance is given as

X, =al=2xfL

= XL=211:><50X[

V,=ixX,=10x5=50V

# Miustrative Example 5.74

An AC source of angular frequency o is fed across resistor R
and a capacitor C in series. The current registered is i, [fnow
the frequency of the source is changed to w/3 but maintaining
the same voltage, the current in the circuit is found to be halved.
Calculate the ratio of reactance to resistance at the original
frequency.

Solution

At angular frequency o, the current in RC circuit is given as

E

= = (5231
s R (02 G2

\J\f'hcn frequency is changed to w3, the current is halved so we
have' * ‘
fm&' Enm

2 R neipcy

i tms Erms

2 - JIR? + (97 a*CY)}

...(5232)
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From equation-(5.231) and (5.232), wehave Solution
1 2

In series RY. circuit, impedance is given as

IR +(1/ 0CH)) B I +9/0?C?))

5
olC?

Thus the ratio of reactance to resistance is given as

X, (UaC) _ [EJ
< - -

= 3R=

R 5
Figure 5.228
# Iltustrative Example 5.75 Inductive reactance is given as
X,=al

In a series R circuit with L= %mﬂ and R = 126} an AC

source of emf e = 130v2V, 50Hz is applicd. Find the circuit
impedance and phase difference of EMF and current in circnit,

2.2
X, =2m(50) x Y
X, =2200

U

Solution As X, = Rwe have =45

Circuit current is given as
For a series RL circuit, impedance is given.as

e 220 1 A

5 _ 5 - == =—

Z=R+X, , z 202 V2
— 7= f R xf Wattless current in AC circuit is given as
Inductive reactance is given as by, = fsing

ol = R SV S
X, =wl=2nFL . = —_ ﬁxﬁ =3 =0.5A
7 11 # Mustrative Example 5.77

= X, =5000x 10°=5Q

A 200 on long telegraph wire has & capacitance of 0.0 14 uF/km,
Hit carries an alternating current of 50kHz, what should be the

7= { (127 +(5) value of an inductance required to be connected in series 5o

that impedance is minimum.
= Z= 144425 = 169 =13Q

Circuit impedance is ealculated as

Solution
With phase angle of impedance calculated from phasor diagram,
grven as The total capacitance of telegraph line is given as
b= tan! (%] C=0.014x200=2.8 1F = 2,8 x 10-4F
For minimum impedance, we have
5 1
— iatl 2 =
= ¢= tan (EZ} oC
I l 1 1
% f=— - = =
# MMustrative Example 5.76 o*C  Qaf)ic 4xfiC
l
A coil has inductance 2.2/% H and is joincd in series witha — L= 4x (3. 142 x (50x 10°)? x(2.8x107%) H
resistance of 220 0. An AC EMF 220V, 50 Hz isapplied to it, find
the wattless current in cireuit. = L=036x10%=0.36mH
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‘Practice Exercise 5.6

(i) A series circuit consists of a resistance of 15€2, an

. inductance of 0.08H and a capacitor of capacitance 30pF. The
applied voltage has a frequency of 500 rad/s. Does'the current
lead or lag the applied voltage and by what angle.

[60.65° tead]

{iiy An 220V AC voltage at a frequency of 40 cycles/s is
applied to a circuit containing a pure inductance of 0.01Hand
a pure resistance of 602 in series. Calculate

{a) The current supplied by source

(b} The potential differencek across the resistance

(¢)  The potential difference across the inductance

(d) The time lag between maxima of current and EMF in
eircuit

[(2) 33.83mA (b) 202.98V (¢} 96.83V (d) 0.01579s]

(iif) Abox Pandacoil Qare connected in series with an AC
source of variable frequency. The EMF of source is constant
at 10V. Box P contains a capacitance of 1uF in series with a
resistance of 320 Coil O has a self inductance 4.9mH and a
resistance of 680, The frequency is adjusted so that the
maximum current flows in P and Q. Find the impedance of P
and O at this frequency. Also find the voltage across Pand O
respectively.

[76Q2, 988, 7.6V, 9.8V]

(v} An AC source is connected to two circuits as shown in
figure-5.229. Obtain the current through resistance R at
tesonance in both the circuits.

I U L} L] ‘!‘!‘\‘
L b R | R
C
(rH L)
pY
(2) by

Fipure 5.2219

[+.6]

==

Electromagneic. indusion and Alteinating Earrent]

&)  Aresistance R, and inductance L and a capacitor Carc
all connected in series with an AC supply. The resistance is of
160 and for a given frequency, the inductive reactance of L is
240 and capacitive reactance of Cis 12Q. Ifthe current in the

cireuitis SA, find

(a)  The potential differenceacross R, Land C

(o)  The impedance of the circuit

() The voltage of AC supply

(dy The phase angle between current and voltage

[(a) BOV, 120V, 60V () 2082 {c} 100V (d) 37°]

(v} A series circuit consists of a resistance, inductance and
capacitance, The applied voltage and the current at any instant

are given as
e=141.4cos (300¢— 10°)
and =35 cos (3000155

Theinductance is 0.01H. Calculate the values of the resistance
and capacitance.

[33.334F]

(vii) A circuit with R = 702 in series with a parallel
combination of L = 1.5H and C = 30uF is driven by a 230V
supply of angular frequency 300 rad/s.

(a)  Find the impedance ofthe circuit,

(b}  What is the RMS value of total current?

{c)  What are the current amplitudes in the L and Carms of
the circuit?

()  Howwill the circuit behave at 0= 1/VLC?

[{a) 163.30 {b) 1.414A (c) 0.653A, 2.64A (d) Cireuit eurrent hecomes

ZETO)

(viii} A resistance of 10 is joined in series with an induetance
of 0.5H. What capacttance should be put in series with the
combination to obtain the maximum current? What will be this
maximum current ? What will be the potential difference across
the resistance, inductance and capacitance? The current is
being supplicd by 200V, 50Hz AC mains,

[20.24u¥, 20A, 200V, 3142V, 3142V]

(ix) In the circuit shown in figure-5.230 AC EMF is
¢ = 10 coslQ0nt. Find circnit impedance and the potential
difference across poinis 4 and B when it is halfofthe voltage of
source at that instant.

www.puucho.com



Study Physics Galaxy with www.puucho.com

P o

[Etectromeagnetic induction and Alternating Current

X, =20
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R~-38Q X, - 80
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©
[
Figure 5.230

5.13 Power in AC Circuits

In the chapter of current electricity we’ve studied that the power
supplied by a source to the circuit is given by the product of
the EMF and the current supplied by the source. In DC circuits
current and EMF remain constant in steady state but in AC
circuits with time EMF and current continuously vary and
depending upon the phase difference between EMF and the
current their instantaneous valoes will be different for different
circuits as phase relationship between EMF and current depend
upon the type of circuit used so instantaneous power supplied
by an AC source continuously vary with time thats why in AC
circuits we analyze average power supplied by the AC source.

5.13.1 Average Power in AC Circuits

Figure-5.231 shows an AC Circuit in which an AC EMF is
connected across an impedance Z which may be a combination
of two or morc components or a single component, The current
in this circuit is given by Chen’s law as

|

'I‘-=

L el ¢ _
= S L =i s
P Zae zp LTVt

= i = i, sinfer—¢) - (5.233)

Z=7/

oy
A

[

T2 e LE0°

Figure 5.231
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In this circuit instantaneous power supplied by the AC source.
can be given as

P=gi

‘= P=e,sin arx i, sin (of—§)

= P =gy, sin ax x (sin wt cos ¢ —cos t sin ¢)
= P=ey,sin’ af cos §— e i, sin i cos ofsin ¢ ...(5.234)

Above equation-(5.234) gives the instantaneous power supplicd
by the AC source of which average valuc can be given by
replacing the sinusoidal time functions on RHS of this equation
by their average values which gives

P,.= e (Sin2 mt) cos § —e,f, {sin wz coswr)sin §

= P, = €y, [%)co’s & —eqiy (0)sing

1 .
= P~ e cosd
& b
= P_=-—-2co8
avg ‘Jiﬁ ¢’
= P =e i _ cosp

avg TG EmS

.. (5235)

Above cquation-(5.235) gives the average power supplied by
an AC source to the connected circuit. In general average is
defined for one cycle or for large number of cycles or over a
significant duration. The term of ‘cos¢’ on RHS of
equation-(5.235) is called ‘Power Factor’' ofthe AC circuit, Thus
average power supplied to an AC circuit depends upon the
phase difference between the AC EMF and the current supplied
by the sonrce.

5.13.2 Wattless Current in AC Circnits

Ifin a given AC circnit ¢ is the phase difference between the
applicd EMF and the current then phasor diagram for EMF and
current drawn: is shown in figure-5.232,

_ Zays

fapssin g |

Laars

Figure 5.232
e
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In above figure we've resolved the current phasor i two
components, ane along the EMF and other normal to it. For this
-circuit the average power delivered by the AC source can be
given as

P =e i cosd

avgy | mES NS

We can see in above expression of average power that it is due
fo the current comp‘{-ment i 2asCO5¢ and there isno contribution
of the current component iy, ,.5in¢ in average power supplied
by the AC source so this current component *#g, iccos¢’is called
‘Wattless Current’ of the AC circust. :

This wattless current does not have significance for caleulation
ofaverage power in an AC circuit but for current calculations it
is useful if mentioned specifically in some situation.

_3.13.3 Maximum Powerin an AC Circuit

As discussed in articie-5.13.1 that average power supplied by
an AC source to the circuit is given as

P

avg — Crms?

s mcoscb

In a given AC circuit RMS values of current and EMF can be
related as '

Crms

I = "y
Where Z is the circuit impedance across the AC source. Using
this average power can be written as

Pavg =
With the change in phase difference between AC EMF and
current in the circuit average power supplied changes. If in a
cireuit ¢ 0 then in that circuit, impedance will be purely resistive
(Z= R) and power supplied will be maximum which is given as

P =i e

avg s s o R

...{(5.236)

Thus when $ = 0 then in the circuit capacitive reactance and
inductive reactance nullify the effect of each other and circuit
behave as a purely resistive cirenit across AC EMF.

Ifin a circuit = m/2 then the circuit impedance will be either
purely capacitive or purcly inductive and in this casc average
power supplied by the AC source will be zero. It is to be noted
that in AC circuits inductors and capacitors never consume
any average power. This is becausc in one halfcycle for reactive
components of AC circuits power is positive and for other half

s

cycle power is negative so these components do not contribute
in power consumption per cycle independently but due to
reactive components of circuit, the circuit impedance and phase
relationship between applied EMF and current changes thus
overall power supplicd by the source is affected.

5,13.4 Resonance in Series RLC Cirenit
For a series RLC circuit we’ve studied the phasor analysis in

article-5.12.10 and 5.12.1 1. The current amplitude supplied by
the AC source in series RLC circuit is given as

€a
J 2 [ 1 )2
iR+l wl——
ol

In above equation we can see that #; will be maximum when in
denominator X, =X, which occurs at a specific frequency fora
specific circuit which is given as

!

@~ Jre

Atabove frequency Z= R, ¢= 0 and circuit impedance becomes
minimum and behave as a pure resistive impedance at which
circuit current becomes maximum which is given as

...(5237)

&

ig= 5 ... (5.238)
At above frequency given by equation-(5.237) the current as
well as power supplied by the AC source to the circuit becomes
maximum and circuit impedance is purely resistive. This state is
called *Resonance’ or ‘Resonating State’ of AC circuit and the
frequency given by equation-(5.237} at which it occurs is called
‘Resonating Frequency’.

5.13.5 Variation of Current with Frequency in Series RLC
Circuit

In series RLC circuit the RMS current is given as

In previous article we've discussed that at resonating frequency
the current and power supplied in circuit becomes maximum
thus at frequencies betow and above the resonating frequency
current will be less than maximum of which the variation is
shown in figure-5.233.
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Figure 5,233

The resonating frequency at which current and power in circuit
becomes maximum as shown above is given as

£
I
5I-
a

1
= =
' h 2rLC

1t is already discussed when frequency of AC source is = f;
then ¢= 0 and circuit impedance is purely resistive with current
approaches to maximum value. When f< f, circuit impedance
behave as combination of resistance and capacitance and $is
positive in this case and current leads EMF and when f> f,
circuit impedance behave as combination of resistance and
inductance and ¢ is negative so in this case current lags behind
EMF.

5.13.6 Half Power Frequencies in Series RLC Cireuit

As discussed in previous article that current and power in series
RLC circuit are maximum at resonant frequency given by
equation-(5.237). In the graph shown in figure-5.233 on the two
sides of resonant frequency there are two side frequencies @,
and , at which power supplied is half of the maximum power.
These frequencies are shown in figure-5.234.

e B e o e e e e e

[

—8-—
:va“
Ms T

Figure 5.234

S P o ey

T T . 215,\:

In AC circuits power conswmned is only by the resistance of
cirouit as average power consumed by inductor and capacitor
is always zero. Thus power of an AC Circuit is given as

avg " I‘rm*; €ims COS o
= P .= ivZcosd
= P, =R ..(5239)

Power is maximum when current is maximum at resonant
frequency which is given as
__ a2
P =iR

When frequency is deviated from the resonant frequency power
in circuit decreases and when power is reduced to half then
current in circuit is called half power current which is given as

- _[E_
WNR 42

The range of frequencies w, o w, at which the power in circuit
is more than half of maximum is called *Cirenit Bandwidth’
which is given as

An=@,— 0, )
5.13.7 Bandwidth for a Series RLC Circuit

The effective current in a series RLC circuit is given as

. _ EI'IIE

™ ... (5.240)
At maximum power in circuit we’ve discussed that Z= R thus
WE Uuse

. (5241

Half power current is given as

. m

I P E
From equations-(197) and (198} we can see that at half power
frequency we have

Z=\2R (5242)
For Series RLC circuit impedance is given as '_ T
z=R + X* =\2R i
= | X=4R (5.243)
= [wL —L] =+R (5.244)
o’
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There are two quadratic egoations in equation-{5.244} for the
“+* and '~ signs on the RHS of'the equation. Positive sign will
correspond to positive reactance of sertes RLC circuit in which
current will lag behind the EMF so for the right side halfpower
frequency @, we use positive sign and similarly negative sign
correspond to negative reactance of series RLC cireuit in which
current wilt lead the EMY¥ so for the left side half power frequency
@, we use negative sign.

For ©, We use

i

of— * =R .. (5245
oC {5.245)
Solving the above equation gives
R +\/ LS ;L (5.246)
0=t T (5
2L 412 LC
For @, we use
1
- —=+ .
el oC R .. {5.247)
Solving the gbove equation gives
+ LS. 5.248
w,= —+,J—+— W5
2 2r Va2 IC ©249)

From equatiotis-(5.246) and (5.248) bandwidih of series RLC
circuit is given as

R

A®=m2—cok= Z

..(5249)

5.13.8 Quality Factor of Series RLC Circuit

The ratio of energy stored in circuit to the energy loss per cycle
at resonance in an AC eircuit is defined as ‘Quality Factor’ or
‘Q-Factor’ of the circuit. This is given as

Kl

fo_ Maximum Energy Stoved per Cycle
Energy Loss per Cycle

1t is numerically calculated as the ratio of resonating frequency
to the circuit bandwidth wh;ch is gwen as
/
o ;

Q= A—:J .. (5.250)

For series RLC circuit we substitute the values of resonating
frequency and bandwidth which gives

w,L

S

Eiectramagnetlc mdu

jﬁitematlﬁé (’}u;;entd%

L

1
= g= 7VC .. (5.251)

Above equation-(5.251) gives the Q-factor for a series RLC
cireuit whereas equation-{5.250) gives the general function for
{-faetor for any AC circuit. !

5.13.9 Selectivity of a Resenance Circuit

Resonance circuits are used to respond selective signals of

some specific frequency in communication systems. Ifin a circuit
resonance is having a narrow peak at the chosen frequency
then the circuit is called ‘Highly Selective’. Figure-5.235 shows
the current variation with frequency for three different circuits
named I, 2 and 3. For circuit-1 at the same resonant frequency
bandwidth is less and the curve is narrow compared to circuit-2
and 3 so in very short neighbourhood of the circuit, the power
drops to a level below half power level and because of this, its
QO-factor is high and this circuit is said to have ‘Selectivity’
more than circuit-2 and 3. Circuit-3 has higher bandwidth at
same resonance frequency in which to a far variation of
frequency away from the resonance frequencey, circuit power is
not going below the half power level so the frequency band
uptoits half power frequencics is blocked by this channel only
so this is said to be a ‘Poorly Selective’ circuit, Indirectly we
can say that selectivity is a qualitative term and Q-factor is a
quantitative term used to analyze the suitability of circuit tobe
used for a communication system.

Ik 1

» (13

Figure 5.235
5.13.19 Parailel RILC Circuit

Figure-5.236 shows combination of a resistance, capacitance
and an inductor connected in parallel across an AC source. In
series RLC circuit we've studied that for afl components current
remains same and applied EMF is divided across all components
in phasor form, In this case the applied potential difference is
same across all components and current is divided in the three
components which can be given as

T =g +ic+iy ..{8.252)
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In above case the total current supplied by the AC source will
not be the mathematical sum of the three currents through the
three components as the phase of the three currents will differ.
As the applied voltage is same to all, the current through
resistance will be in same phase as that of the applied voltage,
the current in inductor will lag behind the applied voltage by
80° and current in capacitor wilt lead the applicd voltage by 90°.
[fthe reference phase is taken from EMF then equation—(5.252)
can be rewritten in phasor forms using the phasor diagram as
shown in figure-5.237 of currents as

=i L0°+3,280°+i, £ ~90° ...(5.253)

i~y

Figure 5.237

Thus phasor sum of the three currents in paraliel RLC cireuit
can be given for their magnitudes as

i= 2 +(.—1,)

Impedance in parallel RLC Circuit can be given as

{5254

1 1.1 1
Z R X, X,
1 1 l i
= + +
= Z RAB® oLZ90° l/ieCs-90°
1 1 | 1
==—L0°+—-90°+ Z90°
= Z R TeL aC

e

Thus current in parallel RLC Circuit can be given as

SR DR

For the above current the frequency response curve is shown
in figure-5.238. Here we can see that the frequency at which
capacitive and inductive reactance are equal and impedance is
purelyresistive, the current in circuit is minimum, Such a circuit
is called “Rejector Circuit’ in which at a specific frequency the
power supplied or current from the source is minimum. This
state is called resonance of parallel RLC circuit and the resonant
frequency ayis given as

= Z=

@, C— L =0

L

= Bp

id

Figure 5.238

# Hlustrative Example 5.78

A750Hz, 20V source is connected to a resistance of 10062, an
inductance of 0.1803H and a capacitance of 10uF in series,
Calculate the time in which the resistance which has thermal
capacity 2 I/°C will get heated by 10°C,

Solution

The inductive and capacitive reactance are given as
X, =L =(2x3.14x750) x 0.1803 = 85002

11
= o =21.2Q
(2x3.14x 750} x{(107°)

1
X —
€ wC
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Impedance of series RLC circuit is given as

S

Z= \JI(100)? +(850-21.2)*] =835Q2

=

Power dissipated in circuit is given as

P= EITNJ x IJTH.!' X cos ¢

Where power factor is given as
_X
cos Q= Z
I‘J—E xJ x E
ﬁ s s Z
P_E Erms XE‘
= Pz [Tz
E: xR
= P= 72
20)* x100
= p= BOTXI00_ osoaw

(835)"

Heat produced in resistance toraise its temperature by 10°C is
given as

H=2]1PCx18°C=20J

If this heat is produced in £ s then we use

Pt=241
t= 0 _ 384
= T 00574 0
# Mustrative Example 5,79

A choke coil is needed to operate an arc lamp at 160V, 50Hz AC
supply. The arc lamp has an effective resistance of 52 when
running at 10A. Calculate the inductance of the choke coil if
the same arc lamp is to be operated on 160V DC supply, what
additional resistance is required. Compatre the power losses in
both cases.

Solution

The effective current through the cireuit with lamp and cheke
coil in series is given as
E,

s

I —_— ———
(R +0*l%)

mis

oA s g G

160
10= :
J125+(2nx50L)%]

160

o e
= ! JI25+(100nL)?]
- J25+01002L)?] =16

= 25+ (100m)? L2 =256
= 25+ 10° 12 =256
231
2= —— =231 x 107
= 10°
1 L=0.048H

For 160V DCifR bethe additional resistance, then we have

160
16=
(R;+5)

= R,+5=16

" Additional resistance required is given as

R,=16-5=11Q
AC power consumed by the circnit is given as

P=E__1 cos¢

The power factor of circuit is given as

; R R
o= — = —m—m—m———
Z IR + (o)}
' R 5 5
= o H= =
: - o8 J25+231 16
=5 : P, =160 x 10X (5/16)=500W

Across DC supply the power loss is given as

P, =160 10=1600W

# Hlustrative Example 5.80

An inductor of 2H, capacitance 18;F and a resistance of 10k
are connected in series to an AC source of 20V with adjustable
frequency, At what frequency the current in circuit will be
maximum and what will be this maximum current,

Selution

If { is maximum current at Resonance in series RLC circuit, the
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resonant frequency is given as

1 1
f = —_—
R 2aVIC  opdax18x107

1 250

= );=@x103m= 3 Bz

Maximum current in circuit is given as
i = L. A =2mA
"R 10x10°

# Hlustrative Example 5.81

A series RLC circuit with 1000 resistance is connected to an
AC source of 200V and angular frequency 300rad/s. When
only the capacitance is removed, the current lags behind the
voltage by 60°. When only the inductance is removad, the
current leads the voltage by 60°. Calculate the current and
power dissipated in RLC circuit.

Solution

As per gtven condition in RLC circuit we have

L
tan 60 = —
R
/el
and tan 60 = ——
I
= T aC

Impedance of circuit is given as

oo o]

Current in the circuit is given as

1
=

Average power dissipated in circit is given as

-l

1
-2—VUIO cos

~ 1
= P=EX20{}><2X1=200W

# Hlustrative Example 5.82

A RLC series circuit has L = 10mH, R = 3Q and
C = 1yF connected in series to a source of 15coswr volt.
Calculate the current amplitade and the average power

dissipated per cycle at a frequency that is 10% lower than the
resonant frequency.

Solution

Resonant frequency of circuit is given as

!
= JLC
= ® 1 10%ad/
= = aAG/s
X (10x1072)(1x107%)

10% less frequency of above resonant frequency is given as

18
w=10%_10*x 100 =9 x 10%rad/s

At this frequency, the reactances are given as

X, =wL="9x 10> x (10 % 10%)=590Q

! 1
and XC_ ol - (9)(103)(1}{]0_5) =11.11Q2
= Z= J[R? +(90-11.11*] =21.32Q

Current amplitude is given as

Average power consumed by circuit is given as

1
P= EEOIGCOS(i)

Power factor of the circuit is given as

_R_ 3 o
cos = — =573, =014t
1
= P= XIS X0.704x 0.141 =0.744W

# Illustrative Example 5.83

In an AC circuit EMF applied is ¢ = Ssinext due to which a
current § = 3coso flows in circuit. Find the average power
dissipated in the circuit.

Solution

From the given information we can see that the phase difference
betweenn EMF and the current supplicd is 7/2 so the circuit
impedance is reactive for whicb the average power dissipated
in circuit will be zero,
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# lllustrative Example 5.84

A current of 4A flows in a coil when connected toa 12V DC
source, If the same coil is connected to a 132V, 50 rad/s, AC
source, a current of 2.4A flows in the circuit. Determine the
inductance of the coil. Also find the power develaped in the
cireuit if a 2500uF capacitor is conneeted in series with the coil.

Solution

When the coil is connected to 4 DC source, its resistance R is
given as

v _12
I

When it is connected to AC source, the impedance Z of the coil
is given ay

For a coil its impedance is given as

Z= IR +(ol)’]
= 5=+J[(3)2 +(50L)’]

= 25 =[(3)*+(50L)"]
= L=008H

When the coil is connected with a condenser in series, its
impedance Z'is given by

]

= Z'= [(3)2 +{50+ 0.8—

: M2
soxzsooxzo“’] ]
= Z'=30
Avcrage power developed in circuit is given as

P=v_xI

iny

Xcos

Where power factor of circuit is given as

= P=12x24x0.6=17.28W

5.14 Transformer

Atransformer isa device used to increase or decrease AC voltage
by using the concept of mutual induetion between two coils,
Figure-5.239 shows a transformer in which on a soft iron core
two coils are wound named ‘Primary Coil’ and ‘Secondary
Coil’ of the transformer. These are also called ‘P-Cuil’ and
‘S-Cotl’ of transformer. Primary coil of transformer is considered
as input coil at which an AC source is connected of which the
voltage is to be increased or decreascd and secondary coil is
cansidered as output coil from which desired output voltage is
taken out. Figure-5.239(b) shows a three dimensional view of
transformer for understanding its structure.

Mlagnctic flux
pmm——— S — * ————————
ot o) '
iy | Dt SHIEC
; E 1Y P-coil ol 4B
 Sep - :
Q0 U |
eyll) \ R R ]
- ety ]
L ...
U
/
Soft Iron core
(2)
M:lgnetic flux
W9 [ pcoil §-coil % il
R
eld) LOAD%
N, N,
/"
Soft Iron core
b

Figure 5.239

When an ACsource of EME e(f) is connected across the primary
coil of the transformer which is considered to be supplying a
current §,{{} in primary coil as shown in figure. This current
produces a total magnetic flux 6(f) in the core of transformer. If
N, and N, ar¢ the total number of turns in primary and secondary
coils then the magnetic flux linked with primary coil /, and £, are
given as

& =N
&= M0

Due to above time varying magnetic flux linked with the two
coils of transformer the EMF induced in the two coils are given
as

and
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d . 440
e,= 7“= T . {5255)
d dit
and e,= %= 2% .. (5.256)

Dividing equations-(5.255) and (5.256) gives

e,

€;

o 5.25
N, - {5.257)

Above equation-(5.257) which relates the EMFs in primary and

secondary coils with their number of turns is called ‘ Transformer
Equation’.

5.14.1 Pawer Relations in a Transformer

Figure-5.240 shows a transformer with AC source of EMF ¢,
connected at primary cofl and supplying a current {, into it.
From sceondary coil a load resistance R is connected across
which the EMF induced 1s e, and current threugh it is 7,

X b
';i — T=
3 L3
) g T L Er
ik P g |
l s Y .
- R

Figure 5.246
In above situation the power supplicd at primary coil of
transformer by AC source is given as

P.=ei

=2 ..(525§)

At the secondary coil power delivered to the load resistance is

given as
P, = e,i, ...(5.259)

For an ideal transformer energy losses are neglected so we

have by conservation of energy
P=pP,

= ed, = e, ... {5.260)

Using transformer equation, above eguation-(5.260} can be
rewritten as

S+ -2_—L ...{5.261)

Above equation-(5.261) is called ‘Ideal Power Equation’ of a
transformer. In case of power losses in a transformer if total

R i )

power losses is P, then power equation is written as

e,i,— P =e,i, ...{5.262)

5.14.2 Types of Transformers

Depending upon the output voltage of a transformer it is
classified in two categories - “Step-up Transformers’ and ‘Step-
down Transformers’.

Step-up Tramsformer : In step-up transformer the output
voltage at secondary coil is more than voltape applied at primary
coil. As e, > e, in a step-up transformer then from transformer
cquation we get N, > N, and from ideal power equation we get
i, <.

Step-down Transformer ; In step-down transformer the output
voltage at secondary coil is less than voltage applicd at primary
coil. As e, < ¢, in a step-down transformer then from transformer
equation we get N, <N, and from ideal power equation we get
>0,

53
5.14.3 Losses in Transformers

There are two types of power losses occur in transformer when
its operating. These are - ‘Copper Losses’ and ‘Iron Losses’.
We will discuss both of these in some details.

Copper Losses in Transformer : These are dissipation losses
in primary and secondary coils of transformer due to the
resistance of coil windings. If resistance of the primary and
sccondary coil of a transformer are £, and R, and current in the
two coils are 7, and i; then total copper losses in a transformer
circuit are given as

Po = iiR, +iiR; . {5.263)

Copper losses in a transformer can only be reduced by proper
selection of low resistance windings.

Iron Losses in Transformer : These are the dissipation losses
in the eore of transformer due to eddy currents. As time varying
magnetic ficld continuously exist in the core of transformer due
to which in all the cross sectional planes of the core cddy
currents develop and produces heat. There is neo direct
mathematical way to analyzc iron losses in a transformer, If Pis
the total power losses in a transformer then iren losscs can be
calculated by subtracting copper losses from it which is given
as

Py =Pr—Py .. (5264)

To reduce iron losses we can break eddy currents by making
the transformer core by joining laminated soft iron thin sheets
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55_2“
mstead of using a solid soft iron core. Figure-5.241(a) shows a
solid transformer core and figure-5.241(b) shows a transformer
core which is madeup of joining thin laminated sheets. In solid
core crossection eddy eurrents flow in larger paths as shown in
fipure-5.242(a) which causes severe losses whereas
figure-5.242(h) shows the cross section of a core made up of
laminated sheet in which eddy currents are restricted within the
cross sections of thin sheets as lamination does not allow
conduction between the sheets due to which eddy current
losses are reduced.

b}
Figure 5.241

s

%
B

(k)
Figure 5.242

5.14.4 Efficiency of a Transformer

Due to power losses in a transformer its efficiency decreases
and due to losses the power output taken from the secondary
coil ofthe transformer is less than the power input at the primary
coil. The efficiency of a transformer is given as

Power Delivered at S —Colil <100%

7 Power Supplied at P - Coil
= n= 55 100% ... (5.265)
e Pl‘v
n= 425 100w, ...(5.266)
Eplp

In case of an ideal transformer power losses are considered
zero so for P, =0 wehave 11 = 100%.

# Mustrative Example 5.85

An ideal transformer has 50 turns in is primary winding and
25 turns in its secondary winding. If the current in the
secondary winding in 4A what is the current in primary winding
ifa 200V AC is applied across it? '

Salurioa;:
With the ratio of turns in prirnary to secondary winding itis a

2:1 step down transformer for which by transformer equation
we have

& _ N
e N
— NY
= es= "}'v—xep
P
= e= - 200 =100V

Power equation of ideal transformer gives

=ei

€1 vip

Far
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. _ &l 100x4 _
= i,= e, 00 =2A
# Hlustrative Example 5.86

An ideal power transformer is used to step up an alternating
EMF of 220V 104.4KV totransmit 0.6XW of power. I'the primary
coif has 1000 turns, find

(8) The number of turns in the secondary coil
(b) The current rating of the secondary

Solution

(a) By transformer equation we have

e
[
= pr

5
eP

; 000
= N = [&1—"] x 1000 = 20000 turns
s 220 |

(b) Power supplied at primary coil is given as
ip e, =6.6 x 10°W

__ 6.6%x10°
= =" =30A
For an ideal transformer we use
i _ N, (3000 ) L
i, N, 120,000) 20
= 'I‘xl 5A
= =1 %0 =].
# Mustrative Example 5.87

Atransformer bas turns ratio N/N =4.1fa 200V AC voltageis
applied across its primary and it carries 1A current, find current
in circuit connected to secondary coil if transformer is 80%
cfficient. '

Solution

Power supplied at primary coil is
P, =e¢,i =200 % | =200W
Voltage across secondary coil is
N.
e, =e,x —= =200x4 =800V
Ny
In the given conditions power losses are 20%
20

P,=200% — =40W
= 100

e 228]

Power availabic at secondary coil is

P,=200-40=160W

= P,=e),= 160W
. 160
= i,= 80—0 =0.2A

# Hlustrative Example 5.88

In a transformer there are 10000 turns in primary ceil and
25000 turns in secondarycoil. An AC EMF ¢ =50sinnt is applied
across primary coil, find the peak EMF across secondary coil in
idea] conditions.

Solution

As per given turns ratio, this is a 1:2.5 step up transformer.
Using trausformer equation we have

a_M
e N
N, 25000
= &= N %" 10000 0"

"I‘op:c Altematmf, Curtcnl:

g__:_;Module Nmnbex 34 t6 60

Haspima

Practice Exercise 5.7

H A series LCR circuit containing a resistance of 120Q
has resonant frequency 4 X 10% rad/s. At resonance the voltage
across resistance and inductance area 60V and 40V respectively.
Find the values of L and C and at what frequency the current in
the circuit iags the voltage by 45°7

2 x 107, o 2z ]JF B x t0%ad/s]

iy 2000V - 200V, 20k VA transformer has 66 turns in the
secondary. Calculate the primary and secondary full-load
current, neglect power losses in transformer.

FL10A, 10DA]

(itf) Acircuit draws a power of 550W from a source of 220V,
50Hz. The power factor of the circuit is 0.8 and the current lags
in phase behind the potential difference. To make the power
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factor of the circuit as 1.0, what capacitance is needed to be
connected in series with it.

[75uF]

(v)  Aseres RLC cirouit with induetance 8. 12H, capacitance
480nF and resistance 23( is connected to a 230V variable
frequency supply.

{2y What is the source frequency for which current
araplitude is maximum? Find the maximum value,

(b)  What is the source frequency for which average power
gbsarbed by the circuit is maximum? Obtain the value of
maximum power,

{©)  For which angular frequencies of the source, the power
transferred fo the circuit is half of the power at resonant
frequency?

(d) Whatis the O factor of the eircuit?

f(2) 663.5Hz, 14.14A (b} 663.511z, 2300W (c) 42631adfs, 407 1rad’s,
(d) 21.74]

)  A20V,5W lamp is used on AC mains of 220V, 50Hz,
Calculate the (a) capacitance (b) inductance to be put in series
to run the lamp at its peak brightness. (¢} How much pure
resistance should be included in place of the above devices so
that the lamp can run on its peak brightness. (d) Which of the
above arrangements will be more economical and why?

[{a) 4.01F (b} 2.53H (c) 7204%; (d) Using L or € will be more economical]

()  Aninductor coil, a capacitor and an AC source of 24V
are connected in series. When the frequency of the source is
varied, a maxifmum current of 6A is observed. Ifthe inductor coil
is connected to a battery of cmf 12V and internal resistance 4Q,
what will be steady state current through battery,

[1.5A]

{vi}) Ina step down transformer having primary to secondary
turn ratio 20 : 1, the input voltage applied is 250V and output
current is 8A. Assuming 100% efficiency, calculate

(8  Voltage across secondary coil

Etectromagnefc Induction and Alfernating Gurrent |
{0)  Currentin primarycoil
{c) Power output

[(a) 12.5V (b) 0.4A () 100W]

(viif) A box contains L, C and R. When 250V DC voltage is
applicd to the terminals ofthe box, a current of 1A flowsin the
cireuit, When an AC sowece of 250V, 2250 rad/s is applicd across
the box, a current of 1.25A flows through it, It is observed that
the current rises with frequency and becomes maximum at
4500rad/s. Find the values of L, C and R in the box, Alsa draw
the circuit diagram.

4
[2500, 14, o H]

(ix} In ascries LCR circuit R = 1200 and it has resonant
frequency 4000 rad/sec. At resonance, the voltage across
resistance and inductance is 60V and 40V respectively. Find the
value of L and C'in circuit.

25
{20mH, 3 wF]

(®  Atransformer has 200 turns in primary coil and 600 turns
in secondary coil. If a 220V DC is.applied across primary coil
what will be the voltage across secondary coil.

[0]

(i) A transformer is used to light a 140W, 24V lamp from
240V AC mains. The current in mains cable is 0.7A, find the
efficiency of transformer.

[83.33%])

R P e,
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Discussion Question

Q5-1 How will be inductive reactance and capacitive reactance
change on decrcasing the frequency of alternating current to
zero from an tnitial value ?

Q5-2 A cylindrical bar magnet is kept along the axis ofa circular
coil. Will there be a current induced in the coil, if the magnet is
rotated about #s axis? '

Q5-3 An electric heater is heated turn by turn with direct and
alternating currents. For both currents the effective potential
difference across the ends of the heater is same, Will the rate of
production of heat in both cases be the same?

Q5-4 Is the inductance per unit length for a solenoid near its
centre the same as the inductance per unif length near its end?

Q5-5 A capacitor only is connected to an AC source. What
will be the phase difference between the current flowing in the
circuit and the potential difference between the plates of the
capacitor? '

Q5-6 What is the maximum value of power factor in an AC.
circuit? When does it occur ?

Q5-7 A copper ring is suspended in a vertical plane By a
thread. A steel bar is passed through the ring in a horizontal
direction and then a magnet is passed throngh it moving along
the axas of ring, Will the motion of the bar and the magnet affect
the position of the ring?

Figure 5.243

Q5-8 For tuning radio for various stations, we change the
capacitance of an air-capacitor. In order to tune the radio with
a high frequency station, whether the moving plates of the
variahble capacitor will have to be taken inside the stationary
plates or outside them 7

Q5-9 Why coils in the resistance boxes are made from doubled
up insulated wirc?

Q5-10 A current flows in a straight from 4 to B as shwon in
figure-5.244 which is increasing in magnitude. What is the
direction of induced current, if any, in the loop?

O

A L B
Figure 5.244

Q@5-11 Can a transformer be used to alter DC voltage?

Q512 A pure inductance is connected to an AC source. What
will be the phase difference between the current and the EMF
in the circunit?

Q5-13 Whyis the core of transformer laminated ?

Q5-22 A copper ring and a wooden ring of same dimension
are placed so that there is same magnetic flux through each. Is
induced current or induced EMF same in each case when flux
starts varying at the same rate in both.

Q5-14 Threeidentical coils 4, B and Cshown in figure 2.245
are placed with their planes parallel to one another. Coil 4 and
C carry current as shown. Coils B and Care fixed in position
and coil 4 is moved towards B with uniform mation. s there
any induced current in B? Ifne, give reasen, If yes, make the
direction of induced current in the diagram.,

Figure 5.245

Q5-15 The resistanee of a coil for direct current is R. An
alternating currcent is sent through it. Will its resistance remain
the same for AC as well?

Q5-16 A copper ring is held horizontally and a bar magnet is
dropped through the ring with its length aleng the axis of the
ring. Will the acceleration of the falling magnet be equal to,
greater than or less than that due to gravity?

Q5-17 A bulb and a capacitor are connected in series to an
AC source. What will happen with the brightness of bulb on
increasing the frequency of the current source 7
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Q5-18 A current is sent through a vertical spring from whose Q5-20 An artificial satellite with a metal surface has an orbit

lower end a weight is hanging. What will happen to the weight  over the equator. Will the earth's magnetism induce a current in
when current flows? itin its orbital motion?

{226 .

Q5-19 “Lenz's law 2 consequence of conservation of energy”
Explain this statement and give illustrations to support your
explanation?
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Conceptual MCQs Single Option Correct

5-1 For a RLC series circuit with an AC source of angular
frequency . '

1
A) Circuif will be capacitive if m>
® P Jic

1
3y Circuit will be inductive if o =
® JLC
{C) Power factor of circuit will by unity if capacitive reactance
equals inductive reactance

1
Current will be leading voltage if o> —
o™ g 4 M

5-2 Themagnetic flux through a stationary loop with resistance
R varics during interval of time Tas ¢ = a¢ (T— #). The heat
generated during this time neglecting the inductance of toop
willbe :

a1} T2
(A) (B)
-3R
aT aT?
O % © 5

5-3 The total charge flown through a conducting loop in a
given time duration when it is moved in magnetic field depend
on

(A) Therate of change of magnetic flux

(B) Initial magnetic flux only

(©) The total chanpe in magnetic flux

(D)} Fina! magnetic flux only

54 When the current through a solenoid increases at a
constant rate, the induced current in the solenoid

{A) Isaconstantand isin thedircction of the increasing current
in it

(®) Is 2 constant and is opposite to the direction of the
increasing current in it

{C) Increases with time and is in the direction of increasing
curent in it

(D) Increases with time and is opposite to the direction of the
increasing current in it

5-5 The figure-5.246 shows four wire loops, with edge lengths
of either Z or 2L. All four loops will move through a region of
uniform magnetic ficld of induction B outward from the plane of

paper. The loops will move al the same constant velocity. Rank
the four loops according to the maximum magnitude of the EMF
induced as they move through the field, greatest first :

O

F
E
+ & a4 v »!
¢
* =2 e v »!
]
= & a ¢ a!
4

¢ d 0 TTTTEETTTTTTTT

Figurc 5.246

B (e, =e)>{e,~¢p

©) €. <8; ¢, ¢,

(A) (e,=ep<(e,=ey
© e, >e;>e,>e,

56 Twocircular, similar, coaxial loops carry equal currents in
the same direction. If the loops are brought nearer, what will
happea?

{A) Current will increase in each loop

{B) Current will decrease in each loap

{C) Current will remain same in each Joop

(D) Current will increase in one and decrease in the other

5-7 A coilis suspended in a uniform maguetic field, with the
plane of the coil parallel to the magnetic Jines of force. Whena
current is passed through the coil it starts oscillating, it is very
difficult to stop. But if an aluminium plate is placed near to the
coil, it stops. This is due to

(A) Electromagnetic induction in the aluminium plate giving
rise to electromagnetic damping by eddy currents

(B) Development of air current when the plate is placed

{C) Induction of electrical charge on the plate

(P) Shielding of magnetic lines of force as aluminium is a
paramagnetic matertal

58 In a given solenoid if the number of turns and the fength
of the solenoid arc doubled keeping the area of cross-section
sarnc, then its inductance :
(A} Remains the same

(C) Is doubled

(B) Is halved
(D} Becomes four times

§-9 Eddy currents are produced when :

{A) A metal body is kept in a time varying magnetic field
(B) A metal body is kept in the steady magnetic field

(© Acirenlarcoil is placed in a magnetic field

(D} Through a circular coil current is passed

5-10 In figure-5.247, a lamp P is in series with an iron-core
inductor L. When the switch Sis closed, the brightness of the
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lamp rises relatively slowly to its full bnghtness than it would
do without the inductor, This is due to

£ L

Figure 5.247

(A) the low resistance of P

{B) theinduced EMFinL

(C) the low resistance of

(D) the high voltage of the battery B

5-11 A current carrying ring is placed in & horizonta] plane. A
charged particle is dropped along the axis of the ring so that it
falls under gravity, then :

(A) Thecurrent in the ring may increase

B) The current in the ring may decrease

(© Thevelocity of the particle will increase till it reaches the
centre of the ring

(D) Theacceleration of the particle will decrease continuously
till it reaches the centre of the ring

5-12 Acircuit element is placed in a closed box. At time =0,
constant current generator supplying a current of 14, is
connected across the box. Potential difference across the box
varies according to graph shown in figure-5.248. The element in
thebox is :

¥V {valts)
4

3 > {(5)

Figure 5.248

{A) Resistance of 202
(C) Inductance of 2H

(B} Batteryofemf6V
{D} Capacitance of 3F

5-13 Identifythe INCORRECT statement, Induced electric field
in aregion ;

EIectromagnektc induchon and Aiternating Currentf

(A) is produced by varying magnetic field

(B} is non conservative in nature

{C) cannot exist in a region not occupied by magnetic field
{D} None of the above :

5-14 A periodic voltage ¥ varies with time ¢ as shown in the
figure 5.249. T'is the time period. The RMS value of the voltage
foronecycleis:

¥

W T

Flgure 5.249

143 4
* 3 ®
© 7, o 7

5-15 The current ; in an induction coil varies with time ¢
according to the graph shown in the figure-5.250. Which of the
following graphs shows the induced EMF in the coil with time ?

f‘l‘

_\/,

o t
Figure 5.250

A) E ;_’ ®B)
) 4] 3 o ¢

[ £

© ©)

e

$-16 Inan RLC circuit, capacitance is changed from Cto2C,
For the resonant frequency to remain unchanged, the
inductance should be changed from L to :

(A) 4L B) L

© L2 @) L4
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§-17 Inthe shown AC circuit phase different between currents
Iiandl,is:

X
it
4
iy
Ny
Iy . _
— R0 ——w——
X, R
FigureS.;Sl
i X X —-X,
A = —tam 1 oL tap— =L C
()2 A~ — B) R
T X ' XI_XC T
LIWESY.S) 4 A=Ae X
© 5wt O SEpE 4 2

5-18 Ina given LC circuit if initially capacitor C hascharge O
on it and 2C has charge 2. The polarities arc as shown in the

figure-5.252, Then after closing switch §'at =0, which of the.

following statements is CORRECT :
L
Jiitin
- +
g=C =20
+ —

Figure 5.252

{A) Energy will get equally distributed in both the capacttor
just after closing the switch.

B) Initial rate of growth of current in inductor is 20/3CL

(O Maximum energy in the inductor will be 4QZBC

(D} None of these

5-19 In a series RLC circuit, the frequency of the source is
half of the resonance frequency. The nature of the circuit will
be:

{A) Capacitive

{C) Purelyresistive

(B) Inductive
@) Selective

5-20 Amagnstis madeto oscillate with a particular frequency,
passing through & coil as shown in figure-5.253. The time
_ variation of the magnitude of EMF generated across the coil
during one cycle is ;

@

Figure 5.253

5L 3 E4

(A)

F-¥ 3 [F 1

ANAW
DAY,

5-21 The magnetic materials baving negative magnetic

susceptibility arc :
(A) Non magnetic (B) Paramagnetic
(C) Diamagnetic {3} Ferromagnetic

. 9-22 The average and RMS value of voltage for square wave

shown in figure-5.254 having peak value Vyare :

eh

VOT v,

7] T 3 2T

Figure 5,254

@ E. ® Vit

© Y,V D) Zero, ¥,

5-23 When a loop moves towards a stationary magnet with
speed v, the induced EMF in the loop is E. If the magnet also
moves away from the loop with the same speed, then the EMF
induced in the locp is :
(AYE ®B) 2E

E
© 5 ®) Zero

5-24 In AC circuit when AC ammeter is connected it reads a
current i, Ffa student uses DC ammeter in place of AC ammeter
thereading in the DC ammeter will be :

@A) % ® I
€ 0.637i (D} Zero
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5-25 Ifvalue of Ris changed in the series RLC circuit shown in
figure-5.255, then :

16V 1V g

)
Suppiy

Figure 5.255

(A) voltage across L remains same

B) voltage across C remains same

€C} voltage across LC combination remains same
(D) voltage across LC combination changes

5-26 A circuit consists of a circular loop of radius R kept in
the plane of paper and an infinitely long current carrying wire
kept perperidicular to the plane of paper and passing through
the centre of toop. The mutua! inductance of wire and loop wilk
be:

Figure 5.256

7R
@ == ® 0
2
© ugR? i) %

5-27 Which of the following material is fermmagnétic

{A) Bismuth (B) Nickel
© Quartz (j}) Aluminium

5.28 Ina serics RECAC circufit, at resonance, the current is:
(A) Always in phase with thf;.' generator voltage.

(B) Always lags the generator voltage

(C) Always leads the generator voltage

(D) May lead or lag behind the generator voltage.

5-29 In the circuit given below (1) and (2) are ammeters, Just
after key Kis pressed to complete the circuit, the reading is :

. Blectromagnet induclior and Altemating Cireri}

Figure §.257

(A) Maximum inboth 1 and 2
(B) Zeroinboth 1 and 2

©) Zeroin 1, minimumin 2
(D) Maximumin I, zeroin 2

9-30 The value of current in two series RLC circuits at
resonance is same when connected across a sinusoidal voltage
source. Then :

(A) Both circuits must be having same value.of capacitance
and inductor _ ) 2

(B) Tn both circuits ratio of L and € will be same

{C) For both the circuits X,/X, must be same at that frequency

(D) Both circuits must have same impedance at ali frequencies.

§-31 A and B are twometallic rings placed at opposite sides of

an infinitely long straight conducting wire as shown. If current

in the wire is slowly decreased, the direction of induced current
s

will be :
®]

Figure 5.258

{A) Clockwise in 4 and anticlockwise in #
(B} Anticlockwise in 4 and clockwise in B
{C) Clockwise in both 4 and B

(D) Anticlockwisein bothA & B

5-32 The area of B-H hysteresis curve is an indication of ;
(A} The permeability of the substance

(B) The susceptibility of the substance

(C) The retentivity of the substance

(D) The energy dissipated per cycle per unit volume of the
substance

533 Two identical conducting rings 4 & B of radius R are in
purerolling over a horizontal conducting plane with same speed
of center of mass v but in opposite direction. A constant
horizontai magnetic field B is cxist in the space pointing inside
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the plane of paper. The potential difference between the
topmost points of the two rings is

Figure 5,259

(A) Zero
() 4BWR

B) 2BvR
(D) Nonc of these

5-34 A constant force F is being applied on a rod of length /
kept at rest on two parallel conducting rails connected at ends
byresistance R in uniform magnetic field B as shown :

&8

—.

Figure 5.260

(A) The power delivered by force will be constant with time
(B) The power delivered by force will be increasing first and
then will decrease

(C) The rate of power delivered by the external force will be
increasing continuously

(D) The rate of power delivered by external force will be
decreasing continuously.

5-35 AB and CD ure fixed conducting smooth rails placed
in a vertical plane and joined by a constant current source
at its upper end. PQ is a horizontal conducting rod which is
free to slide on the rails. A horizontal uniform magnetic field
exists in space as showa. Ifthe rod PQ in released from rest
then :

Figure 5,261

(A) The rod PQ will move downward with constant
acceleration
(B) The rod PO will move upward with constant
acceleration

\

PR ——

231 %

(C) The rod will move downward with decreasing

. acceleration and finally acquire a constant velocity

(D} Either A or B.

‘\I'

5-36 An alternating current Jin an indnctance coil varies with
time f according to the graph as shown : '

I

Figure 5.262

Which one of the following graphs gives the variation of
voltage with time ?

L}

¥ ¥

A) B) '

© ©)

1}
]
'
S

5-37 A small circular loop is suspended from an insulating
thread. Another coaxial circular loop carrying a current fand
having radius much larger than the first loop starts moving
towards the smalier [oop. The smaller loop will :

ey

Fignre 5.263

{A) Be attracted towards the bigger loop
{B) Be repelled bythe bigger loop

{C) Experience no force

(D) All of the above
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5-38 Asshown in figure-5.264, a T-shaped conductor moves

with constant angufar velocity o in a plane perpendicular to 8

uniform magnetic field B . Thepotential difference V,~V,is:

X % x x x
A
!
x ® x M % B x
0w
% x x x x
Figure 5.266

X x x x %

Figure 5.164 (A) Bly (B) Blvcosd -

(C) Blvsin© (D) Zero

1
(A) Zero (B) = Bol
2 5-43 Figure-5.267 shows a conducting ring of radius R. A

© 2Bl D) Bol uniform steady magnetic field B lies perpendicular to the plane
‘ of'the ring in a circular region of radius » (< R). If the resistance
per unit length of the ring is A, then the current induced in the
ring when its radius gets doubled is:

§-39 If the permanent magnetic moment of the atoms of a
substarnce is zero, then it is called :

{A) Diamagnetic (B) Paramagnetic

{C) Ferromagnetic (D) Antiferromagnetic

5-40 A ring Bis placed coaxially with a solenoid 4 as shown in
figure-5.265. As the switch Sis closed at t=0, thering B:

w0
—— )
BR 2BR
A - jmininhel
S @ 3 ® =
§ .
i’ ! B 2
Fi 5.265 : r
gure © zw0 O
(A} Is attracted towards 4
(B) Isrepelled by 4
(C) Isinitially repelled and then attracted 544 Ametallicrod of tength /is hinged at the point M and it
(D) Isinitiatly attracted and then repelled is rotating about an axis perpendicular to the piane of paper
/ with a constant angular velocity o. Auniform magnetic field of
5§41 Themagnetic pel}ﬁéabiiityis maximiun for : intensity B exist in the region as shown in figure-5.268 parallel
A) Param}ignetic substances - ' to the plane of paper. The potential difference between the
(B) Ferromagnetic Substances points Mand ¥ : I
(C) Diamagnetic substances
(D) Non-magnetic substances ;
/1
542 A conducting rod of length / falls verticallyunder gravity M o ;
inaregion of uniform magnetic induction B .The field vectors JJ -
are inclined at an angle § with the horizontal as shown in N
figure-5.266. If the instantaneous velocity of the rod is v, the -
induced EMF intherod abis: Figurc 5.268
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Eaiormaanatd dion and Alsmaing Curceni ™

(A) Is always zero

1 .

(B) Varies between EB@IZ 100
(O Is always — BoP +

2 8
@) Is always Bol
4-45 At Curie point, a ferromagnetic material transforms into : f 4
(A} Diamagnetic ~ (B) Paramagnetic o
(C) Ferromagnetic (D) Antiferromagnetic O o
5-46 A conducting rod is moving with a constant velocity v i B b B

over the parallel conducting rails which are connected at the
ends through a resistor R and capacitor C as shown in the
figure-5.269, Magnetic field B exist in region perpendicalarto 548 A straight conducting rod PQ is exceating SHM in xy
the plane of paper. Consider the following statements : plane from x = — dto x = +d. Its mean position is x=0 and its
@) Current in loop AEFBA is anticlockwise length is along y-axis. There exists a uniform magnetic field B
@) Current in loop ALFBA is clockwise

X s from x =—d'to x =0 pointing inward normal to the paper and
(ify Current through the capacitor is zero

from x =10 o =+ d'there exists another uniform magnetic field of

(iv) Energy stored in the capacitor is % CBILA? same magnitude B but pointing outward normal to the plane of
the paper. At the instant 1= 0, the rod is at x= 0 and moving to
g F " ¥ AX ) ) * the right. The variation of induced EMF across the rod PQ
« | o« « i« » f: « with time is best represented as -
x g X x L —_— x - x
x % * x ® b3 X T —
L
F F] G
x o x x x W =
Figure 5,269
Which of the following options is correct ?
{A) Statement (i) and (iii) are correct Figure 5.271
(B) Statement (%i) aP.ci {iv) are correct o ek
(C} Statement (1), (iii) and (iv) are correct
(D) None of these
) »  ®
5-47 A rodis rotating with a constant angular velocity o about
point O at its center in a uniform magnetic field of induction B
as shown in figure-5.270. Which ofthe following figure correctly
shows the distribution of charge inside the rod ? e e
# x x x * 1
o
a4 © : D) :
x x 5 x x ]
x - X 0< ___;:.! >\m X X
§ y T . y 5-49 A wire is bent in the form of a V-shape and placcd in a
;,.\, 5 horizontal plane in a uniform magnetic field of induction B
« " ':B N N perpendicular to the plane of the wire as shown in figure-5.272,
Figure 5.270 A uniform conducting rod starts sliding over the V-shaped
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wire with a constant speed v. [fthe wire has no resistance, the

N/
S

™ Figure 5.272

U W

carrent in rod will

(B} Decreasewith time
(D) Always be zero

(A) Increase with time
(C) Remain constant

!
5-50 In the circuit shown in figure-5.273 initially the switch is
in positic;n 1 for a long time, then suddenly at £=0, the switch
is shifted to position 2. It is required that a censtant current
should flow in the circuit, the value of resistance R in the circuit.

Figure 5.273

{A) Should be decreased at a ¢onstant rate
(B} Should be increased at a constant rate
{C) Should be maintained constant

(D) Not possible

5-51 When the switch Sis closed at #=0, identify the correct

statement just after closing the switch as shown in figure-
5.274:

L I(,IT R
I | ""
e

Figure 5.274

(A) The current in the circuit is maximum

(B) Equal and opposite voltages are dropped across inductor
and resistor . :

{C) The entire voltage is dropped across inductor

(D} All of the above

5-52 A diamagnetic liquid solution is poured into a U-tube and
one arm of this U-fube is placed between the poles of a strong

magnet with the meniscus of liquid in that arm in line with the
magnetic field. The level of solution in this arm will :

{A) willrise

(B) will fall

{C) will oscillate at constant amplitude

{D) remainasitis

5-53 Rateof increment of energy in an inductor with time in
series RL circuit getting charged with battery of EMF E is best
Tepresented by :

k A

av au
dt dat
(A) B)
-t [
EIEJI ﬂ h
N dt
© O \ _

5-54 A current flows through a rectangular conductor in the
presence of uniform magnetic field B pointing out in Z-direction
as shown in figure-5.275. The potential difference ¥, - Vpis
equal to:

Figure 5.275

(A) Bvb
€y Bve

{B) -Bvb
) —Bve

3-55 Three coaxial circular wire loops and an stationary
observer are positioned as shown in fipure-5.276. From the
observers point of view, a current J flows counter clockwise in
the middle loap, which is moving towards the observer with a
velocity v. Loops A4 and B are stationary. This same observer
would notice that.
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(Elechromagneti Induction and Alerrating Current

I r’}ﬂ
4 ! -
)”‘/t"}" \
- A\

¥

o ————

—

T

Figure 5.276

(A) Clockwise currents are induced in loaps A and B.

(B) Counter clockwise currents are induced in loops 4 and B.
(C) A clockwise current is induced in loop 4, but a counter
clockwise current is induced in loop B,

(D} A counter cleckwise current is induced in loop 4, but a
clockwise current is induced in loop B.

5-56 A uniform and constant magnetic field B is directed
perpendicularly into the plane of the page everywhere within a
rectangular region as shown in figure-5.277. A wirc circuit in
the shape of a semicirele is rotated at uniform angular speed in
counter clockwise direction in the plane of the page about an
axis passing through point A. The axis 4 is perpendicular to
the page at the edge of the field and directed through the
centre of the straight line portion of the circuit. Which of the
following graphs best approximates the EMF E induced in the
circuit as a function oftime 1 ?

B

X X
X
£
<X
x x

Figure 5.277

EA EA
A o_!l—ll_lul—! »t B 5 \//\\'”
EA Eh

o YV O/\U

557 A short-circuited coil is placed in a time-varying magnetic
field. Electrical power is dissipated due to the current induced

2387

s [ a—

in the coil. If the number of turns were to be quadrupled and the
wire radius halved, the electrical power dissipated would be
{A) Halved (B) Remain same

{C) Doubled {0) Quadrupled

558 A conducting ring is placed around the core of an
clectromagnet as shown in figure-5.278. When kev K'is pressed,
thering :

Figure 5.278

{A) Remain stationary

{B) Is attracted towards the electromagnet
{C) Jumps out of the core

{D) None of the above

5-59 The north and south poles of two identical magnets
approach a coil, containing a capacitor with equal speeds from
opposite sides. Then :

Obscrver Front side

Figure 5.279

(A) Plate | will be negative and plate 2 positive
(B) Plate | will be positive and plate 2 negative
(C) Both the plates will be positive
{D) Both the plates will be negative

5-60 A metallic ring connected to a rod oscillates freely like a
pendulum. If a magnetic field is applied in horizontal direction
in a region as shown in figure-5.280 so that the pendulum now
swings through the field, the pendulum will ;

Figure 5.2840
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286 7 . _ E!é&romégnenc induclion and Alternating Clirrent §

(A) Keep oscillatin}z with the old time period 563 Which of'the following plots may represent the reactance
(B) Keep oscillgting with a smaller time period of a series LC combination :

(€) Keep oscillating with a larger time period

(D) Come to rest very soon _ a

5-61 The frequency of AC mains domestic and commercial
supplyin Indiais:

(A) 30t } B) 50Hz

© 60z 1 (D) 20Hz

Reactance
o,
o
3
2
H L
g
Lt

562 A bulb and a capacitor are connected in series to a source

of alternating current. Ifits frequency is increased, while keeping Figore 5.281
the voltage of the source constant, then _ (&) a @) b
{A} Bulbwill give moreintense light © ¢ S o) d
{B) Bulbwill give less intense light

{C Balb will give light of same intensity as before o

(D) Bulb will stop radiating light .~

7
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51 Acoil ofarea 10cm? and 10 turns is placed in a magnetic
field directed perpendicular to the plane and changing at a rate
of 10® gauss/s. The resistance of coil is 202. The current
induced in the coil is:
(A) 0.5A

© 005A

B) 5% 10°A
D) 5A

5-2 Thepotential difference Jand the current i flowing through
an instrument in an AC circuit of frequency £ are given as
¥ = cos ot volts and { = 2sinwr amperes. The power dissipated

in $he instrument is : -
(A) Zero B I0W
O 53w D) 25W

53 In a step up transformer, the turn ratiois 3 : 2. A battery of

EMF 4.5V is connccted across the primary windings of

transformer, The voltage developed in the secondary would

be: :

(A) 45V
© 15V

B) 30V
(D} Zero

54 A flat circular coil of » turns, area 4 and resistance R is
" placed in a uniform magnetic field B. The plane of coil is initially
perpendicular to B, When the coil is rotated through an angle
of 180° about one of its diameter, a charge @, flows through
the coil. When the same coil after being brought to its initial
position, is rotated through an angle of 360° about the same
axis a charge @, flows through it. Then 0,/0, is

GV B2

© 12 (R

55 In the circuit shown in figure-5.282, L= 10H, R =50, E=
15V, The switch S is closed at #=0. At =25, the current in the
circuitis : '

L R
I: ol
|£ 5

Figure 5,282
1 1
(A) 3 (1——}/1 ®) S[E——Z]A
a 4
1 1
© (3]s ®3(z)s

5-6 Tnan AC circuit, ¥ and / are given as
¥=100sin{100¢) volt

Numerical MCQs Single Options Correct

and I= 100 sin [moé +§J '

The power dissipated in circuitis:
(A) 104W ®) 10W
) 25W D) 5W

57 Theratio of secondaryto the primary turns in a transformer
is §. If the power output be P, the input power neglecting all
losses, must be equal to :
(A} 5P
(© Pis

® V5P _
{D) None of these

58 Two ends of an inductor of inductance L are connected to
two parallel conducting wires. A rod of length  and mass m is
given velocity v, as shown in figure-3.283. The whole system
isplaced in perpendicular magnetic field 3. Find the maximum
current in the inductor. Neglect gravity and friction anywhere

3 -'S'B
j =V
Figure 5.283
a ™ | \(E
@ 7 : ® 7%
(] EEQ {D) None of these

5-9 A40Q clectric heater is conneeted to 2 200 V, 50 Hz mains
supply. The peak value of electric current flowing in the cireuit

isapproximately :
(A) 25A (B) 50A
€y 7A (D) [0A

5-1€ A transformer is used to light a 100W, 110V lamp from
220V mains supply. If the supply current is 0.5A the efficiency
oftransformicr is -
(A) 11%
{C) 80%

(B) 50%
(D) 0%

5-11 Two parallel long straight conductors having A resistance
per unit length lie on a smooth plane surface. Two identical
other parallel conductors rest on them at right angles so as to
form a square of side a. A uniform magnetic field B exists at
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B T e
riplit angles to the plane containing the conductors. Now

conductors start moving outward with a constant velocity v,
at t= 0, Then induced current in the loop at any time ¢1is ;

t

@8

Yo
|
Figure 5.284

aBv, aBv,
A —— —_—
) Ala+vt) ®) 22
By, By

© = o 3

3-12 An alternating voltage is connected in series with a
resistance R and an inductance L. If the potential drop across
the resistance is 200V and across the inductance is 150V, then

the applied voltage is :
(A) 350V (B) 250V
© 500V (D) 300V

5-13 A magnet is taken towards a conducting ring in such a
way that a constant current of 10mA is induced in it. The total
resistance of the ring is 0.5€2. In 5s, the magnetic flux through
the ring changes by :
(A) 0.25mWb

© 50mWb

(B) 2SmWb
D) 15mWb

5-14 A straight conducting wire PQ of length /is fixed along
a diameter of 2 non-conducting ring as shown in the figure-
5.285. Thering is given a pure rolling motion on a horizontal
surface such that its centre of mass has a velocity v. There
cxists a uniform horizontal magnetic field B in horizontal
direction perpendicular to the plane of ring. The magnitude of
induced EMF ir the wire PQ at the position shown in the figure

willbe:

® x pox

x

T :

o
Figure 5.285

(A) Bvl (B) 2Bv!
(C) 3Bvi2 (D) Zero

Elocromaiiic indicion i Atariaig Cirert ]
5-15 Aninductive circuit contains a resistance of 10} and an
inductance of 20H. If an AC voltage of 120V and frequency
60Hz is applied to this circuit, the current would be nearly :
(A) 0.32A (B) 0.016A

© 048A () 0.80A

5-16 A rectangular loop with a sliding connector of length
10cm is situated in a uniform magnetic field perpendicular to
plane of loop. The magnetic induction is 0.1T and resistance of
connector is 1Q. The sides 4B and CD have resistances 202
and 302 respectively. Find the current in the connector during
its motion with constant velocity 1m/s :

A D
. 'L
R,=20Q Ripr—» IQER,
B C

Figure 5.186

1
220
1

—A
440

1
(A) ® 5?

1
© D) A
$5-17 A20V AC is applied to a circuit consisting of a resistance
and a cotl with negligible resistance. If the voltage across the
resistance is 12V, the voltage across the coil is :
(A) 16V B) v
© & ©) 6V

3-18 A square loop of side & is rotated in a constant magnetic
field B at angular frequency w as shown in the figure-5.287.
What is the EMF induced in it ?

X X bX x
II B
s
’
»
s
x x Q x x

Figure 5,287
(B) bBwsin? at
D) ¥Bo

{A) % Bosin ot
(© bB*ncos ot

5-19 In the given branch 4B of a circuit a current f= (10t + 5)
A is flowing, where t is time in second. At =0, the potential
difference between points 4 and B (¥ — V) is:

L-1H R=3Q
o——— | ——EH - A o
Figure 5.288
(A) 15v (B) -5V
© -15v WEY
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5-20 Aresistance of 300 & and an inductance of (1/m)H are
coanected in series to an AC of 20V, 200 Hz supply. The phase

angle between the voltage and current is :

“(A) tan™! % (B tan™ %
© tan ] % t13)] tan 1 —

5-21 An inductor L and a capacitor € are connected in the
circuit as shown in the fipure-3.289. The frequency of the power
supply is equal to the resonant frequency of the cirenit. Which
ammmeter will read zero ampere :

£
[
i} 4
® =
E =K, sinet
Figure 5.289
W 4, ® 4,
© 4, {D) None of these

5-22 Switch § is closed at r = 0, in the circuit shown in
figure-5.290. The change in flux in the inductor (L = 500mH)
from ¢ =0 to an instant when it reaches steady state is :

EHy
20V )
== 50pF
500mH
=10V
~ L
5/-¢ 5Q
Figure 5.290
(A) 2Wb B) 1.5Wb
© 0Wb (D) None of the above

5-23 Anelectric current i, can flow in either direction through
loop-1 and induced current i, in loop-2. Positive {, is when
current is from *q’ to ‘4’ in loop-1 and positive i, is when the
current is from ‘c’ to ‘4’ in loop-2. In an experiment, the praph
of mduced current £, against time ‘#* is shown in figure-5.291.
Which one of the following graphs options for current /, could
have caused i, to behave as shown !

~r

i it

(A) o »

2
=
-y

i

© o

"y
(&

=)
at )

5-24 A branch of circuit is shown in the figure-5.292 which is
part of a complete circuit. What is the potential difference

V,— ¥V, when the current F is 5A and is decreasing at a ratc of
10° A/s?

o] } 5mH ) o
41 15V
I Figure 5.292
(A) V B) 10V
€y 15V {D) 20V

5-25 An LR circuit is connected to a battery at time ¢= 0. The
energy stored in the inductor reaches halfits maximum value at

time:
otlE] e b

N3
R (2 V21
© E’ﬂ[ﬁ—_‘ﬂ _ D) —lﬂ[ 7 }

5-26 A 120V AC source is connected across a pure inductor
ofinductance 0.70H. Ifthe frequency of the source is 60Hz, the
current passing throngh the inductoris :

(A) 4.55A (B) 0.355A

(C) 0455A (D) 3.55A
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5-2¢ Two coils X and Y are placed in a circuit such that 2
current change of 3A in coil X causes the change in magnetic
flux by 1.2Wb in coil Y. The value of mutual inductance of the
coilis:

(A) 02H
© 06H

(B) 04H
©) 36H

3-28 Charge g is distributed uniformly over a rod of length /.
The rod is placed parallel to a long wire carrying a current i.
The scparation between the rod and the wire is g. The force
necded to move the rod along its length with a uniform velocity
vig:

Ugigv Hoigv
@) 2na ®) 4ra
© Hofgvi O Mofgvl

2na 4nn

5-29 A triangular wire frame having each side equal to 2m is
placed in a region of time varying magnetic field having
dBidt=/3 T/s. Thema gnetic field is perpendicular to the plane
of the tniangle as shown in figure-5.293. The base of the triangle
AB has aresistance 102 while the other two sides have resistance
2€2 cach. The magnitude of potential difference between the
points 4 and B will be :

Fipure 5.293
(A) 04V ®) 06V
C 12v (D) None

5-30 In the circuit shown below, what will be the readings of

the voltmeter V; and ammeter 4 :
1002
—
@
360V 308V
fo
220V, 5011z
Figure 5.294
(A) 800V,2A B) 300V,24
(€) 220V,22A ©) 100V,2A

5-31 A galvanometer is connected to the secondary coil. The
galvanometer shows an instantancous maximum deflection of
7 divisions when current is started in the primary coil of the
solenoid. Now if the primary coil is rotated through 180°, then
the new instantaneous maximum deflection will be :

{A) 7units (B) 14 units

{C) Ounits (D) 21 units

$-32 A conducting ring of radius 2R rolls on a smooth
horizontal conducting surface as shown in figure-5.295. A
uniform herizontal magnetic field B is perpendicidar to the plane
of the ring. The potential of 4 with respectto Ois :

x =+ ox X X %

Figure 5,235

1
(A} 2BwR ®) S BuR
(C} 8BWR @) 4 ByR

5-33 In the circuit shown in the figure-5.296, the AC source
givesa voltage =20 c0s (2000r). Neglecting source resistance,
the voltmeter and ammeter reading will be :

o 51
O—F——
E
®

Figure 5.296
(B) L6BV,047A
(D) 5.6V,1.4A

(A) OV,047A
€ oV 14A

5-34 A coil ofarca 100cm? having 50 turns is perpendicular to
amagnetic ficld of intensity 0.02T. The resistance of the coil is
20). Tfit isremoved from magnetic field in 1sthe charge flown
through the coil is :
(A) 5C

© 005C .

®) 0.5C
D) 0.005C

§-35 When a choke coil carrying a steady current is short
circuited, the current in it decreases to B (< 1) times its initial
valuein a time T The time constant of the choke coilis

.
® 3 ® —TT
, In] =

)
T
© 5 ©) Tl B
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5-36 A force of 10N is required to move a conducting loop
through a non-uniform magnetic field at 2m/s. The rate of
production of internal energy in loop is

(A) 25W ®) 5W

© 10w (D) 20W

5-37 A conducting rod PQ of length 5m oriented as shown in
figure-5.297 is moving with velocity 2 { m/fs without any
rotation in a uniform magnetic induction of Bj+ 4!?) T.EMF
induced in therodis:

yi

Figure 5.297

(B} 40volt
(D) None

(A) 32 volt
{Cy 30volt

5-38 A telephone wire of length 200km has a capacitance of
0.014uF per km. Ifit carrics an AC current of frequency 5kHz,
what should be the value of an inductor required to be connected
in series so that the impedance of the circuit is minimum :

(A} 0.35mH ®) 33mH

(C) 35mH D) Zero

5-38 In the steady state condition, the rate of heat produced
in a choke coil is P. The time constant of the choke coil it «. If
now the choke coil is short circuited, then the total heat
dissipated in the coilis:

® P ® 5Pt
i Pein2
© i3 © Pein

§5-40 An acroplane is flying horizontally with a vclocity of
360km/hr. The distance between the tips of wings is 5§ m. 1fthe
vertical component of earth's magnetic field is 4 x 1077,
induced EMF across the wings is:

(A) Zero {B) 2uV

© mv - O

231

e e o o s ok e B sy o P B A

5-41 In a certain circuit current changes with time according
to i = 2./ RMS value of current between =25 to = 4s will be

® 334
0) 2-V2)4

(A) 34

© 234

5-42 The figure-5.298 shows a specific RL circuit, the time
constant for this circuit is:

3
L
LT
2R
—L'_,—
Figure 5.298

o L 2L

® - ® —

2R R

© - ®) =7

5-43 Acircular ring of diameter 20cm has a resistance 0.01€2.
How much charge will flow through the ring ifit is rotated from
position perpendicular to the uniform magnetic field of
B =2T toa position parallel to field ?

(&) 4C (B) 628C

© 3.14C D) 25.12C

5-44 In the AC circuit shown in figure-5.299 the voltmeter
whose reading will be zero at resonance is :

(7)) 7

R
O—TOT— 0
L
C R
&

JUl0
L

|
py

Figure 5.25%

®) ¥,
@) ¥y

(A) ¥,
© ¥
5-45 A square loop of side @ and a straight long wire are placed

in the same plane as shown in figure-5.300. The loop has a
resistance R and inductance L. The frame is turned through
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180° about the axis OO, What is the charge that flows through
the loop in this process ?

2]
>
4———0—H
f*‘ b .
of
Flgure 5.300
Hpla 2a+b] Hola [ b ]
——In ——In
A o ( b ® ok "\ 522
Hola (a+2b
© ?':Eln[ 3 ] (D) None of these

546 In theadjoining figure-5.30! the impedance of the cireuit
will be : '

50V
X, =300

ot
™

Figure 5.301

(A) 120Q
© 60Q

(®) 50Q
(D) 9002

5-47 In figure-5.302, the switch is in the position 1 for a long
time, then switch is shifted to position 2 at = 0. At this instant
the value of i| and /, are :

1 2
R
i i
ET L
. L
R 1
Figure 5.302
E E -E
Ay —=,0 -, —
W 3 ® =7
E -E :
© >R’ 2R (D) None of these

Etectromagnetic Induction and Altemating Current §

5-4B When an ACsource of EMF e= £ sin (1007) is connected
across a circuit, the phase difference between the EMF ¢ and
the current § in the circnit is observed 1o be 1/4, as shown in the
figure-5.303. If the circuit consists possibly only of RC or LC
in series, find the relationship between the two elements :

foted

i e -
P FA Y
S A I A
’ )Y I 1Y
[ A { 1
{ \‘ y | P
] 3 F
\ (J'
\
'..Jf

Figure 5.303

®) R=1kQ, C= IyF
() R=1kE), L= IH

(A) R=1kQ, C=10pF
© R=1kQ, C=10H

5-49 In the part of a circuit branch shown in figure-5.304 the
potential difference ¥, atz=1sis

20 4V 2H 2 b
o——W —{} TR _{[_———o

g=WA)C
Flgure 3.304
(A) 30V B) -30V
© v D) -20V

5-80 A circular coil of mean radins of 7em and having 4000
turns is rotated at the rate of 1800 revolutions per minute in the
carth’s magnetic field (B = 0.5 gauss), the maxitnum EMF
induced in coil will be :
(A) 1.158V

©) 029v

B) 058V
D) 58V

§-51 Initiallyin the circuit shown in figure-5.303, the switch is
in position-1 for 2 long time and then shifted to position-2 at
# =0 as shown in figure-5.305. Just after closing the switch, the
magnitude of current through the capacitor is :

1 2

2

|1
F
0

Figure 5.305
A) Z —
(4) Zero ® 5
E
C R (D) None of these
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5-52 A square loop ofarea2.5 x 10°m? and having 100 turns
with a total resistance of 10002 is moved out of a uniform

magnetic field 0f 0.40 T in 1 scc with 4 constant speed. Then
work done, in putling the loop is ;

x ke o

* o o
T

x X 4

~ X . k.

Figure 5.306

(B) lmJ
(D) 0.1mJ

{A) zero
©

8-83 Two coils have mutual inductance of 0.005H. The current
changes in the first coil according to cquation /= [, sin e,
where f, = 10A and o= 1 00r rad/s. The maximum value of EMF
induced in the second coil is :
(A) 22V

© =V

B) sV
™) 4V

5-54 Find the current passing through battery immediately

after the key X is closed. It is given that initially alf the
capacitors are uncharged. Take R = 6Q and {=4puF

R N
. ]
R

AR
Lids

| .R C‘J

.
4 kG
Iy F l
-

Figure 5.367

B) 5A
©) 24

(A) 1A
© 3A

5-85 A squarc wire loep of 10.0cm side lies at right angles toa
uniform magnetic field of 207T. A 18V light bulb is in a series
with the loop as shown in the figure-308. The magnetic field is
decreasing steadily to zero over a time interval At. The bulb
will shine with full and sustained brightness if At is equal to :

SV U .21
Wl
$
X X X X » X
=N
X X X X X *
x % x X % X
W = x k1 x o
x x X X x %

Figure 5.308

(B) 0.02ms
©) 02ms

{(A) 20ms
) 2ms

§-56 A rectanpular loop of sides ¢ and b is placed in x-y plane.
A uniform but time varyving magnetic field of strength

B = 206 +10¢* + 50k is present in the region. The magnitude

ofinduced EMF in the loop attime tis :
(A) 20+20¢ B) 20
) 20t D) Zero

5-57 In the circuit shown, the key K is ¢losed at £ = 0, the
current through the keyat the instant 7= 10 In 2, is:

44 56
I
=20V
I = 10mH L 36
X
" ] |
602 C=0.1mF

Figure 5.309

(B) 8A
D) Zero

(A) 2A
© 1A

5-58 A long straight wire is parallel to one edge of a rectangular

loop as shown in figure-5.310. If the current in the long wire
varies with time as I= Ioe"f‘, what witl be the induced emfin the

loopat ¢t =<?
i .

Figure 5.310

webl . (d+a Hobl (;H-_a)
@ —,ﬂ;‘“(T] ® S ™7

bl (d+a Bohl L]
© AT In[ d ] ©) nT h{d-ba
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5-59 A constant voltage is applied to a series RL circuit by
closing the switch. The voltage across inductor of inductance
2H is 20V at =0 and drops to 5V at 20ms, The value of R is;
(A) 1001020 (B) 100(1—In2)Q
© 100m4Q (D) 160(1 —In4)
*5-60 A loop shown in the figure-5.311 is immersed in the
varying magnetic field B = By, directed into the page. If the
total resistance of the loop is R, then the direction and
magnitude of induced current in the inner circleis;

Figure 5.311
2 ;2
(A) Clockwise 20(™ —87)

R ‘2 2
®) Anticlockwise 20%& *57)

2. e I
© Clockwise 20F +45°)

2 3
(D) Clockwise By(4b” ~ma”)

(A)

5-61 Figure-5.312 shows an isosceles triangular wire frame
with apex angle equal ta 7/2, The frame starts entering into the
region of uniform magnetic field B with constant velocity v at
1= 0. The longest side of the frame is perpendicular to the
direction of velocity. If / is the instantaneous current through
the frame then choose the alternative showing the correct
variation of ; with time ;

Figure 5,312

4

®

© O
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Advance MCQs with One or More Options Correct

. P S G SNy M-

51 A conducting loop is kept with its center lies at the origin
of a coordinate system. A magnetic field has magnetic induction
B pointing along Z-axis as shown in the figure-5.313

*

o

=

x
¥

Figure 5.313

(A} NoEMF and current will beinduced in the loop if it rotates
about Z-axis

{B) EMTF isinduced but no current flows ifthe loop is a fiber
when it rotates about ¥-axis,

(C) EMF is induced and induced current flows in the loop if
the loop is made of copper & 1s rotated about Y-axis.

(D) Ifthe loop moves along Z-axis with constant velocity, no
current flows in it.

9-2 For a RLC series eircuit, phasors of current i and applied
voltage V= ¥ sincwt are shown in diagram at £= 0. Which of the
following is/are CORRECT?

T
(A) At ¢ 20" instantancous power supplied by source s

negative.

2x
(B) From 0 < ¢ {g , average power supplied by source s

positive.

57 ] )
C Att= G’ INstantaneous power supplied by source is
negative.

(D) If ®is increased slightly, angle between the two phasors
decreases.

5-3 Two different cotls have self inductances L, = 8mH,
L, =2mH. The carrent in onc coil is increased at a constant
rate. The current in the second coil is also incrcascd at the
same constant rate. At a certain instant of time, the power
given o the two coils is the same. Atthat time the current, the
induced veltage and the encrgy stored in the first coil are §, ¥,
and W, respectively. Corresponding values for the second coil
at the same instant are 1, ¥, and W, respectively. Then :

(A} ifi,=1/4 ®) ifi,=4
© Wjw,=4 ) Vv, =14

5-4 Which of the following factor/facters is/are responsible
for deciding the mutnal inductance of two coils?

(A) The number of firrns of each coil

(B) The shape of each coil

(C) Current throngh each coil

(D) Separation between the coils.

5-8 Which of the following statements is/are correct ?
(A} Self-induced emfmay tend to decrease the current
(B} Self-induced emfmay tend to increasc the current
() Sclf-induced emftries to keep the current constant
(D) None of these

5-6 The loop shown in figure-5.3 14 moves with a velocity vin
a unitorm magnetic field of induction B, dirccted into the paper.
The potential difference between points Pand Qs e. Then

I« L M
—
¥
! .
L Im
JL o

@8

Figure 5.314
1
(A) ©e= EBLV

B) e=BLv
(C) P is positive with respect to O
(D} O is positive with respect to P

B-7 Initially key was placed at position-1 till the capacitor got
fully charged. Key is placed on position-2 at £ = 0. The time
when the energy in both capacitor and inductor will be same:

) 2
T I
T 1
Figure 5.315
@) “‘F ®) "JF
© Srtff o) szfﬁ
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5-8 An infinitely long wire is placed near a square loop as
shown in figure-5.316. Choose the correct options :

al *r

]

i

Figure 5.316

&
{A)} The mutual inductance between the two is %111(2)

2
Hga

(B} The mutual inductance between the two is In(2)

{C} Ifaconstant current is passed in thestraight wire in upward
dirsction and loop is brought close to the wire then induced
current in the loop is clockwise

(D) In the above condition, induced current in the loop is
anticlockwise

5-9 A circuit is set up by connecting L= 100 mH, C=5pF and

@ Hzis
applied across this series combination. Which of the followmg
is correct

{A) the impedance of the circuitis [41.4 )

(B} the average power dissipated across resistance 225W
{C) the average power dissipated across inductor is zero

{D) the average power dissipated across capacitor is zero

R =100 in series. An alternating emf of 150 /2 V,

5-10 Chonse the CORRECT statements :

{A) Slunit of magnetic flux 1s heary-ampere

(B) SI unit of coefficient of self-inductance is J/4

{C) SIunit of coefficient of self inductance is volt-second
) ampere

(D) SIunit of magnetic induction is weber

5-11 For a LCR series circuit with an /ﬂl €. source of angular
frequency w:

11
{A) Circuit will be capacitive if 0> —
P JLC

1
{B) Circuit will be induetive if w>——=
) JLC
1
(C) Power factor of cu’cmt will by unity if oL = oC
I

' |
(D} Current wil] be leading if & > reactance equals
& JLC 1

inductive reactance

Electomagnalic inducion st AiGnating Gurrant ]

5-12 In the circuit shown in figure-3.317, circuit is closed at
time ¢=0. At time = ln {2} second :

a T ] "
2H 20
f= s
gV §

Figure 5.317

{A) Rate of energy supplied by the battery is 16J/s
(B) Rate of heat dissipated across resistance is &J/s
{C) Rate of heat dissipated across resistance is 16J/s
D) V,-V, =4V

5-13 Choose the CORRECT statement(s) in the following :
{A) Diamagnetism exist in all materials

{B) Diamagnetism is the result of partial alignment of pcnnanent
magnetic moment in the material

(C} The magnetic field due to induced magnetic moment is
opposite to the applicd ficld

(D)} Themagnetising ficld intensity is always zero in free space

5-14 In the circyit shown in figure-5.318, if both the bulbs B,
and B, are identical :

C= 500pF 5,
B
S po—
N
220V, 50z

F

S
Figure 5.318
(A} their brightness will be the same
{(B) B, willbebrighter than B,
(C) asfrequency of supply voltage is increased the brightness
of bulb £ will increase and that of B, will decrease

(D} only B, will glow because the capacitor has infinite
impedance

5-15 Two circular coils arc placed adjacent to each other. The

cotls are kept in same plane and currents through them i, and
i, are in same directions. Choose the correct options :

A B

S i

Figure 5.319
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(A) When 4 is brought near B, current i, will increase
(B) In the above process, current 1, will increase

(O When current #, is increased, current i, will decrease
(D) In the above process, current {, will increase-

5-16 4B and CD are fixed conducting smeoth rails placed ina
vertical plane and joined by a constant current source at its
upper end. PO is a conducting rod which is free to slide on the
rails. A horizontal uniform magnetic field exists in space as
shown. Ifthe rod PQ in released from rest then :

Figure 5.320

{A) The rod PQ may move downward with constant
acceleration

(B) Therod PO maymaove upward with constant acceleration
(C) Therod will move downward with decreasing acceleration
and finally acquire a constant velocity

(D) The rod will move upward with decreasing acceleration
and finally acquire a constant velocity

5-17 Acoil of area 2m? and resistance 4€) is placed perpendicular
to a uniform magnetic field of 4T. The loop is rotated by 90° in
0.1s. Choose the CORRECT options:

(A) Averageinduced emfin the coil is 8V

(B) Average induced current in the circuit is 20A

(C) 2Ccharge will flow in the coil in above period

(D} Heat produced in the coil in the above pericd can't be
determined from the given data

5-18 A circuit consisting of a constant EMF E, a self-
inductance L and a resistance R in series is closed at time ¢ =0.
The relation between the current # in the circuit and the time £ is
as shown by the curve A in the figure-5.321. When one or more
of parameters E, R and L are changed, the curve B is obtained.
Then it is possiblc that :

[Ty

Figure 5.321

SO S
(A} E and R are kept constant and L is increased |

(B) E and R are kept constant and L is decreased

{C) E and R are both halved and L is kept constant

(D) Eand L arc kept constant and R is decreased

5-19 In LC oscillations of a capacitor with an initial charge ¢,
is connected in parallel :

{A) Time pericd of oscillations is le%

. . . ..
Maximum current in circuit is
B iC ,
{C)} Maximumrate of change of current in circuit is 22,

(D) Maximum potential difference across the inductor is zq C

§-20 A solenoid is connected to a source of constant EMF for
a long time. A soft iron piece is inserted into it. Then :

(A} Self-inductance of the solenoid gets increased

(B) Flux linked with the solenoid increases, hence steady state
current pets decreased

(O Energy stored in the solenoid gets mcreascd

(D) Magnetic moment of the solenoid gets increased

5-21 Magnetic field in a cylindrical region of radius R in inward
direction is as shown in figure-5.322

! . \
LT S R T Y .
L L Lx
[ T
! o ;
woox 4 % xi
L ’
A #
, ;
\\ L4
R,

Figure 5,322

{A) An clectron will experience no force kept at (2P, 0, 0) if
magnetic field increases with time

(B} In the above situation, electron will expericace the force in
negative y-axis

{C)y If a proton is kept at {} —,0i and magnetic field is

decreasing, then it will exper:ence the force in positive
x-direction

(D) If a proton is kept at (— R, 0, 0) and magnetic field is
increasing, then it will experience force in negative y-axis

5-22 Two identical coaxial circular loops carry a current i in
each flowing in the same dircction. If the loops approach each
other then :

(A) thecurrent in each will tend o inerease

(B) the currcnt in cach will tend to decrease

(C} both may repel each othier

(D) both may atiract each other
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5-23 In the part of a circuit shown in Figure-5.323, ¢ is in
coulomb and ¢ in second. Attimer=1s:

15 b 40 b
R ——o—] | —5—— Wk 4
q=2!=
Figure 5.323
(A) V,-¥,=4¥ ® V,- V=1V
© ¥.-v,=16¥ ©) V,- ¥, =207

5-24 An equilateral triangular conducting frame is rotated with
angular velocity @ in uniform magnetic field 2 as shown in
figure-5.324. Side of triangle is /. Choose the correct aptions :

&

Q8
b Yo Iy
Figure 5,324
@ 7,70 ® v, o
© V,-¥,- Bl O V-7, _ Bul?

5-25 In the figure-5.325 shown ‘R’ is a fixed conducting ring

of negligible resistance and radius ‘a’. PQ is a uniform rod of

resistance . It is hinged at the centre of the ring and rotated

about this point in clockwise direction with a uniform angular

velocity o. There is a uniform magnetic. field of strength *5’

pointing inwards. ‘#* is a fixed resistance connected between
" center of ring and its circumference which does not hinder the
_ path of rotuting rod :

28

Figure 5,325
- (A Current through *» is zero

2Bwa®

(B} Current through ‘# is
¥

Electromagnetic alfl‘d_d:c'lfai't aﬁdwﬂigrjja:t_l—ﬁ:& ‘E_‘L’mﬁ
(C) Direction of current in external ‘#* is from centre to
circumference
(D} Direction of current in external *r' is from circumference to
centre

5-26 A capacitor of capacity € is charged to a steady potential
difference ¥ and connected in series with an open key and a
pure resistor R, At time ¢ =, the key is closed. If7is the current
at time ¢, a plot of In ] against ¢ is shown as in the graph-1 of
figure-5.326, one of the parameters i.e., ¥, R or Cis chanped,
keeping the other two constant, and the graph-2 is recorded
again. Then :

Inf4

(2

)

Figure 5.326
(B) Cis increased
(D) R is increased

(A) Cis reduced
(© Risreduced

S-27 Planerectangular loop is placed in a magnetic field, The
EMF induced in the loop due to this field is ¢, whose maximum
valueis e, . The loop was pulled out of the magnetic field at a
velocity which is not coustant. Assume the magnetic induction
in the region is B and it is uniform and constant. &, isplotted
against time f as shown in the graph. Which of the follewing
arefis correct statement(s) ;

4 ¢
B0 1 B=1D
X x X
x X X LA VRP——
-
> X x
L4 ® x
0 ]

Figure 5.327
(A) e, is independent of ratc of removal of coil from the field.
(B) The total charge that passes through any point of the
loop in the process of complete removal of the foop does not
depend on velocity of removal.
(C) The total area under the curve (¢, vs £) is independent of
rate of removat of coil from the fictd,
{D) The area under the curve is dependent on the rate of
removal of the coil.

5-28 A conducting rod of length 7 is hinged at point 0. It is
free to rotate in a vertical plane. There existsa uniform magnetic
field B in horizontal direction. The rod is released from the
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position shown. The potential difference between the two ends
of the rod is propottional to :

o
T !
[} wmion }
ond 0 i
. NS I
\‘\\\ }I
LS
RN ]
e 1
LY !
\:\ i
foB
Son, !
\:\ /
>t i
RN l}
\:\ -
hN 7/
AN -
\\::>"I
Fieure 5.328
( A) 13:’2 (B) (2
{C) sinb ®) (sin B)2

5-29 The magnetic fleld perpendicular to the plane of a
conducting ring of radins « changes at the rate of o, then :
(A) All the points on the ring are at the samne potential

(B) The EMF induced in the ring is ma’a

(C) Electric ficld intensity £ at any point on the ring is zero

) E= %aa

5-30 Abentred POR with PQ= QR = shown in figure-5.329
is rotating about its end P with & constant angular speed v in
aregion of transverse magnetic field of induction B :

g
60°
a4
PHw Fid
Figure 5.329

(A) EMF induced across the rod is Bof?

{B} EMF induced across the rod is Bwl4/2

{C} Potential difference between points @ and R on the rod is
BuPi?2 )
{D) Potential difference between points Qand & on the rod is
ZEr0

5-31 A semieircular condueting ring of radias R s placed in
the xy-plane. A uniform magnetic ficld is set up along the x-axis.
No EMF will be induced in the ring, if -

(A) tmovesaleng thec-axis  (B) Itmoves along the y-axis
{© Utmovesalongthe z-axis (D) It remains stationary

5-32 A bar magnet 15 moved along the axis of a copper ring
placed far away from the magnet, Looking from the side of the
magnet, an anticlockwise current is found to be induced in the
ring. Which of the following may be true ?

{A) the south pole faces the ring and the magnet moves
towards it

(B) thenorth pole faces the ring and the magnet moves towards
it

{C) the south pole faces the ring and the magnet moves away
from it

{D) the north pole faces the ring and the magnet nioves away
from it

§5-33 Anideal inductar with initial current zero, a resistor wnid
an ideal battery are connected in series at fme 1 = 0. At any
time ¢, the battery supplies energy at the rate £, the resistor
dissipates energy at the rate P, and the inductor stores cnergy
at the rate P, then :

(A) Py=P,+P, forall timest

B) P,<P, foralltimess

{C) P, <P, in steady state

(D) P> P, only near the starting of the circuit
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81 Acoil of inductance . and resistance R is connected toa
constant voltage source. How soon will the coil current attains
1 (n <1) fraction of the steady state value ?

Aus, {—%m(l—n)]

5-2 A conducting circular Joop of radius g and resistance per
unit length R is moving with a constant velocity v, parallel to
an infinite conducting wirc carrying current iy a conducting
rod of length 2q is approaching the centre of the loop with 2
constant velocity /2 along the direction of the current. At the
instant ¢ =0, the rod comes in contact with the loop at 4 and
starts sliding on the loop with the constant velocity. Neglecting
the resistance of the rod and any self inductance in the circuit,
find the following when the rod slides on the loop.

(@ The current through the rod when it is at a distance of
(a/2) from the point 4 of the loop.

(b) Force required to maintain the velooity of the rod at that
instant,

Figure 5,330

Svgholy nign 2
Ang. [{a) { = =200 1n(3} . ) ZH0lYD
s [} = p2 n(3}; (b) ey (In3)" ]

5-3 A metal disc of radius 25¢m rotates at a constant angular
velocity 130rad/s about its central axis. Find the potential
difference between the centre and the rim of the disc if

(a) The external magnetic field is absent

{b) Theexternal uniform magnetic fietd ofinduction SmT exist
which is directed perpendicular to the disc.

Ans, [(a) 3aV; (b) 20mV) '

5-4 Find out impedance of given circuit.

®© 8

Fipure 5.331

6
Aps, [— 1]

V2

5-5 U-frame ABCD and a sliding rod PO of resistance R, start
moving with velocities v and 2v respectively, parallel to a loag
wire carrying current i, When the distance AP =1Jat 1= 0,
determine the current through the inductor of inductance £
Just before connecting rod P loses contact with the U-frame,

11'0

Figure 5,332

Ans, [i = (%] [1 — R, where e = P9 1n() ]
2n

§-6 Radio receiver receives a message at 300m band, If the
available inductance is ImH, then calculate required
capacitance.

Ans. {25pF}

§-7 An inductor-coil a capacitor and an AC source of rms
voltage 24V are connected in series. When the frequency of the
source is varied a maximum rms current of 6,0A is observed. If
this inductor coil is connected to a battery of emf 12V and
internal resistance 4.002, what will be the steady current ?

Ans. [1.5A]

5-8 A toroid is a long coil of wire, wound over & circular air
core. Show that the coefficient of self induction L of the torpid

A
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of radius R containing N turns each of radius » on the air core

is given as

_ U NP

2R
Where R >> r, Assume that the field is uniform within the toroid.

L

5-89 A closed coil consists of 500 turns on a rectangular frame
of area 4.0cm? and has a resistance of 5002, The coil is kept with
its plane perpendicular to a uniform magnetic field of induction
0.2T. Calculate the amount of charge flowing through the coil if
is rotated through 180°. Will the answer depend on the speed
with which coil is rotated?

Ans, [16 x 107C, No]

5-10 An electromagnetic wave of wavelength 300 mctre can
be transmitted by a transmission centre. A condenser of capacity
2.5 uF is available. Calculate the inductance of the required coil
for a rescnant circuit. Use 2= 10,

Ans. [1 x 10-%H]

5-11 An LC circuit (inductance 0,0] henry and capacitance
1pF) in connected to variable frequency source as shown in
figure-5.333

R
@

o} —
by
A.C. Source

Flgure-s..333
Draw a rough sketch of the current-variation as the frequency
is changed from 1kHz to 2kHz.
Ans. [1.592kHz)

5«12 A coil of 5 turns has dimension 9cm * 7em. It rotates at
the rate of 15% rad/s in a uniform magnetic field whose flux
density is 0.8T. What maximum EMF is induced in the coil?
What is the EMF 1/90s after it reaches the value zero?

Ans. {0.594V]

5413 A circuit containinga 0.1 H inductor anda 5Q0pF capacitor
in series is connected to a 230V, 100/% Hz supply. The resistance
ofthe circuit is negligible.

(@) Obtain the current amplitude and rms values,

(b) -Obtain the rms value of potential drops across each element.
() What is the average power transferred to the inductor ?

281

(d) What is the average power transferred to the capacitor 7

() What is the total average power absorbed by the circuit ?
[‘dAverage’ imnplies average over one cycle.]

Ans [(a) 23 \EA, 23A (b) 460V, 230V (o) zero (d) zero (e) zero]

514 InaLC circuit parallel combination of inductance of 0.01H
and a capacitor of 1pF is connected to a variable frequency
alternating current source. Draw a rough sketch of the current
variation as the frequency is changed from 1kHz to 3kHz,

1

Ans. [ 1

1.6kHz f

5-16 Prove that in a series LCR circuit, the frequencies f] and

/£, at which the current amplitude falls to 1/+/2 ofthe current at
resonance are separated by an interval equal to

R
&= oL
516 A coil of 160 turns of cross-sectional area 250cm? rotates
atan angular velocity of 300rad/s about an axis parallel to the
plane of the coil in a uniform magnetic field of 0.6 weber/metre?,
What is the maximum EMF induced in the coil. If the coil is
connected to & resistance of 202, what is the maximum torque
that has to be delivered to maintain its motion.

Ans. [720V, 864Nm]

5-17 Inan L-R series circult, a sinusoidal voltage V=¥ sin wf
is applied. Itis giventhat L= 35 uH, R= 110, phase difference
between the current and the voltage. Also plot the variation of
current for one cycle on the given graph. .

Vll

Ve ¥, sin ro

b 1 1

774
Figure 5.334

I n
Ans. [20A, —
ns. [20A, 71

5-18 A square metal wire loop of'side 1 0cm and resistance 1Q)
is moved with a constant velocity v, in a uniform magnetic
field of induction 2T as shown in figure-5.335 the magnetic
field lines are perpendicular to the plane of the loop directed
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into the paper. The loop is connected to a network of resistors
each of value 382. The resistance of the lead wires OS and PQ
are negligible. What should be the speed of the Joop so as to
have a steady current of ImA in the loop? Give the direction of
current in the loop.

= 3 x x
1

}

IX *

;

|

X 3 X % %
[

1 B

;

Jx ®

]

'

i % x 5 bt

Figure 5.335
Ans, [2 x 10°m/s]

5-19 Abox Pand a coil Qare connected in series with an AC
source of variable frequency, The EMF of source is constant
at 10V, Box P contains a capacitance of 1uF in series with a
resistance of 32Q. Coil @ has a self inductance 4.9mH and a
resistance of 68£). The frequency is adjusted so that the maximuum
current flows in P and Q. Find the impedance of P and 0 at this
frequency. Also find the voltage across P and Q respectively.

Ans, [P =76.96Q, 0 =97.590, P=7.6V; =98V, impedance = 100{]

5-20 Two parallel conducting rails separated by a distance /
are fixed on a plane surface inclined at an angle « to the
horizontal as shown in figure-3.336. Rails are connected at the
bottom by a resistance R. A copper rod of mass m slides without
friction on the rails due to gravity. A uniform vertical field B
exists throughout the region. Find the steady state velocity of
the rod. Show that the rate at which thermal energy is produced
in the circuit is equal to the rate at which rod is losing
gravitational potential encrgy. What will happen if the direction
of B is reversed?

Figure 5.336

mgRsina . . e s
Ans. [?‘%——2—, rod will continuously accelerate if B is reversed]
CO5 L

5-21 A small town with a demand of 800kW of electric power at
220V is situated 15km away from an electric power plant
generating power at 440V, The resistance of the two wire line
carrying power is 0.5Wper km. The town gets from the line

JRE WPS—

Eloosamognet iiieio shd ARG G

through a 4000 — 220V step down transformer at a sub-station
in the town.

{a) Estimatethe line power loss in the form of heat.

(b) How much power must be plant supply, assuming there is
a negligible power loss due to leakage?

{c) Voltage rating of the step up transformer at the plant.

Ans, [(2) 600 kW (b) 1400 kW (c) 440 — 7000 V)

4-22 A magnetising field of 1600Am™' produces a magnctic
flux of 2.4 x 107 Wb in an iron bar of cross-sectional area
0.2cm?. Calculate permeability and susceptibility of the bar.

Ans. [7.5 x 10'* N/A?, 596)

5-23 A periodic voltage wave form has been shown in
figure-5.337.

4 V(in volf)

10

100 200 { (in ms)
Flgure 5.337
Determine. (a) Frequency of the wave form. (b) Average value

of the voltage.
Ans. [(2) 10Hz () 5V]

5-24 Along solenoid having 200 turns per cm carries a current
of 1.5A. At the centre of it, a 100 turn coil is placed which is of
cross-sectional area 3. 14 x 10~* m? having its axis parallel to
the field produced by the solenoid. When the direction of
current in the solenoid is reversed within 0.05s., what is the
EMF induced in the coil?

Ans, [0.04RV]

4-25 An iron rod of 0.2cm? cross-sectional area is subjected
to a magnetising field of I200Am™, The susceptibility of iron
is 599, Find the permeability and magnetic flux produced.

Ans, [7.536 x 10~TmaA"!, 1.81 x 10~5Wb]

5-26 When 10V, DC is applied across a coil current through it
is 2.5A, if 10V, 50 Hz A.C. is applied current reduces to 2A.
Calculate reactance of the coil.

Ans, [3Q]

§-27 A long cylindrical coil of inductance £, is wound on a
bobbin of diameter d,. The magnetic induction in the coil
connected to a current source is B,. After rewinding the coil on
a babbin of diameter d, its inductance become L,. Find the
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magnetic induction 3, of the field in the new coil connected to
the same current source assuming that the length of wire is
much larger than that of coil.

Ans. [Bi(%)]

4-28 An airplanc with a 20m wingspread is flying at 250 m/s
straight south parallel to the earth’s surface. The earths
magnetic field has a horizontal component of 2 % 10-F Wb/m?
and the dip anglc is 60°. Calculate the induced e.m.f. between
the plane tips.

Ans. [0.1732V]

5-28 A rectangular toop of wire is placed in a uniform magnctic
field # acting normally to the plane ofthe loop. If a man attermpt
fopull it out of the field with velocity v as shown in figure-5.338,
calculate the power required for this purpose.

-
x = xFZT % ® ’
—_
" N T * » w %’
Fr— I "
X » l * x » e
N ERES AN
E; e, 3
Figure 5.338
B

Ans. [

5-30 A thin non-conducting ring of mass m, radius a and
uniformly distributed charge ¢ is place inside 2 solenoid
magnetic field with its plane normat to B and coaxially with
solenoid as shown. If # is changing with time as B = &1, find the
angular speed attained by ring after time .

K % .

Figure 5.339%

&
Ans. [ ‘;—m 1

" e b

$-31 Calculate (a) resistance or (b) inductance required in series
to operate a lamp (60V, 10W) from a source of (100 V, 56 Hz)

Ans. {{a} 2400 {b) }.5H]

5-32 Two parallel wires AL and KM placed at a distance / are
connected by a resistor R and placed in a magnetic field B
which is perpendicular to the plane containing the wire as
shown in figure-5.340. Another wire €D now connects the two
wires perpendicularly and made to slide with velocity v.
Calculate the workdone needed to slide the wire CD. Neglect

the resistance of all the wires.

4 o L
R ® i
B
K Yo M

Figure 5,340

B2

Ans. [ R

£

5-33 An inductor of inductance L = 400mH and resistors
R,=2Qand R,= 2Q} are connected to a battery of EMF E= 12V
as shown in the fipure-5.341. The internal resistance of the
battery is negligible. The switch Sis clased at time ¢=0. What
is the potential drop across L as function of time ? After the
steady state is reached, the switch is opened. What is the
direction and the magnitude of current through R as a fanction
oftime?

il

Figure 5.341
Aas. [12e7% V, 6714, Clockwise]

5-34 A long straight wire carries a current i, At distance a
and b from it there are two other wires, parallel to the former
one, which are interconnected by a resistance R (figure-5.342)
A connector stides without friction along the wires with a
constant velocity v. Assuming the resistances of the wires, the
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connector, the sliding contacts and the self inductance of the
frame to be negligible, find

REE i—-rv

T

[N
Flgure §.342

{a} The magnitude and the direction of current induced in the
connectors,

{b) The force required to maintain the connector's velocity
constant,

sl (b a) }’ )

Ans, [(5) %‘%h{%} anticlockwise, {b)[ - v

§-35 An L-Ccircuit consists of an inducter with L= 0.0900H
and a capaciter of C = 4 x 107%F, The initial charge on the
capacitor is 5.00pC, and the initial current in the inductor is
Zero.

{a} What is the maximum voltage across the capacitor ?

{b) What is the maximum current in the inductor ?

{c} What is the maximum energy stored in the inductor 7

{d) When the current in the inductor has half its maximum
value, what is the charge on the capacitor and what is the
energy stored in the inductor ?

Ans. [(a) 1.25%10°2V, (b) 8.33%10%A, (g) 3.125%107%], (d) 4.33%10°¢C,
7.8x107%1] '

§-36 A circuit has a coil of resistance 50 ohims and inductance

3 . . . . 40
- henry. It is connected in series with a condenser of "y pF

and AC supply voltage of 200 V and 50 eycles/sec. Caleulate
() theimpedance of the circuit.

(i) the p.d. across inductance coif and condenser,

Ans, [Z =502 02, V.= 50042 V and ¥, = 6D0/2 V]

5-37 A connecting rod 4B of mass m slides without friction
over two long conducting rails separated by a distance / {figure-
5.343). At the left end, the rails are interconnected by a resistance
R. The system is located in a uniform magnetic field
perpendicular to the plane of the loop. At the moment £=0 the
rod AR starts moving to the right with an initial velocity v,
Neglecting the resistances of the rails and the rod 4B, as well
as the self inductance, find ;

Electromagnetic indiction and Aftemating Curreni |

1]
B

Flgure 5,343
(8) The distance covered by the rod until it comes to a stand
still,
{b) The amount of heat generated in the resistance R during
the process.

R 1
Ams. [(5) T e) 33 )

9-38 An L-Ccircuit like that itlustrated in figure-5.344 consists
ofa 3.30H inductor and an 840uF capacitor, initially carrying a
105uC charge. At?= 0 the switch is thrown closed.

4

g\

Figure 5.344

Compute the following quantities at #=2.00 ms.
(a) The energy stored in the capacitor,

(b) The energy stored in the inductor,

() The total energy in the circuit,

Ans, {{a) 6.5531pJ (b) 0.0094pF {c} 6.5625u]] -

5-39 A vertical copper disc of diameter 20cm makes 10
revolutions per second about a horizontal axis passing through
it centre. A uniform magnetic field 1072 weber/m? acts
perpendicular to the plane of the disc, Calculate the potential
difference between its centre andrim, ~

Ans. [3.14 x 193 V)

54C Acurrentof10A is flowing in a long straight wire situated
near a rectangalar circuit whose two sides of length 0.2m are
parallel to the wire, One of them is at a distance of 0.05m and
the other at a distance of 0. 10m from the wire. The wire is in the
plane of the rectangle. Find the magnetic flux through the
rectangular circuit. If'the current decays uniformly to zero in
0.02s, find the EMF induced in the circuit and indicate the
direction in which the induced current flows,

Ans, [2.772 x 10~ Wb, 1.386 x 1075V}
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5-41 The magnetic field B at all points within a circular region
of radius R is uniform in space and directed into the plane of
the page in figure-5,345. [f the magnetic field is increasing at a
rate dB/dt, what are the magnitude and direction of the force
on a stationary positive point charge ¢ located at points a4, b
and ¢? (Point a is a distance r above the centre of the region,
point b is a distance r to the right of the centre, and point ¢ is
at the centre of the region.}

Ans, [Ata (ﬁj[ﬁ] towards Teft, at b (ﬁj[ﬂJ towards top of the
2 A dr v 2

page, &t ¢ : zero}

5-42 Therails of a railwaytrack are 1.5m apart and assurned to
be insulated from one another. Caleulate the EMF that will exist
between the rails ifa train is passing at 100km/hr. Assume the
horizontal component of earth's magnetic field is 0.36 x 10T
and tan 6= 1.036 where 8 is the angle of dip.

Ans. [1.554 x 107%V]

5-43 In the circuit arrangement shown in figure-5.346, the
switch Sis closed at #= 0. Find the current in the inductance as
a function of time ? Does the current through 108} resistor
vary with time or remains constant.

Nz 1mH

Figure 3.346

Ans. [3.6 (1 — e")A where 1 = 300us, Current through 100 resistor
varies with time]

5-44 A closed cofl having 50 turns, area 300cm? and resistance
400 is held at right angles to uniform field of induction 0.02T.
1fit is then turned through an angle of 30° shout an axis at right
angles to the field, find the charge flown through the coil.

Ant, [1.605 x 167C)

o e ey
5-45 Initially the capacitor in circuit shown in figure-3.347 is
charpged to 2 potential of 5V and then eonnected to position 1
with the shown polarity for Is. After 1s, it is connected across
the inductor at position 2,

1084} 1 2
gﬁ
oy
-+ i
E=10V + ~
— 10mF
i T

Figure 5.347

(a) Find the potential across the capacitor after 1s of its
connection to position 1.

(b) Find the maximum current flowing in the LC circuit when
capacitor is connected across the inductor. Also find the
frequency of LC oscillations.

Ars. [(a) 8.16V, (9) 5.16A, 10HzZ]

5-46 A space is divided by the line 4D into two regions as
shown in figure-5,348, Region I is free from magnetic ficld and
region I1 has a uniform magnetic field B directed into the plane
of paper. ACD is semicircular conducting loop of radius r with
centre at O [Figure-5.348], the plane of the loop being in the
plane of the paper. The loop is now made to rotate with a
constant angular velocity © about an axis passing through O
and perpendicular to the plane of the paper. The effective
resistance of the loop is R,

REGION-I REGION-H
X A

x k4
[ |a
x

Figure 5.348

(a) Obtain an expression for the magnitude of the induced
current in the loop.

(b) Show the direction of the current when the loop is entering
into the region I

{c) Plota graph between the induced EMF and titne of rotation
for two periods of rotation.

2
Ans. {(a) %?; (&) anticlockwise; (c) ”

_% Brlwd
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547 An inductance of 2.0 H, a capacitance of 18 uF and a
reststance of 10 k< are connected to an AC source of 20 V with
adjustable frequency. (a) What frequency should be chosen to
maximise the current (RMS) in the circuit 7 (b) What is the value
of this maximum current (RMS)?

250
Ans. [(a} 3 Hz; (b} 2mA]

5-48 A conducting light string is wound on the rim of a metal
ring of radius »and mass m. The free end of the string is fixed
to the ceiling. A vertical infinite smooth conducting plane is
always tangent to the ring as shown in the figure-5.349, A
uniform magnetic field B is applied perpendicular to the plane
of the ring. The ring is always inside the magnetic field. The
plane and the string are connected by a resistance R. When
thering is released, find :

» % » ®
LAl e
¥ » o] =
2
x x A x
x i ®
. H
» X ! x
]
:
* X b x

Figure 5.349

(@) The current in the resistance R as a function oftime
(b) The terminal velocity of thering

2%

Ans, [(s) ;.—.%{1_9 Y, ® v, = mgh

4527 !

5-48 A stiffwire bent into a sernicircle of radius R is rotated at
a frequency f in a uniform magnetic field B. Calculate the
amplitude and frequency of the induced voltage. If this circuit
has negligible resistance and the internal resistance of the
ammeter is 1000£2, calculate the amplitude of induced current.

2na2
n°RBf
Ans. [ Togp ]

5-50 A rectangular loop with a stiding conductor of length Zis
lacated in a uniform magnetic field perpendicular to the plane
of loop. The magnetic induction perpendicular to the plane of
loop is equal to B. The part ad and bc has electric resistance R,

Eloctamagnete Tidioh 373 Al Giver]

and R, respectively. The conductor starts moving with constant
acceleration @, at time ¢= 0. Neglecting the self inductance of
{he loop and resistance of conductor. Find

J1 b
v |
Rz {—»a, 3R,

|

Figure 5.350

. [

(@) The current through the conductor during its motion

(b) Thepolarity of adcd terminal

(c) External force required to move the conductor with the
given acceleration.

Blagt
Ass. [(@) i = }ﬁ'z (R, + R,} (b) Polarity of a, b is positive and polarity

21

RRy

(R, +Rz)]]

of ¢, d is negative, (Q)F,, =2 [”’+

§-51 Alongstraight wirc carries a current /= I, sin (e + 5) and
lies in the planc of a rectangular loop of N turns of wire as
shown in figure-5.351. The quantities Z,, wand & are all constants.
Determine the EMF induced in the loop by the magnetic field
due to the current in the straight wire. Assume Iy = 50A,
w=200 /s, N= 100, a=b=5cm cm and /= 20cm.

N tums

Figure 5.35%

Ans, {%‘ﬂ—wfn(%é) cas (af + 8)]

5-52 A square Joop ACDE of area 20cm? and resistance 5O
shown in figure-5.352 is rotated in a magnetic field of induction
2T through 180° {a} in 8.01sand (b) in 0.02s. Find the magnitude
of ¢, i and Ag in both the cases.
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Figure 5.352

Ans. [(a) B.BY, 0.16A, 1.6 x 107°C; (b) 0.4V, 6.08A, 1.6 x 1673C)

5-53 Two long parallel wire of zero resistance are connected
to each other by a battery of 1.0V. The separation between the
wires is 0.5m. A metallic bar, which is perpendicular to the wires
and of resistance 10€) moves on these wires when magnetic
field of 0.02T is acting perpendicular to the plane containing
the bar and the wires. Find the steady state velocity of the bar.
Ifthe mass of the bar is 0.002kg, find its velocity asa fanction
of time.

Ams. {100m/s, 100(1 — e™¥2%%m/5 |

5-84 Consider the circuit shown in figure-5.353. The oscitlating
source of emf deliver a sinusoidal emf of amplitude ¢__, and
frequency o to the inductor L and twae capacitors C, and C,.

Find the maximum instantaneous current in each capacitor,

Figure 5.353

. Epm o g 7y
Ans. [(7)_.. %[H%][mf"m] " (1+%ﬂ“"‘mj |

§-85 Two parallel rails with negligible resistance are 10.0cm
apart. They are connected by a 52 resistor. The circuit also
contains two metal rods having resistances of 190 and 150
along the rails. The rods are pulled away from the resistor at
constant spceds 4m/s and 2m/s respectively. A uniform
magnetic field of magnitude 0.01T is applied perpendicular to
the plane of the rails. Determine the current in the 5 resistor,

x a * Fod X fiad *
X il x | »® o
4.0ms l £5.00 2.0mss
x o ® x
bl d iy
x 16,00, x 1500 x

Figure 5.154

3
Aas. [55- mA}

5-58 A square frame with side a and a straight conductor
carrying a constant current / are located in the same plane, The
inductance and the resistance of the frame are equalto L and R
respectively. The frame was turned through 180° about the
axis OO separated from the current carrying conductor by a
distance b as shown in figure-5.355. Find the cleetric charge
having flown through the frame.

I~
s |

Figure 5.355

Ans. {k‘ﬂln(‘””] 1
20 "\b-a

5-57 A straight solenoid has 50 turns per cm in primary and
200 turns in the secondary. The arca of cross section of the
solenoid is 4cm? Calculate the mutual inductance.

Ams. [5.0 x 107*H]

5-5B A connector AB can siide without friction along U-shaped
wire frame located in a horizontal planc. The connector has a
length {, mass m and resistance R. The whole system is located
in a uniform magnetic field of induction R directed vertically
downward as shown in figure-5.356. At the moment 1= 0 a
constant horizontal force F starts acting on the connector
shifting i translation wise to the right. Find how the velocity
of the connector varies with time ¢. The inductance of the loop
and the resistance of the U—sha;;cd conductor are assumed to
be negligible.
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Figure 5.356

5
Aps. [F—’:l ¢ R [}

5-89 A 5H inductor is placed in series with a 100 resistor, An
EMF of 5V being suddenly applied to the combination. Using
these values prove the principle of conservation of energy, for

time equal to the time constant.

5-60 When an alternating voltage of 220V is applied acress a
device X, a current of 0.5 A flows through the circuit and is in
phase with the applied voltage. When the same voltage is
applied across ancther device Y, the same current again flows
through the circuit but it leads the applied voltage by p/2 radians,
(a) NamethedevicesXandY.

(b) Calculate the current flowing in the circuit when same
voltage is applied across the series combination of X and Y,

i } "

Ans i) X is reststor and'Y is a capacitor (b) D.35A]
e jff_ 7

5-61 Two toroldal soienmds arc,wound around the same pipe

so that the magnem: ﬁeld of one’ passcq through the turms of

the other. Solenoid 1 has 700turns and solenoid 2 has 400turns.

When tht currentin so}enmd lis. 5“ 52A, the average flux through

each turn of solénoid 2 is 0. 0320\%
(a) What is the mutual inductance of the pair of solenoids?

(b When the current in solenoid 2 is 2.54A, what is the average
flux through each turn of solenoid 1?

Ams. [{2) F.96H ¢b) 7.12 x 1873Wp]

5-62 A square frame PORS of each side 1, with a steady current
i} is near a long straight conductor carrying a current i,. The
frame and the conductor are in one plane, with the length of
the conductor parallel to the side PS5 and QR of the square
frame as shewn in figure-5.357. Calculate the workdone in
meving the conductor from position P, to P,

1
i

—j—>] i

P * [ i

i 1

. i
97 i
E

S R E
—d—+ f—a— t
P

Figure 5.357

5-83 A rectangular loop with a sliding connector of jength [ is
located in a uniform magnetic ficld perpendicular fo the loop
plane as shown in figure-5.358. The magnetic induction is equal
to B. The eonnector has an electric resistance R, the sides 4B
and CD have resistances R, and R, respectively. Neglecting
the self inductance of the loop, find the current flowing in the
connector during its motion with a constant velocity v.

f
A D
! B s
&z ® R v =R,
Figure 5.358
Ans. {-L"R- 1

B+ FsRy
B+ B

5-64 (a) What is the magnetic flux through one turn of a
solenoid of setfinductance 8.0 x 10°H when a current of 3.0A
flown through it ? Assume that the solenoid has 1000 turns
and is wound from wire of diameter 1.0mm. {b) What is the
cross-sectional area of the solenoid ?

Ans. [(a) 2.4 X 10-"Wh () 6.37 x 10~°m?]

§-65 A long straight wire carrying a current / and a U-shaped
conductor with sliding conncctor are located in the same plane
as shown in figure-5.359 The connector of length 7 and
resistance & slides to the right with a constant velocity v, Find
the curreat induced in the loop as a function of separation r
between the connector and the straight wire. The resistance of
the U-shaped conductor and the seif inductance of the loop
are assumed to be negligible.
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Figure 5,359

ugivl
2mrR

Ans. [ ]

5-86 A 20 volts 5 wait lamp is used on AC mains of 200 volts

50
and ;Jl_l c.p.s. Caleulate the (i) capaciter, (it} inductor, to

be put in the serics to ron the lamp. (iil) How much purc
resistanice should be included in place of the above device so
that the lamp can run on its rated voltage. (iv) Which is more
econemical, the capacitor, the inductor or the resistor.

125
Ans. (i} ET) pF, {il) 2.4 H, {iii) 720 W, {iv} it will be more cconomical
to use inductance or capacitance in series with the lamp to mn it as it It

censumes no power while there would be dissipation of power when

resistance is inserted in series with the tamp.]

5-67 Arod AB oflength Lis placed in a cylindrical region time
varying magnetic field as shown in figure-5.360, with the ratc of
increasing magnetic induction € T/s. Find the potential
difference across ends of rod due to induced electric field in the
region.

Figure 5.360

Ans. [ %CrL ]

258 |

5-68 A uniform wire of resistance per unit length A is bent into
a semicircle of radius g. The wire rotates with angular velocity
e in a vertical plane about a horizontal axis passing through C.
A uniform magnetic field B exists in space in a direction
perpendicular to paper inwards.

Flgure 5.361

(a) Calculate potential difference between points 4 and D.
Which point is at higher potential?

(b) If points 4 and D are connected by a conducting wire of
zeroresistance find the potential difference between 4 and C.

Auns. {{z) 2a*Bwcos0, (h) 2n23t3[5§n2%+§c050]}
T

5-69 Thc magnetic field in a certain region is given by
B=(4.0/ —1.8k) x 10-*T. low much flux passes through a
lcop of area 5.0cm? in this region if the loop lies flat on the x-y
plane?

Ans. [9.0 x 10~ W)

Sol. § = [(5xL07Hk]m*

5-70 On a smooth horizontal table a disc is placed with non
conducting ring with uniformly distributed charge ¢ fixed on its
circumtference. Both disc and ring arc of mass m and radius v, If
a uniform magnetic field of induction B which is symametric with
centre of disc is switched on in vertically downward direction,
find the angular speed attained by dise due to this.

qB
Amns, [ﬁ}

5-71 A coil has 600 turns which produces 5 x 107> Wh/turn of
flux when 3A current flows in the wirc. This produced
6 x 1073 Wh/turn in 1000 turns of a secondary coil. When the
switch is opened the current drops to zero in 0.2s in primary
coil. Find (a) mutual inductance, {b) the induced EMF in the
secondary, {(¢) the self inductance of the primary coil.

Ans. [(a) 2H, (b) 30V, (¢} 1H]

www.puucho.com



Study Physics Galaxy with www.puucho.com

o R e T e e

280 -

-

5-72 Figure-5,362 showsa circnit in which an inductor of SH is
connected to a 20V battery and a fuse of rating 30A. Neglect
amy resistance in the circuit, if switch is closed at ¢=0 find the
time after which fuse wilt blow up.

FUSE

T 20V

gm

.
Se=0)

Figure 5.362
Ans. [7.5s]

Electromagnefic Inducti

n:and Alternating: Current]

i

5-73 Twocoils have mutual inductance M=3.25 x 10~ H, The
current {, in the first coil increases at a uniform rate of 830 A/s.

(@) What is the magnitude of the induced emf in the second
coil? Is it constant?

{b) Suppose that the current described is in the second coil
rather than the first. What is the induced emf'in the first coil?

Ans. [(2) 0.27V, Yes (b) 0.27V]

5-T4 Asmall coil of radius ris placed at the centre of another
coaxial coil of radius R(R >> #). Find the coefficient of mutual
induction for this pair of coils.

Hnﬂ?‘2
2R

Ans. [ ]
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CONCEPTUAL MCQS Single Option Correct

)

1 (© 2 ®» 3

4 B 5 (A) 6 (M)
7B B (© 9 (B)
16 (B) 1 (A 12 ©
12 (B) 14 (D) 15 (D)
16 (B 17 (A) 18 )
19 () 20 (R) 21 (O
22 (A) 23 () 24 (D)
25 (O 26 (B) 27 (€)
28 (R) 29 (D) a (€
H (© 32 (D) N ©
4 m 35 (@) 16 (M)
7 (D)

NUMERICAL MCOS Single Option Correct

1 ® 2 3 (w
4 (3) § © € (D)
7T (B} 8 @A $ (D)
10 (B) " (© 12 (&)
12 (D) 14 (C) .15 (B)
16 (A) 17 (A) 18 (A)
18 (D) 20 (D) 21 (D)
22 {A) 23 (B) 24 (B)
25 (C) 26 (A) 27 (A
28 (C) 28 (B) 30 ®
M B 32 (A) 33 (A)
34 (B) 5 © 36 (C)
37 (D) 38 (B) 39 (D)
406 (C) 41 (A) 42 (B
43 () 44 (B) 45 (A)
46 (A) 47 (A) 48 (A)
43 D) 50 (A) 51 (B)
52 (B} 53 (B) 54 (&)
55 (C) 56 (C) 57 (C)
58 (O 59 (C) 60 (C)
81 (A) 62 (D) 63 (D)
ADVANCE MCQs One or More Option Correct

1 (AB0Q 2 (A Q) 3 (A
4 (Cm 5 (AlD 6 (A D
T B0 8 (A B 9 {ABO
40 (A, B, D) 1M (€, D) 12 (A, O)
13 (A, B, 0) 14 (A, D) 15 (B, C,D)
16 (A, D) 17 (A, B, C) 18 (A, D)
189 (A.B, O 20 (Al) 21 (A, B, Q)
22 (A, D) 23 (A, B, D) 24 (B, C)
25 (A, D) 26 (A, B,C) 27 (A, B, O
28 (B, C) 29 (A, B, D)

Solutions of PRACTICE EXERCISE 4.1

®

The rectangular wire frame as described in question is

X @
15° B 155
)
1507
P:I.____tl _______ ?1 - \3(]" d 154
Jis., —=B8em
75° 75% e 2
¢ -
T i ‘-"'\\‘ ®
R

If B, and B, be the magnetic inductions at O due to wires KN
and LM, then we have

B =B Hof

~— P rgn15e+sintse
1B @i 2)costse PRI ¥ SIS

4uyi
_g = Mol nise
By=8:=nd

If B, and B, be the magnetic inductions at O due to wires NV
and LK, then we have

I T
2 T4 An(d /2)cos15°

{sin 75° + sin 75°]

4“’[}1; °
B,=B,= m tan78

Net magnetic induction at center is given as

B=B,+B,+B,+B,

Mo 4 o Mo 4 ..
=2 B antse | pol Bex X tan7s
= B {nxdan]z[fhtd }
= B= 20 150 4 tan 750
4 d
8x5
- B=107x — 102679 x 3.7321]T
16x10
= B=107x -x4 =1x 10T
16x10"
= B=0.1mT

(i} {a) Magnetic field at O due to straight wires at O is zero
as the line of wire is passing through peint 0. The magnetic
field at O due to semicircular part LAf is given as half of the
magnetic induction due to the complete circular coil given as

shown in figure. The magnetic induction due to a straight finite
length current carrying wire withangles ¢, and ¢, as shown in Fof
figure at a perpendicular distance r is given as B= AR
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(b} The magnetic induction at O due to wire MN is zero
because O lies on the line MN. Magpetic induction at O doe to
circular portion ML of the wire which is a circular arc three
fourth of the circle is given as

p.ol' 3 3“(}1

Bimar™a " ‘

The magnetic induction at O due to infinitely long straight wire
LK is given by using the result of a semi-infinte wire given as

Mol

B2™ 4R
Net magnetic induction at O is given as
3ugi gt
= = +—
B=B +2B, 3R AmR
Mot in
B=——l1+—
= 41:R|: 2 ]

{¢) Inthiscase, themagnetic field will be due to a semi circular
wire and two semi-infinite wires all in same directions so all will
be added up given as

B= Mgt ”a‘ Mol
47R 4R 4nR
= B= — (2+7|:)

f

(i} (a) The magnetic induction due to the three wire
segements at {2 is given vectorially as

e oo Ppt T - In I, -
By= B +B,+5B; = E[E_(_kHE(_DTEH) _

- o>
- B, —%{2“::;}

niv‘ﬂ +4

(b) The magnetic induction due to the three wire segements
at (0 is given vectorially as

= iB:}E

= = = = I = - T
By=B+B,+B; = ;%Hc +a(=i )+ ()]

§0= ——[k +{m+1)7]

{

1+ (m+1)?

(¢} The magnetic induction due to the three wire segements
at (Jis given vectorially as

By= B+ By + By = SR # ATy A+

Magnatic, Effects of Currents ahd Classical Magne

— ol i 7 = 37!-.-:[
] =———k+j+—i
= By 47:&[ )
' 2
= agl 311)
Bot=0 22 4
= 1Bl = 4rr ( 2
= |By| = 20" Jon? 48
(ivv  The magnetic induction at ¢enter O due to the two

circular arcs will be in same inward direction. If # is the unit
vector in inward dicection then it is given as

-

Bo = Ba+ By

Eo . [puffmz) . p(,f(nfz)]ﬁ
a 4nb

= pnIB‘ 1.
B 4
= 0= S[a 5"

)  We use the result of magnetic induction due to a finite
wire segment which is given as

B,= 4 ; [cosu.+c0s{3]

B _ Bl 90° + ¢os 30°
= P and {£os cos 30°]
3uf

= B L Pl

P Rl

(viy Themagneticinduction at point O will be due fo straight
segment and the circular arc will be in opposite direction which
will be subtracted and it is given as

B,=B,-B,

Where B, and B, are given as

Fo! o o
1= m fcos 30 +c0530 ]
and B,= _uolii;f 3
g = ol 5 Bl
¢ 2xR 4R
o _bot[ 31
b 2R 3
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(i) Duc to the wire segments BC and DE no magnetic

[P P A |

We consider an elemental wire of width dx at a distance

(ix)

induction will be produced at O as it lies along the two lines  x from the point P as shown in figure, The current in elemental

and for the remainng wire segments we use the vector sum
which is given as

- - — = -
By= By + Bep + Bge + By,

ol ol Hol
B k—‘-
= B O Vah+E bl gy
4 %I[? T~ A
= B=—i——ji—
0 41:aI 21

(vili) Inthe given spiral along the radial direction number of
turns per unit radial length is given as

N
b—a
We constder an elemental circular coil of radius x and width dx
as shown in figure, The number of turns in this elemental coil
are given as

n=

dN=ndx=

b—a

Magnetic induction due to the elemental coil at ¢enter ( is
given as

ol N
2x (b-a)
Net magnetic induction at center O is given as
r &
_ _ BoIN pdx
By= JaB= o —[—
206 a)a x
HelN b
B -
= 0= 2b— )E Xl
HoIN b
= ——-—-—ln —
= 0T 2b—a) [a)

wire is given as

Magnetic induction at point P due to df is piven as
podf

21

dB=

Total magnetic induction at point P is givcn as

r+h
_ _ Mol pdx
B,= .[dB T anh I
= 1 BP 2 b{iﬂ }r+b
P'U[ ?'+b
= BP:E]E[TJ

(x)  Themagnetic field induction at point R due to current in
wires Pand (J is given as

uel; | Boly
= = '—'+—
B=8,+8, [ZM ZWJ
5 28,4];
= =-2 % I{ 5 2]
= B =-5x107]

H'the third wire is placed at a distance x on the left of point R
and if'the wire carries a current outwards/inward perpendicular
to the plane of paper Then for net magnetic induction at R to
be zero we use

Y 7
—— =3x]10
2y

= x=l

Thus third wire Is to be placed at a distance of +1m from point
R along x-axis.
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Solutions of PRACTICE EXERCISE 4.2

() (2} The magnetic induction above the large metal sheet
carrying a surface current is given as

B=2hi
—21-10

If i, is the current flowing in the solenoid then the magnetic
induction at the center of a long solenoid is given as pmi,
which nullifies the magnetic induction due to the metaj sheet

to make net magnetic induction at center of solenoid to be

equal to zero thus we have
1.
Mgti, = 'i'i"'o’
_ 4
1 2
{(b) When solenoid is rotated by 90° then the two magnetic
inductions due to solenoid and that due to the metal sheet will
be atright angle to each other which are equal in magnitude, so

net magnetic induction at the center of solenoid is given by
the vector sum of the two vectors which is given as

B= W=JEBI=J§[%MDI‘)=%

= i

(ii)y As current is uniformly distributed over the
cross-sections of outer and inner conductors., The current
dengity in inner and outer conductor are given as

-~

J =
i) ﬁ(c?.'_bi'.)

{a} When r < g we can consider a coaxial circular path of
radius' ras shown in figure. If B be the magnitude of mapnetic
field at this path then using Ampere's law we have

B(ZW) = ul]'[enclcsed
= . B2y = po(—l—zijJ
wa

igir

2na®

/
|
.’

Magnetic Effects of mc_xx?rénistaﬁ,&mﬁésszcaltﬁggﬁaﬂg&h‘é

(b) When a <r< b we can consider the circular path of radius »
as shown in figure which encloses the current passing through
inner conductor only so by using Ampere's law we have

BQm) = i

_ B

2nr

(¢ When b<r< ¢ we consider the circular path of radius ras
shown in figure. In this case the current enclosed by this coaxial
circular path is given as

. t 2 32
sj———0——xa(r —b
enclosed 7!(02 N bz) ( )
Using Ampere's law we have
' . i 242
= | i————xn{r--b

(iii) Ascurrent is flowing in a strip of width A, current density
per unit length along the thickness of the strip is given as
i

J=Z

Figure-{a) shows that the current density vector is at an angle
6 from the cross sectional plune of the cyclindrical coil and to
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[Megnetic Ef
calculate the angle O we straightned one turn of the strip which

is shown in figure-(b) from which we can calculate the sine and
cosine components of the angle § which are given as

5 of Gisnis s Classical Magratim

sinf = TR

cosf= V1-sin’ 6 = \/1 —(—2%]2

and

_____-__.?.R.,.'—-\.-...“

(n)

Magnetic induction outside the coil will be due to the current
in the cylindrical coil along its axis which is due to the current
along the axis of the cylindrical coil which is calculated by the
current density component Jsind given as

_ Mnfamt

out 21.”.
y - 1, {Jsin Bx 2aR)
= out 2qr

- _ My B
ot 2mar

_ Bl

= Buul 21.[?.

The magnetic induction inside the cyclindrical ¢oil is due to
the current circulating along the curved part on the surface of
cylinderical coil which is given as

B, = pgfcosb
e
= ol 2R

@)

Current density in the cylindrical wire is given as

e ey

Fvintt 3

ﬂ(R2 -4y
Current through the smaller cross-section of cavity if it is not
present is given as

i'=Jnr?
Magmetic induction due to this current at a point on the axis of

cylinder is given as

Hof’ Ug 2
=——=—xJur ="
I 2rd -r?
If B, be the magnetic induction due to remaining portion then
in case of full solid cylinder net magnetic induction at axial
point is zero so we have

B

B,+B,=0

= B,=—B,
_ gt
= 2" 2nd(R: —1%)

(v}  (a) When the currents are in the same direction the
situation is shown in figure. If the currents in both the wires
arc perpeadicular to the plane of the paper and directed outward
then the magnetic inductions B, and B, at point O due to the
two current carrying wires are given as

o {
B=Br o
. 19 5
= B =R,=2x16" o1 =2x 10T

The direction of magpetic inductions at point O will be
perpendicular to OP and OQ due to the two wires as given by
right hand palm rule. The resultant magnetic field B at O is
given by the vector sum of the two magnetic inductions which
is given as

B =8, cos 30° + B, cos 30°

!

B=(2x 10-%) cos 30° + (2 x 10 ) cos 30°
= B=2x (2% 10") cos 30°
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[288 e e
= B=2x(2x10%x (43/2)
= B=3.46x 10T

(b) When the currents are in opposite directions. The situation
is shown in figure. Ifthe current in wire P is inward and that in
wire O be directed ontward then from the previous part the
magnetic inductions due to the two wires will be given as

s B =2x10°T

and B,=2x10°T

The direction of B, will be perpendicular to OFP towards right
and the direction of B, will be perpendicular to OQ towards
left. The resultant magnetic induction at O is given by the
veetor sum of the two inductions which is given as

B=R, cos60°+ B, cos 60°

I
= B=2x2x10%)x -

= B=2x10"°T

{vij Charge on capacitor after time Atis given as

e
7= q

Charge flown through the solenoid in this duration is given as
CE

Aq=CE— "= =CE[I -i)

n n

Average current in solenoid in this period is given as

Averape magnetic induction at the center of soleneid is given
as

Bavg= F“ﬂmza\rg

_ pnCE k—i
B ™ ar n

(vii) The magnetic induction due to a current carrying thin
walled tube at an internal point is always zero, However if a
longitudinat cut of width b is made i the tube as shown in

Magnetic Effects of Currents :and Gisssical Magnafisi
figure, then symmetry will no longer exist and inside magnetic
induction will not be zero. A net magnetic induction will exists
at an internal point. We consider a point Pinside thetube ata
distance r from the slit as shown. The net magnetic induction
due to the tube at point P is equal to the magnetic induction
produced at P due to the current in the portion of tube which is
removed to make the slit. As slit width is verysmall the current
in the slit width h is given as

The magnetic induction at point P duc to the current in the slit
portion of tube is B, as shown in figure which is given as

Ko P
4m® Ry
The magnetic induction due to the tube with the slit is given as

B, which is equal and opposite to B, so that when tube is
complete both the fields will nullify each other. '

(2
, —— ik
:Uuls:ilu 2aR —

B 1 2nr 2 I

{viif} Above the plancat a gencral point P as shown in figure
we apply Ampere's law on the circular path and because of
symmetry about the axis of wire, the mapnetic induction at
every point of the circular path is along the path so we have

B2mry=p,J
Bt
= B= 2ar

Similarly if we consider a point £ below the plane and consider
a similar circular path then the line integral of magnetic field
will be zero as no current is enclosed by the closed path so the
magnetic induction at al] the points below the plane will be
ZEero.
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(i) The magnetic induction inside the tore of the toroid is
given as
_ !’I'rp'ﬂ NI
B= ok
100x47mx1077 x1000x 2
= B=
2ax0.25
= B=16x102T

Solutions of PRACTICE EXERCISE 4.3

(iy  Fornot tostrike the plate the radius of circalar motion
must be less than the distance of the plate as shown in figure.
The radius of particles in circular motion is given as

J2mE

qB q8

f—— i ——>F]
:);—b\_‘ A Plate

Accelerator ' s l

Tube ! \\ [

F F

] 1 'j

i &

L s L &

R {x

7

o /L

Larger radius will be for heavy particles and for not to strike
the plate we use

R<d
2mE
= =d
gB
2mE
= B> p
JZx1.6x10728 x1000x1.6x107"°
= B> 5
1.6x107 x0.01
= B> 2T

(i}  {a) Theradius ofhelical path is given as

mysmB
_ mysin®  9x107 x10® xsin20°
= Ry 2x(L.6x1077)
= B=96x10°T

(b} Thetime period of circular metion in magnetic ficld by a
charge particle is given as

2nm,  2mx(9x107Y)
Bg  (9.6x1073)(1.6x107")

= T=3.69%107s

(¢) Velocity component parallel to magnetic field is given as

v, = voos 20°= 108 x 0.9397

= ¥, =9.397 x 107 m/s

Thus pitch of the helical path is given as
p=v, Xt

= P=9.397x107x3.69 %1077

= p=3468m

(iii} The radius r of the circular motion in magnetic field is
given as

mv
r= ——
qB
For proton, we have
, =¥
I4
d,B

For deuteron, we have

myVy
r,=——0
d
d;B

o mve e
r, mv, 4y

()

Given that kinetic energies of the twa particles are same so we
have

1 v =2 2
2 T S MaVd

| v m 172
= 4 = [—"] @

Substituting the value of v J/vp from eqquation-(2} in equation-(1),

we get
12 12
o mg | Py my
i = —'x[-'—- = | — = ,JE
v, My, My m

b

- r,= \/E.rp=1_414x{}.}5=0.212m.
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Given that the kinetic energy of electrons is 2keV. Sowe

()

can calculate the momentum of ¢lectrons as

1
5 m=2keV

%mvz=2x 103 % (1.6 % 10719))
mv=2mx 2 x 103 % (1.6 % 1079
my=[2 (9.1 x 1073)x 2 x 103 x (1.6 x 10~%)]12

UL ¥y

mv=2.41 x 1073 N-s

To hit the point § distance G5 should be at least equal to one
pitch of the helical path {ollowed by electrons so we have

2amycos 0

Gs 4B

_ 2amycosb
g{GS)

_ 2x3.14x241x107% x0.5
1.6x107 x0.1

= B

=473 10 3T

v  The kinetic energy of electron is 15000 eV. Thus we use

1
Emv2 =15000eV = 15000 x (1.6 x 10-1%)J

1
= Emv:‘ =24x10717

2x(2.4x107%)
= vl == | =73x107m/s

9.1x107
Radius of eircular motion is given as

my
?‘—qB

8.1x1071)(7.3x107)
r:
(1.6x107Yx(250x10%)

={.0166m

(w) Figure below shows the situation described in the
question, When the beam will be focussed on point Pthen the
distance AP must be an integral multiple ofthe pitch ofhelical
path, For a slightly divergent beam for which we can consider
cosB 1o be approximately equal to unity the pitch of helical
path is given as '

_ 2amy  2n2mgV

e b et e

Magnetic Effects of Curents and Classical Maghetish]

b

\

Vi )

bemmemm 1= NPy~ o]

' For the magnetic induction B, ifthe distance AP is N times that

of the pitch then for the magnetic induction B, this distance
will be (¥ + 1} times the pitck so we use

= N[ZﬁJquV]

¢
pry @

and [=(NV+ 1)[L WJ @
gh,
I i o L "?’""V

- SuzmqV
= (B,-B)P= 7

83’V

q
=3 — e ——
m 32(32“31)2

(vii) The magnetic induction of the solenoid is directed along
its axis. The magnetic force on the electron at any instant wili
be in a plane perpendicular to solenoid axis and the trajectory
of the electron in the seleneid will be an arc of a circle, The
radius r of the circular arch is given as

r=— (D)

The trajectory of the clectron is shown in figure below
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If eleetron leaves the solencid at point Cthen from figure we
have

LAOC= % LAOC

W R :
an— =~ -2
From equations-(1) and (2) we have
§=2tan” [@) .3
my

The magnitude of velocity remains constant over the entire
trajectory so the transit time of electron inside the solenaid is
given as

g: —_ = —Xa

v el

2m _I[BBRJ
= ——1%an

el mv

{viii) The force on electron is given as

F=gqvB
Magnetic induction at point R is given as
] I
m(5)  2m(2) 4w

Substituting the values, we get the force on electron as

F=16x10""x4x10°x 107(1 +D)

= F=64x1021(1+])
= F=64x102(1+01=32x10PN
= I=4A

(x) The velocity cumponent v, of the particle is along Z-axis
and parallel to the magnetic ficld direction thus it will not
experience any force and will remain constant. Due to the other
velocity component v, which is in positive x-direction, particle
will experience a force in negative y-direction and it will follow
a circular path with center lying at a point C with position
coordinates (0,—R, 0) initially. Due to both velocity components
the resulting motion of the particle will be a helical trajectory
with axis paralel toz-zxis passingh through the point (0,~R, 0}
where radius of circle on XY plane is given as

m
=B
The angular speed of the particle in its helical path is given as
gB
w=——
m

© umm mamae o kb o sl e

In a time ¢ the particle will revolve by an angle ¢ along XY plane
which is given as § = wt. Xand ¥ coordinates of the particle can
be calculated by considering the projection of the helical path
on XY plane which Is a circle. The position coordinates of
particle at time f are given as

Ly Bt
x=Rsin®= — sin [q—]
gB m

my, gBr
dy=-R(l —cosB)y=- —*1{1- —
and y {1 —cosB) qB[ cos[ o J]

and z=v,t

(x3  Figure shows the situation described in the question.
The electron follows a circutar path with center Csuch that it
just escapes the outer shell tangentially and does not collide
with it, The radius ofthe circular path is given as

m
=

el

<

From the above figure we have the length OC given as

bor=~a& ¢’

= bP+r-2br=d+r

¥ -at
= ="
my _b-d
= eB 2
_eB(p' -a’)
= B 2mb

Solutions of PRACTICE EXERCISE 4.4

(i)  For wire to slide up the incline we use
Blizmgsina+pmgeosa

B> mg(sin o+ peosa)
- I
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]

mgsing

N

mg
mg cos o

N=mgecosa

(i} For the springs to remain unstretched the weight of the
wire must be balanced by the magnetic force acting on the wire
in upward direction. So for equilibrium of wire we have

Bil=mg
. . mg  1.0x1077x08
B 0.6% 0.4
= i=041A

For the magnetic force on wire to act in upward direction , the
direction of current shoutd be from left to right.

(iii) Repuisive magnitude force on wires per unit length is
given as

_ ol
2y

F

Figure below shows the forces on the wires in equilibrium
state.

For equilibrium of wires we use
27%in 0 = p N 2mr
2Teosb=Ag

Hol 2
2mhrg  2ni(LtanQ)g

pol” -

= tan9=

ugl?
4migL

= 8= \Juol? /4magl

(for small anglesweuse tan 0 =~ §)

= 92=

(¥} Initially the particle is moving undeflected that means
electric and magnetic forces on the particle are balanced which
is given as :

qE = gvBeosd

' E
= Y = Beoss -

‘When electric field is swilched off, the protons are moving at
an angle {(90° — ¢) to the direction of magnetic field thus path
followed by the particle will be helical of which pitch is given
as

2am
4B oo {2}

Substituting the value of v from equation-(1) in equation-(2),
we get

py=vsindx

= ———xsin¢ x 2
Pu Beosd gB
2amE
= = {an
Py~ g

)  Force on everyelement of width &/ on wire is Bidf. This
is perpendicular to the element in outward direction on all
¢elements so the loop opens into a circle, The tension in circular
loop can be direetly given as

_ Total scalar sumof radial force

2x
T= Eli _ 1.57x1.0x0.5
= - T T 2x3.14
= T=0.125N
(M}  (a) Themagnetic field at O will be only due to the curved
path which is given as
_ Bt
& 4R

The magnetic force per unit length of the wire at point O is
given as

F=Bi
=2
_ Bt
= R

_ 4x3.14x1077 x(64)
rx(0.1)
= F=2x10%N/m

==

N/m
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(b} The magnetic induction at O will he oaly due to two semi-

infinite segments of wire which is given as
B=x-P¢
4a(i/2)

The magnetic force per unit length of the wire at point O is
given as

F=Bi
= F::M
al
= F=1280x 107" N/m

(vii) By work-energy theorem we can state that the work done
by magnetic force in rotation of the square loop from initial
position to horizontal position is equal to the work done against
gravity in the process which is written as

W‘,fF - ’ngvﬂy =0
I
= =25
2
_ng
= B=7n

(viii} By impulse of magnetic force, if the wire attains a
velocity v in upward direction then we use

BllSt =mv

Byl

= y=—"—""
™

Maximum height attained by wire MV is given as

; N T
= — —
29 2m’g
(ix} Weconsider asmall element P oflength dx at a distance
x from the end O as shown in figure.
¥
B T,
¢ I
a ""-.__“_‘- ._H dx i.‘_
a Z ur‘“\?,‘”% € »X
i r;'\_-—"
- R "_,-' o : [+
z | B} ; i,
AR &2 ;

The magnetic inductions produced at point P due to 4 and B

are perpendicular 1o AP and BP which are givenas B, and B, .

O oo £t Wiraari

The magnitude of magnetic induction B, produced at P(x, 0, 0)

due to wire A4 is given as

tod '

2l +a*

Similarly, magnitnde of magnetic induction Ez produced at Plx,

B, =

0, 0) due to wire B is given as

Ho/

2V il +a?

The components of E‘l and Ez along X-axis cancel while those

B,=

along Y-axis are added up. As B, =B, =B, wcusc the total field
at point P is given as

B,=2Bcoset

pof x
= B,=2x X
P
211\/3:2 +a* \fx2+a2

Holx

= B,=—7F
Pooa(xt+a%)

Tiwe force dF acting on the current element due to net magnetic

induction at point P is given as '

dF =Bldx
2
= dF= —p"i Xd'z
n(x" +a°)

Net force on the whole conductor is given as

F=[dF = bol’x
{x® +a’)
ot e dx
= F= 1y (x*+a?)

-  p= “—"Ii[tn(f +a*)-In{a") |
2n

2 2 2
o g u_f_m[ﬂ]

[fthe current in wire 8 is reversed, the resultan magnetic ficld
due the two wires will be along X-direction and the force on the
conductor along X-direction will be zero.

(X}  At¢=0, the particle is at (0, 0.4m, 0) and velocity is
directed along positive direction of X. Thus the parficle is
moving in clockwise direction. As the particle is positively
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caarged, the current associated with its motion is also clockwise
or along positive X-direction at (0, 0.4m, 0). The magnetic force
on particle is towards origin so by right hand palm rule we can
see that the magnetic induction will be along positive Z-
direction.

(0: 0'4’0)-_"“ =5mfs

O]

2
X

The radius of circular motion is given as

,o %
! @B
mw,
- B=_1_1
A
B= 0.04x5 —0.5T
= TIx04

Now we consider the collision with second particle, Using the
law of conservation of momentum, we have

(m, )i =m ¥ +m,¥,
(0.04+0.010)% =0.04 %57 +0.010 x (40/m) k

= 0.05¥ =0.207 +(040mk
= v, =4m/s and v,=8 m/s
Due to v, combined particle tend to move clockwise along a
circular path. But due to velocity v, it tires to move uniformly
along Z-axis. So its resulting path becomes helical,
The radius of helical path is given as

_lmrmyy _005x4
T (g +g)B  2x05 0

Time period of revolution is given as

_ 2n(my +my)  28x0.05  ®
(@ +g)B 2x05

10
The axis of helix is located at

Yo=(r,~R)=04-02=02m

Angular displacement of the particle due to circular motion
along helical path in given time is given as

_ 1 - w/4D) | _ =
6-—211[2_}0&} 2E[_(W/10)] 2

Magnetic Effects of Currents and Classical Magnetism]

Thus after the given time final coordinates of the particle are
given as

x=Rsin@=R=02m
y=y,—Rcos0=02m

z=v,/=02m

(x) If we consider the wire is placed along Z-axis and the
initfal direction ofthe electron is along A-axis then the magnetic
induction in surrounding of wire exist in the XZ planc and it is
in the dircetion of Y-axis inthe plane of paper acting on electron
outside the wire, By right hand palm rule the magnetic force on
electron will act in negative Z direction due to which its path is
deflected as shown in figure-xx. The magnetic induction at the
location of electron when it is at a distance x from the axis of
wire is given as

Aleng x and z direction the acceleration of the electron is given
as

_ gvBsin® _ gqv. B
a, e m

(D

_ gvBcos®  gv, B
% m m

and

e(?)

As no work is done by magnetic force on electron, its speed
Temain constant so we use

245222
votvi=y
= v, = (¥ ~2)

= x

From equation-(1) we have
d

_ vxdvx _ }luiq dx
J(»% _Vi) 2mm x

)

2mx
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Integratmg the above expression we have

J v, av, Tpgfq dx

}("o“’ v2mm x
Joz =y - 4 2]

When x is maximum x=x, we have v_ = 0 which gives

P«of‘}
2mm

=

2amvy

= Kaid
X = ue

Solutions of PRACTICE EXERCISE 4.5

(i}  (a) Theequivalent current due to revolution of ¢lectron
in orbit is given as
Current = Charge * Frequency
i=(1.6x1077)x (6.8 % 101%)
= i=11x107°A

The magnetic field at the centre of circular orbit carrying a
cureent { is given as

Iy
B 2R
4rx107 x1.1x107
= = ]
2%5.1x10
= B=13.6T o
f}‘lfll 'rf ¥
&} Equivalent dipole moment of the rofating electron is gwen
as
M=id=ixm? !
= M=(11x 10 r(5.1 % 167112
= M=90x 107 Am?

(ify The torque on a coi! in magnetic ficld is given as
1= BINAsin® “

Where 8 is the angle which area vector or magnetic moment
vector of the loop makes with the direction of magnetic
induction.

As the angle between the plane of the loop and the magnetic
field is 30° which gives that 8 ==90° —30° = 60°, Thus forgue on
coil is given as

7=0.5x{.1 x20 > §.05 x sin 60°
1=43x10%Nm

bt AR A b i e

e -273]

The torque vector dircction is given by right hand thumb rule
for cross product of magnetic moment and magnetic induction
which is parallel to the 0 cm side of the coil and points
downward along negative y-direction.

(iii) The couple acting on a closed loop in magnetic field is
given as

v=BINAsin

Fer the triangular coil its area is given as

\
=3 {Base ¥ height)

1
= A= ) (0.02x0.01732)=1.732 % 10*m?
Thus torque on ceil is given as
T=5x10%x0.1 x I x(1.732 % 10 %) x ) X sin90"

= t=8.66 x 107 Nm

(v} (a) The magnetic induction at P is due to the circular
arc subtending an angle 120° and the straight wire MN. The
magnetic induction B, at P due to the circular arc is given as

of)
_mnl _N3) el

17 g 2 6a
The magnetic induction B, due to straight wire at point P is
calculated by using the result of magnetic induction dueto a
finite wire which is given as
f o7 /
/ Po
v i
4* Ly
The distance of the wire ﬁom P is given as
d= acos 60°=a/2

glong Z-axis

(s;n 60° + sin 60°)

‘ol

Pe?l{ ‘\/_ \/_
= B,=
4n(a/2)\ i)
I .
= B,= along (— 2) axis

2na
Net magnetic field at point P is given as

V'™ 6a 2 ma
_bolf1 3] .
= B= a |5 2z along Z-axis

Vectorially the magnetic induction at point P Is given as

el 3l
a_6 2?:_
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The velocity of particle v makes an angle of 60° with X~axisse  workdone on it is given as
its velocity vector is given as W= MB(1 - cos §) | D)

¥ = veos60° +vsin60° = 1 +Tj'

= v =2 +3))
r<< R

The magnetic force an charge  at point Pis given by Lorentz
force equation as

F, = 06xB)

Magnetic induction at commeon centre due to current in larger

The acceleration of particle at point P is given as coil is given as

Uk

Fy - =4 o2
30 == 74B) 2R ?
Magnetic moment of smaller coil is given as
= &, J{;(uﬁ})x&f&_zﬁﬁ My=nriy @
- m
o T [nitially, the planes of two coils are mutually perpendicular so
010910y 6 = 90° thus work done is given as
= & = ' W= (rr i) (1, i,/2 R) (1 - c0s 90°%)

o The workdone is equal to the final encrgy of the system which
(b) The torque on the current loop is given as is given as

%=A_4"x;§ 2;‘3
yita
U:.D—Z‘Rl_z ”_(4)

When the system is released, dipole starts rotating to attain
equilibrium position. The magnetic energy is converted into

The magnetic moment of the loop is given as

M =1Ix (Area of the loop)

Area of loop = Arc of the sector MNP— area of APMN kinetic energy of both the coils. The kinetic energy is maximam
when it reaches the equilibrium position or the Kinetic energies
= 1 2 ifa are maximum when the coils become coplanar. The two coils
A=—ma {v3a)
3 282 rotate due to their mutual interaction only and if one coil rotates
clockwise, then the other coil rotates anticlockwise.
na®  3a?
= A= ——- =0.6136 4* .
3 4 _ If 0, and @, be the angular velocities of larger and smaller coils
The area is in X-Yplane as shown in figure so vectoriallyitis  When they become coplanar then by law of conservation of
written as angular mementum we have
- n Tw =1 5
A =0.6136424 1072 % ©
o According o law of vonservation of energy we have
Thus torque on loop is given as
b, o 1. 4 '
. . Loy +=fws =1 :
T=(Ix0.6136a%)f x Bf 27 Tt ©
From equations (5) and (6), we get
= T=0.61361Ba" | 2
L. . =L == +-Lw;=¢
The direction of the torque will be along Y-axis. 2 1y 2
()  Figure shows the situation described in the question. 1. 5117,
When a magnetic dipole moment M isrotated through angle 8 = 512 2 —t L=vu

from equilibrium position, in a uniform magnetic field B, the
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(N

Thus maximum kinetic cnergy of smaller coil is given as

5120z = 2 7
2 2R 1/2MR +1/ 2.mr

Momriii, MR
2MRE +mrh)

y)
Lw; =

b |

(v} For equilibrium of beam balance as given in question
magnetic torque on coil C is balanced by the torque of weight
placed on pan so we use

Tnagnetic on € “weight of A

= BINA=Mgx1,
_ Mgl
= = INA

(vii) (a) Magnetic induction in space is given as
B =B(cos457 +sind5])

The area vector of the coil is given as
A =1k

Torque on coil due to magnetic field is given as

7 = I,(dx B)
= t = I,[1% x B(cos 45 +5in 45 )]
= i = I I? Blcos45° +sin45°(—)]
LI’B, . .
3= —i +

(h) Axisof retation of the coil is atong the direction of torgne
so unit vector along the axis of rotation is given as

(=7 + })/~/2 . The frame will experience a torque abont axis
SO 1n its plane and magnitude of torque is given as

<=LLB

Using the perpendicular axes theorem, the moment ofinertia of
frame about the axis of rotation SQ is given as

]. 4 2 2 2
== =ML’ |= =ML
2[3 ] 3

The angular acceleration of the coil is given as

T

a= -

I

L,’B 3B
2/3MIF M

Angular rotation of coil in time Afis givenas

1 2
_ LofAt
.9 2ut( )
_ 1 3,8,
= —x——xAt
= 2 oM
B,
= 20% Ay
= 0= @)

{viif} To calculate the magnetic moment of the given halftoroid
we consider an elemental coil of angular width 40 at an angle §
from the central line as shown in fipure.

The number of turns in the elemental coil are given as

dN= N e
n
The magnetic moment vector of the coil is in the direction
normal to the area of this elemental coil as shown in figure
which is given as

2
af=Ix" N a0
4 bid

M= %M’N 49

The component dMsin® will get cancelled out due to the
symmetrical elemental coils on the ather side of central line
and the componenet difcos8 will be added up as all these
componenets are directed toward left. Thus total magnetic
momento fhic halftoroid is given as

M= _{dM cos0

+f2
= M= | -‘%Idchos 840

-af2
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= M= %Id’N[sin 6]::3

i
= M= zfd NI -]

P
= M=—Id'N

2
(i) Themagnetic induction atthe centre of solencid is given
by

B=pni
o 200

= B={xrx107)x 025 x(24)T
= B=241x107°T

The torque trequired to keep the coil at an angle of 90° with B
is given as

1=BINAsin 9%0° ‘
= 1=[2.41 x 107¥% 0.5 x10 x [ x (10 x 1073
= 1=3.78 ¥ 107Nm

(x)  For amoving coil galvanometer we use

e

NEA

- _ 0 ohHeo)
Nid  100x1075x107

= B=90T

Solutions of PRACTICE EXERCISE 4.6

{i)  Atneutral point net magnetic induction is zero, Thus at
point P in figure the magnetic induction of magnetic 1s toward
south and that due to earth’s horizontal component is toward
north. The two fields cancel each other at neutral point so we
use at point P

B,=3B

r=10cm

et

Magnatic Effects of Currents and" Cfassioal, Magnefism|

2KM
= By=—
r
2x107 x0.2
0.1
= B =40uT
(ii) Figure shows the situation described in the question.

At Point P, radial magnetic induction due to dipole is given as
g KM 2x107 x6
| S V7S
= B, =1.5x 10-*T=150uT

Magnetie induction along east direction at point P, due o
dipole is given as

V3

B,=B,sin 60°= 150 *~

= B = 75{3uT

Magnetic induction along north direction at point P, due to
dipole and that due to earth is given as

By =B, + 8 _cos 60°

- B, =30+150(1/2)= 105:T

Lery

Net magnetic induction at point P in horizontal plane is given
as

By= B>+ B2 = (1057 +(75\3)2uT

= Bp=30431uT

(iif)y (a) The resistance of wire is given as

pl
A
Where length of coil wire is given as

R=

I =2y 50=21x 5 % 50cm=500xncm
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Cross sectional area of coil wire is given as
A=nx(0.01¥=nx 10*cm?

_ 2x107° x500%

ax107 -1

—

Thus current in the coil is given as

_E_10
i= o =—=IA

R I0

(b} The magnetic induction B at the centre of a circular coil is
given by

NI
Bz."_l']_

_ 4ax107 x50 ]
2x5%1072

Above calculated magnetic induction is to be equal in
magnitude to that of the earth's horizontal component of
magnetic induction and in oppesite direction so we have

=1

4rx 1077 x50x 7
2x5x1072
= I=5x102A

=0.314x 107

Potential difference across the coil
V=IR=5x102x10=0.5V

The plane of the coil should be normal to the magnetic meridian
to nullify the net field at its center.

)
figure

The situation described in question is shown in the

At the comenon center of coils the vertical coil produces a
horizontal magneie field B, and horizuntal coil produces the
vertical field B . Thesc are given as

HoVEy

B:
W o

HoiVi
2n

777}

If B, and B, are the horizontal and vertical components of
earth's magnetic field at the common center respectively, then
these are given as

By =, =4nx107x278T
and B, =B, tanB=47x 107 x 27.8 x tan30°T

To ncatralize net magnetic field at center we use

B, = F‘oz‘:fi =0y
- :f% (1)
and szpu_Nig_ =B,
2r
- =L Q)

Substituting values in equations-(1) and {2), we get
i, =1112mA

and i =96.3A

)  From figure we can sec that in a vertical plane at 30°
from the magnetic meridian, the horizontal component of earth's
magnetic field is given as

[ — =1
By=B,cos30
05
Magnetic~"]
Merdian

"V

Vertical component of earth's field at the point will remain same
as B,. So apparent dip will by given as

yif
o BB
By  Bycos30
0= tan 8
= tan 07= cos30°
= 0 =tan! [tan 8’ cos 307]
= 0 = tan~! [(tan 45°) {cos 30°)}
= 0=41°
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1278. e
{(vi)  The situation described in question is shown in figure
43,
‘:31
40cm
X

At point P the magnetic induction due to first magnet is given
as

g _ 2KM
1 riB
1077 x2x0.108
= 1 0.3y
= B,=8x107T

At point P the magnetic induction due to second magnet is
given as

#o 2M,

= —X
L

107 x2x0.192
0.9
B,=6x107T

= B,

=

B, and B, are mutually perpendicular to each other so the
resultant fild at P is given as

B= (B +B3) =10%1077=10T

(vii} IntanA position of magnetometer we have

2KM By

“;3— =BHtan30=ﬁ ¢
The magnetic moment M’ of second magnet is given as

M'=0Cm)(2 x2h=6M
In tan B position, -
K(6i1)

o =B,tan 0 ..(2)

Dividing equation~{2) by equation-{1), we get
i 6 1and
2 (/3

G

.1

tan G =

&

1
= tan B = Ix— = or §=60°.
5P

(viif) In horizontal plane, the magnetic needle oscillates due
to horizontal component of carth's magnetic field B, for which
the time period of oscillation is given as

I
MB,

T=2x

Above result of time peried is already discussed eatlier in an
illustrative example. Students are advised to remember this
result for oscillation of 2 magnet in magnetic field.

In the vertical north-south plane in mapnetic meridian the needle
oscillates in the total earth's magnetic field B, and in vertical
east-west plane which is a plane perpendicular to the magnetic
meridian it oscillates only in earth's vertical component B,. If
the time period be 7, and T, then we have

i
7i=2n|— and7,=2xn d

From above equations, we have

L _ 3y

% B
If  is the initial frequency of oscillation in horizontal plane
then we have

o By
n’ By
2
n B
and —§=B—V
n 4
Wealsoh B s 30‘:‘—i
e also have B, ~S*30° =7

and B—V =1{an 30°= —1-—
By NE]
B 2
= =12l =£ | =200 —=
(HJ 0 (ﬁ]
= 71, =21.5 oscillations/min
v . 1
d 2_afF | 2| 2
an ny=n (HJ (20} (\E]
= n, = 15.2 oscillations/min
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[Maghelic Eifacts of Carfents and Classical Magnefism

Solutions of CONCEPTUAL MCQS Single Option Correct

8o0l. 1 (C) The radius of circular trajectory of a particle in
uniform magnetic field is given as

When v is doubled, r is also doubled and becomes 5.0em.

Sel. 2 (B) We kuow that magnetic lines around a steaight long
conductor are concentric circles. If the wire is bent at a point
then due to non symmetric orientation of wire lines will no
longer be circular so these become oval in shape.

Sol. 3 {C) Time period of circular motion in magnetic field is
given as

Above relation is independent of speed so it will remain the
same. N

Sal. 4 (B) For clectron the distance is given as

1{ e} 5
___rl
¢ 2im, )

and for proton the distance is given as

£
1f eE 2
=0 f
2\ m, }
2
5% m ! 7]
= 2 :_P or _2_ = _P'
4 m, ] m,

Sol. 5 (A) In the sitnation described in question we have
kinetic encrgtes of the particles

Kp =K,=K_ =K{say)
We know that charges on particles are
q,=¢4,~ and ¢,=2¢

and m, =n, m,=2mand m, =4m

In uniform magnetic field radius of circular motion is given as

2mK

my
y=——=
q g8
- ;= ZmK
P eR
J202mdK
= =
d eb

279

J2(8mK

= ro= =r
o (2e)B p
= r, =1, <ty

Sol. 6 {D) Magnetic moment of & planer loop is along the
direction of its area vector which is normal to the loop and we
consider the vector direction depending upon the direction of
current in Joop using right hand thumb rule or right hand screw
nife.

Sol. 7 (B) Using right hand palm rule we can find the direction
of magnetic force on one wire due to the magnetic field of other
wire and analyze that parailel wires carrying current in opposite
directions repel each ather.

Sol. 8 (C} In uniform magnetic field the force on any current
carrying loop is always zero.

Sol.9 (B) At the same distance from the wire magnetic
induction is same in magnitude and direction is tangential to
the circular line of force passing through that point.

Sol. 10 (B) By the expression of Lorentz force we can sce
that if the angle between motion of charge particle and magnetic
field is 0° or 180° then net force comes out to be zero due to the
cross product in expression of force.

Sol. 11 (A) For a finite wire carrying a current the magnetic
induction is given by equation-{4.20) in which we can substitute
the values of 8, and 0,.

Sol. 12 (C) Initially the tangent galvanometer coil is kept in
magnetic meridian so that its magaetic induciton is at right
angle to the horizontal component of earth's magnetic field so
the caleulation of deflection angle in terms of both the field
induction is easier.

Sel. 13 (B) Here we use for the bigger coil, magnetic induction
at axtal point of a coil, it is given as
TS )
Y2 et @
Here we use for the smaller coil, magnetic induction at axial
point of a coil, itis given as

_Ho ir?
* 2 [rre(dryPr
32
B, 4 y 47 +d*
= B, @t +d?yn 4
_ B, _4_1
B, 8§ 2
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Sol. 14 (D) Usingright hand palm rule we cap find the direction
of magnetic force on one wire due to the magnetic field of other
wire and analyze that parallel wires carrying current in same
directions attract each other.

Sol. 15 (D) At the symmetrically located point between the
two wires magnetic induction due to the two wires will be
equal in magnitade and opposite in direction sa net resultant
will be zero,

Sol. 16 (B} Usingright hand palm rule we can find the direction
of magnetic foree on one wire due to the magnetic field and
analyze that it acts in upward direction.

Sol. 17 (A} Atadistance r from centre we have the magnetic
induction is given as

_to Gi)
2 r

Féx point 1 inner curreat is  but for path 2 enclosed current

through the symmetric ampere’s path is zero so option (A) is

correct,

Sol. 18 {D) We use the relation

M _q
L 2m

12 2
= M= [%) o) = (%}{%—J Qnf)= an

Sol. 19 (D)) Magnetic field around a straight current carrying
conductor is in form of concentric circles and inversely
propertional to the distance from the wire and same only in
magnitude at the same distant points from the eonductor.

Sol.20 (B) For geographical meridian,

0 %
tan 8, = B, cosa

In a plane perpendicular to magnetic meridian

By B,

tan 8,= =
2 Bycos(90—a) B,sina
tand,  sind
= =tana
tanf, cosa

Sol. 21 (C) In magnetic field the torque on a current carrying
loop is given as

T=MxB

Magnetic Effects of Currents. and Giassical- Magnefigm}

Due to restoring torque on coil when a current flows in it,
needle attached to the coil axis gives deflection on a calibrated
scale to measure the current.

" 8al. 22 (A) The force acting on a charged particle in magnetic

field is given by
F=q(@xB)
= F=qvBsin0

When angle between vand B is 180° the force becomes
F=0

Scl. 23 (C) As the wire segment in loop which is parallel and-
close o the wire carry current in same direction the attractive
force on this segment by the wire will be more than the parallel
segment of loop which is farther away of wire so it will be
overall attracted toward the wire.

Sel. 24 (D} When the electric and magnetic forces on electron
are equal and opposite then it can go undeflected in the region.

Scl. 25 {C) Themagneticinduction at the center of the current
carrying circular coil is given as

_ BN
B="r

Thus in the situation described in question it will become four
times of the initial value.

Sol. 26 (B) Time period of revolution of'a charge in magnetic
field is given as

_27:m
__Bq
T m
- it _M 9
T 4 m
% m
= T2=Tl><(qi—2)
qzxml

= T2=Tlx(%]x[-i-)=27'l

Sel. 27 (C) If R, and R, be the radius of the circular paths
described by the particles X and ¥ respectively in uniform
magnetic field B. Then we have

my
—— =gR
P
HaVy

and — =g4B
R, 1
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[Magnetic Effects of Currents and Classical Magnetism

my v,
R R

. m B .
S-S0

As these are accelerated by the same potential, the kinetic
energy acquired by these will be the same so we use

=

1 2 1 2
_ml‘v’ = _mzvz
2 2
= mvZ=my2 .
2
m v
= — | ==
My Y
W my .
= 2= )
W Moy

Substituting the value of (v,/v,) from equation-(2) in
equaticn-{1), we get

m_ ’ﬁ] [ﬂJ
My A\ Ry JY\my

p
m R
L E

my R,
2
m ( Rl ]
- —— E= | e—
my \ R

Sol. 28 (B) We know that magnetic force is always
perpendicular to the direction of motion of charged particle
thus s energy remains constant. Momentum changes because
velocity of particle changes due to change in direction.

Sel. 29 (D) As velocity of electron is parallel to electric and
magnetic fields it will not experience any magnetic force and
electric force in direction opposite to its motien so its speed
decreases.

Sol. 38 (C} Magnetic induction due to the single turn circutar
coils at their centre is given as

_ Mok

B, —2,3

Hols

and B, =
2 2?.2

Given that r,= 2r;, B, = B, and i, = 2/,

=

o

axn i 4

AT T
281 -

Sol. 31 {C) Theradius of a charge particle in magnetic field is
given as

= r= 4B
Here charge of alpha particle is twice that of proton and its
mass is four times that of proton thus radius of both witl be
same as their kinetic energies are same.

Sol. 32 (D) As we know that magnetic induction due to a
circular coil has a proportional relationship given as
[

Box —
-

Here number of turns becomes 4 imes while the radius becomes
(1/4) times. Hence B becomes 16 times.

501 33 (C) Electrostatic force between electrons is given as

1 e
= X —
¢ 4mgy ?

Magnetic force force between electrons is given as
F B v’
m .3 ?‘2
2

- v
S, E V= —
F, He ¥p 22

N

(Asweuse u,g,= 1/c%)

Sol. 34 (B) As velocity of electron is along the same line of
magnetic field, it will not experience any magnetic force and
electric force on electron will act in direction opposite to electric
field.

Sol. 35 {D) The radius of curvature of a charged particle
moving in uniform magnetic feld is given as

__n_!_l_’_v‘ZmK
r_qB_ gqB
,_ N2mK’
= r=
gB
N r_ (5)_ K/2 _ 1
r K K 2
= ! lr
r=—-
2

$ol. 36 (D) For the perpendicular motion a charge particle
moves in a circular trajectory in magnetic field.
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Sol. 37 (D) In the given situation the currents are in opposite
direction. The magnetic fields will be added up at O. Thus the
net magnetic field is along negative Z-axis,

Solutions of NUMERICAL MCOS Single Options Correct

Sol. 1 (B) Magnetic induction due to a straight current
carrying wire is given as

ded
B= 4 a (sin 90 + sin (- 0))

_Me i
= B= 4n 2 (1 —sin0)
p=toll___ b
= 4rma (az b2
@ T
; !
L ;
T 9034
ol A
(0,0} (2, 0)

Sol. 2 (D) The acceleration of the rod is given as
ilB

a=s—

m

Speed attained by the rod after time t is given as

[HBJ
V=|—|t
m

Substituting values we get

V=20cm/s

Sol. 3 (A) Magnetic induction. due to a straight current
carrying wire is given as

— "lﬂ[ . o T o
B= R (sin 90°+ sin 135°)
4m-—=
V2
Mol
= B= = (2-1)

Sol. 4 (B) Magnetic induction at point P duc current I, is
given as

._.7 . .
_.1= l"’DII i dnx10 x3k=(4><10'5T)k
2n(A4P) 2exIx 107 :

Magnetic induction at point P due current L, is given as

Magnetic Effects of Gurrants, and Claseical Magnerie

o Y

= Moly 41rx10"7x3}
27 2m@BP) T 2mx2x107

So net magnetic induction at point P is given as

B=(3x10°T)] +@4x10°T)k

j= =(3 % 10°5T) J

T mn
Sol. 5 (C) Intime 2" q_B which is half of revelution time

velocity will get reversed in yz plane which is given as
5 =2{-3}-4k

Net force on the particle is
g(E+vxB)=0

= E=-(xB) =—(2f -3j-4k)x2f =6k +8]

Sol. 6 (D) Magnetic induction at centre of coil is given as

Mol
Be= ok

Magnetic induction at a point on axis is given as
_ pol2nR?
’a W
According to given condition we have
Mol polx2nR?
4R an(R*+5%)?

oL L __ R
Y S
= 3 (R2+x2)3’2
= (R2+ 27 = 2R
= ((RZ + x2)3!2)2f3 = (2 R3)2ﬂ
= RBR+2=0Q% R
= 2=R2 (2% -]
= x=0.766R

Sol.7 (B) From the diagram in question, for equilibrium, we
can write
_ T +7T,=Mg (D)
Torque on ring is given as
{=Mx B =ipR? B sin 45°

- inR*B
2

Above torque is anticlockwise as viewed from top on xz-plane.
Balancing torque about mid point, we have
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it Efféat of Curtents a0 Clsical Magnetism

TR TR | kB
2 2 2
= T, =T,+wiRB
mg
= T}"TzzT D
Using equations-(1) & (2}, we get
Smp Img
=% ohT g
. 5_s
T, 3

Sol. 8 (A) Current dueto helium nucleus revolution is given
as

. 2x1.6x107"
2
Magnetic induction at centre is given as
_ !
8 2R

471077 x1.6x1071?
2x0.8

=p,* 107°T

Sol, 9 (D) Impulse on conductor when charge ‘-q’ passes
through it is

F=Bgl=mv

If “k’ is the height attained by conductor, we use

v=2gh
my2gh

= ="

Sol. 10 (B) ‘4’ records zero magnetic field when o particle is
moving on a line which passes through A, which happen when
tangent to path passes throngh 4. Angle covered between

2n
two such point B and C'= - as shown in figure.

3
[
L3 ]
; e
s N
Ry oy
; "'-._‘
Ag
% 220 4
R :é- / Cantll |
v -
(ﬁ(}ﬂ 2K e
N, e
LY -
\ f -
LYo
B

14 St e e e A vt T e

7783]

Sol. 11 {C) ByAmpcre’slaw we have
$B-d =pyf
For loop 4, ¢ B-dl = 1, (0)=0
For loop B, (ﬁl_i’-a=po(1+l—1)[=pﬂl 4
For loop C, (f)f_?-a:—pof

ForloopD, (ﬁ?-d_f =— |
= B>A>(C=D

Sol. 12 {A) The angle sublends by each wire segment are
given as
B= 360 =45
=g =

Magnetic induction at P due to arc of radius  is given as

Hod

Amp? X

= B=

Where ! is the arc length which is given as

R
{=8=—_r
4
pol
= x —*F
= B il 4
- _ Bl
lar
Total magnetic indcution is given as
_ ol bl
B = l6r 4= 4r inwards
Magnetic induction due arc of radius 2ris given as
_ _Bof
= = 2
4n(2r)

Where { is the arc length given as
1=0.Qn=x2r

= “01 xExzr
16m? 4
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Total mangetic induction due to all these arcs is given as

pel n wol .
B, = X — x2rx4 =5 —— inwards
2 oem? 4T r
Net magnetic induction at Pis given as
= EO—I + FLI = Sl mnwards
P4 8r 3r

Sol. 13 (D) Particle rotates in a circle in y-z plane, with radius
of cirele given as

mvy
==

Its time period of motion is given as

R
aB

n
aB

w

After time ¢t = o which is half the time period, particle
0

would have completed half circle in y-z plane, and will be at

2 VO

y=0andz=-2r= as shown in figure.

Ll g

z

Particle continous to move with constant velocity in x-direction
and will be at a location given as

X=V, i
0 Bﬂﬂ.

V)T 2
= Position is —°~,0,——v“—
Bya aB

Sol. 14 {C) Magnetic induction due to 44'and BB'is given
as

Mol
4nR

Magnetic induction due to CC’ and DD'is zerc at 0.
Magnetic induction due to B4 is given as

Bb,=

Mol

8R
Magnetid induction due to CD is given as

B,=

Magnetic Effects of Curcants and Classical Maghatiem)

.........

_ THof
By~ 3R

Thus net magnetic induction at O is given as

Mol

07 xR

Sol. 15 (B) The magnetic field at a far away fixed point on
axis of current carrying ring is directly proportional to dipole
moment of ring so we have

B ii?

Sel. 16 (A) At point 4, the magnetic induction due to hoth
the cylinders is along +y direction. The magnitude of induction
due to one cylinder is given as

Jd
B,~ He
4
Net magnetic induction at point 4 is given as
B=B +B, .
Hotd | _
= B= in the +y direction.

Sol. 17 (A) Asnetmagnetic induction at the center of coil is
zero, we have

Ho _ Nxpgh
2a(d +r) 2r
Sy _r s omxg
= T wmder) 35 22027

Sol. 18 (A) Themagnetic induction due to one proton on the
other is given as

— Hog¥
4mr?

The magnetic force on protons due to other is given as

B

2,2
o Hpg ¥
Fy=qvB= PR

T

Electric force on the proton duc to ther beam s given as

2
gkg _ kg
-
- Fo_ 1 @ pdV
Fy  dmey o2 Anr?
Fy 1 ¢t
= — = =
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[Magnetic Effects of Currents and Classical Magnetism 285}

Sel. 19 (D) A and Pwill have thesamemomentum Inmagnitude  Sol. 22 {A) To enter region 2, radius or particle in region 1
and they will move in opposite directions. They will move in  should be greater than d so we have
the circle of same radius and the same centre but in opposite

14
directions. If they meet after time ¢ then we have R= m_B >d
q
@,r T ot =2
gBd
2n 2% = Ve —
= {= = m
wy+@p 2e.B + Z2eB
4m  (A-4)m 1.6x10712 % 0.001x5%x1072
= V> 31
9% 10
; A A-4ymn
= =0
BA B
¢ = V> ) x 107 m/fs

2B 4m(4-4)

O == X o To come out of region 2 we use
2R>d
2{A-dr 48
= 8‘4 = _Q = _2_51.; 2m¥ oy
A . ) = _qB
= n =48
3 = V> —qu
2m
19 ~12
P &0 - -~ 1.6x1077 x0.002x5x190
2x9x107!
_}Z
P A 8
= V> 3 x 107 mfs

Sol. 28 (D) As time period of circular motion of a charge
particle in magnetic field does not depend upon its speed so it

Sol. 23 (B) Force on wirc ABC is given as
does not depend upon its kinetic energy.

| Fapc | =ilB
Sel. 21 (D) The particle will move along a circle of radins | Fapc | =) (5)(2)=20N
equal to the radius of circular region in which magnetic field is
present as shown in figure.

Sel. 24 (B) The charged particle moves in a circle of radius

4
E so we have

2

my
B =
s al2
2mv
= B=—""
ga
Radius of circular motion is given as
mv
R=—
g ®8
BR 5
m —all

_ 5x1075x4x(0.1)

710 =10 m/s= 1 mm/s
>

www.puucho.com



Study Physics Galaxy with www.puucho.com

Sol, 25 (C) Acceleration of particleis given as

_ q(vixBj)+qFk _ q(vB+E) P
4 m  om

Sol. 26 (A) Unit vecotr along z direction is given as

~ -

L=k
Magnetic induction in region is given as
B =3j+4

Torque vector on the ring acts along the direction
ixB=3j-4
Thus the ring will topple about a point located on the line

perpendicular to the direction of torque vetor which is 3§ +4; .
Thus the point on ring located in this direction is (3, 4)

Sol. 27 (A) Magnetic induction inside the solenoid is given
as ’ :

N,

B= Mo

Where Nare total number of turns & £ is length of the solenoid.
Time period of revolution of electron is given as

2nm
Pitch of helical path is given as
p=NT

Number of revolution in covering a distance £ along the length
of solencid is given as

L L-qB
N: . —
pitch  Vj-2mm
_ Mo N g
= N H2n m

Substituting values gives

7 11
o ATX10 x8000x4x+/3x10 =1600 x 10}
400.+/3 %27

Sol. 28 (C) Magnetic induction at the center of square and
circular loop are given as

ol

Mol
B =2J22%C g =
! J_r:L 2 2R

Ratio of magnetic inductions is given as

B _42R

B_‘g a n L
Aslength of wires is equal, we use

4L =2nR

5 _ 82 B o
= B, 2'B 82

Sol, 29 (B} The magnetic moment of the magnet is given as
M=10x10-2x2=20x 102 Am?
= M=0.2Am?

Torque on the magnet due to carth’s magnetic induction is
given as

1=MBsin 0
= 1=0.2 % (0.32 % 104 5in 30°
- =02 x(0.32 x 104 x (1/2)
= ©=32x10"Nm

Sol. 30 (B) Induced electric field at a distance R from center
is given as

L RdB_R
T4 2%
Speed attained by the bead is given as
v= iE—'t
m
For circuilar motion of bead, from below figure, we have
2
mv
B—N=——r
qv R
2
Rt
= N="22 3B +ai)
4m

Sol. 31 (B) Torque on bar magnet is given as

1=MB sin0

= Txsing

Tl Sil'l BI
= —_ =

7, sinf,

™2

= — = — or sin@,=1/2

T sin 0,
= 0,=30°
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Sol. 32 {A) Using Ampere's law for the given loop, we have
(f;(h'p +Bo)dl =y
= 12 G, =pf
= I=6A
Sol. 33 (A) Atx=0andy=+2mweuse
F}.m' = ﬁ}.ﬂ’ = ’Iﬁxf}]
Fypp = 60

Sol. 34 (B) If the springs are compressed by a distance x,,
we use for equilibrium of rod

2Kx,+mg=ilB
iIB—mg
= Xy = K
Length of spring becomes
I=1+x, 3

Sol. 35 (C) Let new angle of dip be 8°. Then we have

tan40  tand0x2
cos30 \E

This is more than 40°

tan 0'=

Sol. 36 () Magnetic induction at O is given as
= _ Mol (1h__L](_})+[LJ}+k“]
B= [ V2 vz

= x=2

Sol. 37 (D} Figure below shows the path of motion of the
particle.

x kY x
e X X
T v
P L
. f}
x i
@ v b1 k4
x X x
x=0 x=d

Deviation angle of paticle is given as

gt -4
S T vl Byg)
Hq__vsinﬁ

= m Bd

- 287]

Sol. 38 (B) The magnetic induction due to any one segment
of wire is given as

Pol

- o4 _
B an(dsing) {cos 0° +cos (180 — o))

Kot

= B=m(l—cosa)
S LA
= B= wnd tanz

P

i
V4
o
a4 \Ja
d s
%‘éf: N

Resultant magnetic induction at P is given as

Sol. 39 (D) Dip angleis given as

tan 0 =2B,/B,
= B,=B,,tan0=(0.35x 10~ tan 60°
= B,=0.60x10*T ‘

Sol. 40 (C) Inuniform magnetic field, magnetic force on PGQ
is equal to the magnetic force on straight wire P( having the
same current as shown in figure below.

4

. F—

» x{m)
Thus force is given as
F = i(IxB) = {POxB)
= F = 2[(4) x(-0.02k)] = (0.16})
F  (0.16] .
. =20 6y
: m .t
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Sol. 41 (A) Magnetic field at Pis B , perpendicular to OPin
the direction shown in figure.
So we have

B =Bsin0; - Bcosh }

Bol

Where Py

B:

]

sinf@= 4 and cos = —
or

]

E:——X_ _,x' =
w2 Ui=%) 2r(x? + )
Ylk
P Bsing
¢ :
Ly b B
Bcos
¥y
0 > X
x|

Sel. 42 (B) As time period is same in both horizontal and

vertical plane we have
B,=B,
B,
= tanP=—F =1
By
= §=45°

Sol. 43 (C) The radius of circular motion is given as
_mv  [2qVm [2Vm { 1 J
= g8 "\ Bg \ g \B

Sol. 44 (B) For equilibrium of the system, torques on M, and ‘
M, due to B, must counter balance each other so we have

- M xBy=M,x B,

If 6 is the angle between M, and B, then angle between A, and
By will be (90 — 8) so we have

M,B,,sit 8 =M,B,sin(90 -0},

= ME= M, T T3
= 9=tan’1(l]
3

Magnetic Effecis &f Gurrdnis shg Glassical Maghalimt

Sol. 45 (A) Magnetic induction set up by large loop at the
centre of smaller loop is given by
_ Bof 4mx1077xI5
2R 2x0.157
=6 x 1075 Wh/m?
Torque=pBsin 8=(NiA)Bsin 90
={30x 1 x 2(0.01)%} (6 x 105 (1)
=(9.42 % 1073) x (6 x 10°5)
=0.57 x 10°Nm

B

Sol. 46 (A) Magnetic induction at equatorial line due to a
dipole is given as

_ P M
B 4n ) .

107 x8
B=———— - =107T
(20x1072)

Sol. 47 (A) The magnetic field will exert force in negative
z-axis direction on charged particle while electric field will cxert
force in positive z-axis. As particle moves in a straight line, we
have

gE=qvB

g=E
= Ty
= B=10°T

Sol. 48 (A) Magnetic induction along the axial lne is given
as °

B:.p_ﬁxé{
4 d"‘
1077 x8
= =—
(20x1072)}
= B=0.125% 10T

Sol. 49 (D) When electron is projected projected in electric
field, we have

2
mvy
" =e (D
When electron is projected in magnetic field, we have
g _ .
T B (D)
Dividing equation-(1) and (2)
n o eE
"h ) evoB
i _Bw
= ?"2 E
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Sol. 50 {A) Magnetic induction at axial and equatorial line is

given as
Ey ZM)
B -—
axal 41‘1[ x3
_h(M
and Beq— 411(.:3)
= Py _1
ch‘af 2
5 B
= = 3

Sel. 51 (B) For equilibrium of sphere net torque on it due to
its weight and that due to magnetic forces must balance about
bottom point of contact which is given as

ng =T B
=  mgRsin@=nR% Bsind

. m
= B=

]

T

m

Sol. 52 (B) The apparent dip angle is related to the angle
between magnetic meridian and the vertical plane in which it is
measured is given as

tan 60 =

Hcos30
= J__Hccs:io
14
= tan8=§= 3><cos30=\5><(\/§/2)

= 8=tan" (3/2)

Sol. 53 (B) Magnetic field due to wire | at Pis given as

__ ko : .
B,= 4m(acos30%) (sin 30+ sin 30)
Hol
= Bi=—— =
41:(3‘/—5):.:
2

Due to wire 2 magnetic induction at point P is given as
Hof

s 43[%]2{1

Summing infinite terms of suck magnetic induction at point P
is given as

pusZInZ

41\/_ 3a

pol In4
471 J_a{k]

Scl. 54 (A) Magnetic induction at an axial point of the circular
loop is given as

_ pgNiR?
x 2( R2 + x2 )34" 2

- Ni
and B = B2

.= Sr B0

. R®
B, @97 _i2s
= B, @) 27
= B.= E><54 =250uT
27

Sol. 88 (C) Initially we have

ek =eVRB
E 32x10°
=== = =1.6% 10%m/s
B 2x10

When electric field is removed, electron will only be moving in
the influence of magnetic field and it follows a circular motion
with radius given as

_mV _ 9.0x107 x1.6x10°
eB  1.6x107' x2x107

_9.1x10™

2 =0.45m

Sol. 56 (C) The kinetic energy of the electron is given as

imv2 =eV
2

= v=(2 e¥im)'?

Force on electron is given as
F=evB=eB(2eVim)\?

When F is doubled, then wc have

F'=-2F
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Magnetic Effects of Curreris and Classical Magnetism|

Sol. 57 (C) As chargeenters magnetic field in directionnormal ~ Sol. 68 (C) To break off from the surface the'magnetic force

tot, it follows a circular path of radius given as, - on block is given as
yomv J3= mg cosb _
gB = gvB = mg cosl
d my = g(gsind.f)B = mg cos@
= 2 =;§ (0 , mcot 0
— =
As the particle is accelerated by a potential difference V, we 93
have Ja
1 2
V=—my
7”73 ' 0
2qV mgsin 0 mgcos 0
= o ..[2)
By solving equation-(1) and (2), we have ]
m="— Sal, 61 (A} Accerding to the given question, we use
8V
T 2miR Cllpy  2mi
Sol.58 (C) The fieldsat axis and centre respectively are given I (RZ+52)%7% 3| 4n X R
as
1 (p2 n 3 (p2 2
ey rir? = 8RI=(R2+x%)2 or (2RY =(R2+x?)
axls 4 (rz +k2 )312 = WR= (R2+I2)m or 4R2=R2+x'2
, = x= \ER
o 2mi
and Bcen.l‘re - 4 . T
Sol. 62 (D) Atanyinstant [y]=v,& component along y-axis
3 3 must remain constant.
B i r r
= =12 L 2N 3/2
Beowre  (r"+1) »3 ]:l+!ﬁ:| Sol. 63 (D) Magnetic ficld at P due to wire 1,
2
r
- “_0 . -2-@
1 4g 4
Baﬂs },2 -3/2 3 hz
Beonre 2 I PO,0,d)
2
B e 2r
2
= Beontre = Bawis _ 31~ Due to wire 2, magnetic field at P is
Beooure 2/
By 2(6)
By~an 4
S0l.59 (C) Themagnetic induction due to a straight wire at
some distance from it is given as 5 = [ ﬂ)_,l_q 2 X Ho E 2
by i . = wt = VBB T e
B="-
2nFr
Above result is independent of diameter of wire so magnetic M 2 10= Sky
induction will remain same, T d nd
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IMagnefic Etfects of Currents and Classical Magnetism

ADVANCE MCQs One or More Option Correct

Sel.1 (A, B, () Resistance of the rings is given as

_pl
R="

Current through the rings by cqual voltage sources is given as
V

= =

R

Magnetic field at the center of ring is given as

o B
8 2r

If we double radius and cross-se¢tional radius, then lenth of
wire will get doubled and cross sectional area becomes four
times so resistance witl be halved and current will get doubled.
As current and radius of cing both get doubled magnetic
induction at their center will remain same. Hence options (A),
(B) and {C} are corrct,

Sol. 2 (A, C) Magnetic induction at the center of first coil is
given as

Ha N
B=——=
b2R
_ (4rx107)(50)(2) _

. =) Arx 104T
25x107%)

At the center of sccond coil it is given as

_ by (4 x1077X100)(2)
2R, (2X10%107%)

B

By=4n~1] 04T
When currents are in the same direction, we use
Bnct = Bi * BZ
When currents are in the opposite direction, we use

B =B,-B,

Sol. 3 (A) The deflection in magnetic needle of tangent
galvanometer depends upon the magnetic induction at the
center of its cail which is given as

N u VIRN
€ o2 2r

VN FS

B 2[p(QmN}/S]  4mrip

From thc above expression we can see that only option (A) is
correct.

T

Sol. 4 (A, C,D) Dueto sheet the magnetic induction is given
as

b 1(28J)
B=—pj= 077 =
W= Ty T
The magnetic induction inside the sheet is given as
B=u,x

Sol. 5 {All} Net upward and downward forces on the loop
will get cancelled out and leftward component on wire segment
ab is more than that on wire segment be so net force on loop
will act leftwards.

Sol. 6 (A, D} While revolving in conical pendulam force
equations on the charge can be written as
Tsind + F=mo?(L sinB)

Tsin®=mg
mg . . ,
= sin 8 + 8(wl sinf)B = mw? Lsind
cos
2 .
Lsin8 i
N B= ey 'sm __mgsin{
(lsin@lg ~_ cos@
{wLsin0)g
ma mg 1 g
B = — = —}{}—
= g gqwlLcosO B[ mLcosB]

Sol. 7 (B, C) The magnetic induction directions at different
locations in surrounding of wire on the line are shown in figire
below.

B, H B B,

f & g 1
1 3
B

2

Sol.8 (A, B) We ve discussed that magnetic field is produced
by moving charges. Even in magents the magnetic field is duc
to the revolving unpaired electrons in the material. Practically
in a magnct magnetic field is produced throughont the volume
of the matcrial of magnet not just at its ends or poles. Magnetic
poles is a theoretical concept for understanding the calculation
of magnetic field mathematically. The magnetic lines in case of
4 current carrying straight wire are concendric circles whereas
a bar magnet produces magnetic ficld which is similar to that of
a solenoid. In case of a clockwise current magnetic induction
is inward so it behaves like a south pote and vice versa. Thus
options {A) and (B) are correet.

Sol. 9 (A, B, C) For a random shaped current carrying wire
we’ve studied that the net magnetic force is equal to the force
acting on a straight wire carrying same current and length
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{292

&qual to the line joining the end points of the wire. In above
case the mesh can be replaced by a straight wire of length 4C
so force is given as

F=Bi(\2a) x2

By symmetrywehave V, = ¥,= V¥,
Hence options (A}, (B) and {C} are correct.

Sol. 10 (A, B, D} As ¥ L R particle is performing circular
motion in xy plane with radius of circle given as

Radius of x?+y?*—4x—21=01is5m
Radius of x?+)?=25is 5Sm _
The time peried of revolution of particle is given as

Sol. 11 (C, D} Magnetic field can not increase speed of a
charged particle. Since magnetic field never changes speed
thus no change in energy will happen. Since the component
of magnetic field perpendicular to the the motion can affect
the direction of velocity it can make it in circular path
centripetal force is always perpendicular to it's velocity
direction.

Sol. 12 (A, C) Time period of motion is given as

2mm 21

" Bg aB,
At PR o
_0. 0 2

Velocity of particle is —vyi + vglz
Speed of charge in magnetic field always remains constant so
it will be

v= Vn\/i
2n
At t=——=T
By
Displacement is equal to pitch which is given as
Ax=V,T= 2y
0 i (IBO
Pl
A - _i\ i '
o = By =
\
\

Distance is given as

2\/5 4341
B,

Ax=vxT=

Sol. 13 (A, B, C) Already we’ve studied that both deflection
and vibrational magnetometer are used to determine magnetic
moment of a bar magnet in ferms of the earth’s horizontal
compeneat of magnetic field. If both are given then value of
B, can be eliminated and we can calculate the value of
magnetic moment of bar magnet without using the value of
By A tangent galvanometer is used to determine B, not
magnetic moment of a bar magnet. Thus options (A), (B) and
(C) are correet,

Sol. 14 (A, D) Radius of the helical path is given as

Ro=b = myvsin@;  mvsin30° 1 ant
= b= T B 5 constan

R =k mvsin®,  mvsin60° 3 anit
=h,= — = = — x constan
2 Z qB qB y)

Time period of motion in helical path is given as

I =g - 2nR 2mxmvsin30°
T Vosin®,  gBvsin30°
B constant
2nR, 2mmysin 60°  2mm
and T?.:ﬂz: - S - =
Vsin0,  gBvsin60°® gB
y R w2 1
= 0 R, 32 3
L_a
= Tz ES a, =ag=1
Pitch of helical path ts given as
P=vcos@xT

= P,=T,xvxcos30°
= P2=T2x v x cos 60°

B Tcosige 372
=> = ae—— = = 3
¢ B Teos60® 1/2 B
From above equations we have
b= —; c=3
a N Jg y ©

= abe=1l;a=bc

www.puucho.com



Study Physics Galaxy with www.puucho.com

iMagnelic Effects. b’fﬁCu:rentgwahﬁwé”@égjs_,ijr';i:_t_ Magnetism

LI R

Sol. 15 (B, C, D) Let Oand P be the end points of wire. Hence
force on current carrying wire placed in uniform magnetic
induction s given as

F=I(OPx B)

Sol. 16 {A, D} Since the conductor is electrically nentral, both
A and B do not observe electric field. Current in conductor is
same for both 4 and B so both will observe same magnetic
field. Hence options (A) and (D) are correct,

Sol. 17 (A, B, C) Asthedipneedle is placedin a plane which
is normal to the magnetic field, it will not experience any torque
which can rotate the dip needle so it can stay in equilibrium in
any direction. Hence options (A), (B) and (C) are correct.

Sol. 18 (A, D) Torque on the wire frame due to ifs weight is
given as

T, =0.5gx 11 =5{
Magnetic torque on wire frame is given as

1,={-0.5x47)x B
x and y eomponent of magnetic induction does not exert a
torque on the loop as it is hinges along side 4B so only z
direction magnetic field is required which can counterbalance

the torgue on the loop due to its weight so options (A) and (D)
argcorrect.

Sol. 19 (A, B,C) At peomagnetic pole the direciton of earth’s
magentic field is only in vertical direction so it will not exert
any net force or torque on the magnetic cornpass needle in
horizontal plane thus it can stay in equilibrium along any line
in horizontal plane. As there is no restoring force on needle for
any position it cannot oscillate. Thus options (A), (B) and (C)
are correct.

Sol. 20 (AB) vis eéuai ¥, as speed of particle never cﬁanges

in magnetic field as force is perpendicular o velocity always. -

And if speed is not changing then their components also not
change
v COsQL = v ¢osf
= Vo=V
= a=p

In triangle PO, we have
. PO oQ %Y

sin(a+B)  sin(90-q)  cosa

. . my
OQ = radius of that circle =

)
sinfa+ 3% R
po- SMetB)xR
CoOsS L
sin 2ot my;
L

cosa qB

Asa=§, wehave

: 2sinctcosa my,
= pg=————1L

coso. gB
= rg= 2mVysina
gB

We know that to cover complete circle particle will take time

2rm

Agshown in figure in this case particte has covered 360 — (e + 8)
angle or we have

(360-20)=2{180—0o)=2(m— o} angle
Timetaken by particle in covering this angle is given as

- 2m(n—o)
Bq

Sol, 21 (A, B, C) The magnetic force on charge is given as
F= gvx B

= F=a[0d + )<l )]

= F=q@-)k

No force acts on particleifx=y
Foc{x*—y)ifx>y

Fisalongzaxisifx>y

Sal. 22 (A, D) As inside and outside a current catrying
cylinder magnetic inductions are given as
Bin «r
I

Bout o« ;

and
The energy density of magnetic field in space is given as

B2
H,= = —
T 2
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Sol. 23 (A, B, D) Conductors are electrically neutral and
produce maguetic fields on each other. Magnetic forces caused
by the electrons on each other are weaker than the electrostatic
force between them.

Sol. 24 (B, C) The current in coil is anticlockwise which
produces a magnetic induction in upward direction so
according to Lenz's law the magnetic field due to magnet is
either increasing in downward direction or decreasing in
upward direction. Hence options (B) and (C) are correct.

Sol. 25 (A, D} Observer A4 will observe that charge O is
stationary whereas B will feel that charge ( is moving in left
direction. Since magnetic fields are produced whenever charge
moves so magnetic fields are observed by B and electric field
is observer by both 4 and B.

Sol.26 (A, B, C) Onwireab in equilibrium mapnetic repulsion
will be balancing its weight and by slight displacement of wire
ab in either direction vertically we can see that its equilibrium
13 stable,

Sol.27 (A, B, C) Since 4/ and B areparallel for all elements
on the loop so, dF =1, (dl x B)=0for each smali element

Megnetic Effects of Currents and Ciassicél Magnatism]

So, no magnetic force acts on loep

Sol.28 (B, C) Path will be helix in (A)and circular for g = 90°.
For (B) since velocity is perpendicular to magnetic field so
path wilt be circular. In (C) magnetic field never changes speed
as work done by magnetic force on a freely moving charge
is always zero. In (D) electrons will move in opposite direction
since their velocity is opposite.

Sol. 29 (A, B, D) Torque acting on loop is given as
t= 1'abBusin9

The torque direction can be given by right hand thumb rule
which is along —y divection and it has a tendency ot decrease 6.
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[Efectromagnstic induction and Alternafing Current S gk
1

CONCEPTUAL MCQS Single Option Correct Solutions of PRACTICE EXERCISE 5.1

1 (© 2 (A) 3 (€ (iy  When the planc of coil is perpendicular to the field,

4 (B 5 ® 6 B magnetic flux linked with the eoil is given as

7 () B (C) 3 (A)

19 (8) " © 12 (D) & =NBA

13 (O 14 (B) 15 (© When the coil is furned throngh 180°, magnetic flux linked with

16 (C) 17 (C) 18 {C) it is pi

19 (A) 20 (A) 2t () 115 given as

2z (D) 23 @D 24 () ,=-~NBA

25 (C) 26 () 277 (@) _ ] ) o

28 (D) 2% (D) 30 (C) Change in flux linked with the coil is given as

31 B) 32 (D) 13 © Ap=—2NBA

4 (D) 35 (D) 35 (©)

37 (B 38 (A) 39 (A) Average induced EMF in the coil is given as

40 (B) 4 (B 42 (D) _

43 (C) 44 (A} 45 (W Ad| 2NBA

46 (C) 47 (A) 48 (B) €= E = '_Ar__

Mo (C) 50 (D) 51 (C)

52 (B) 53 (A) 54 (©

55 (C) 56 (A) 57 (8) 2x1000x0.4x107 x500x10~

58 () 58 B) 60 (D) = €= 0.1

61 (B) 62 (A) 63 (D) '

= e=0.04V
NUMERICAL MCQS Single Option Correct

(i) When the ring moves towards right, then its due to its

1 g; : E:; : Eg)) displacement the EMF induced in each ofthe two semicircles
7 D 8 (B 8 () is given as
10 (D) 1 (C) 12 (B) _
13 (®) 14 (A 15 (B) e =Bdy w1
:g E:g . ;; E:; ;2 Eg)) By right hand palm rule the upper point of the ring is at high
22 (B) 23 (D) 24 (C) potential so current flows in the left loop in anticlockwise
25 () 26 (C) 27 (B) direction. The two semicircles behave like two identical sources
28 (A) 29 A 30 (©) in paratlel with each of EMF given by equation-(1) with internal
3 ® 2 O 3 m resistance given as
34 (B) 35 (B) 38 (D) g
37 (A) 38 {A) 3D B) -
46 (D) M © 42 (B) r=(nd/Z
43 (B 44 (D) 45 () Therefore equivalent resistance of parallel combination ofthe
46 (O 47 (B) 48 (A) tw ‘circles is /2 which i alt
49 (B) 50 {B) 51 (C) . QA SEMICITCISs 15 /.2 WALCH 1S €qual 0
52 (D) 53 (B 54 (A)
55 (A) 56 (D) 57 (A) L. ﬂi
58 (B) §9 (C) 8¢ (D) 2 4y
81 (D) As ratls have negligible resistance and hence the equivalent
resistance of the circuit is given by
ADVANCE MCQs One or More Option Correct
r  ndk
1 (A CD) Z (B.CD 3 (ARD R= 2" "4
4 (A, B) 5 (ABC .08 (A0 e -
T A0 8 (A0 8 (Al Induced current in circuit is given as
10 (A, O 1 (80 12 (A.B,D) :
13 (A © 14 (©) 15 (A, C) =& _ 4By
16 (A, D) 17 B,C,D) 18 (A, C) R m
;g Eg g) D) ig Ei g g}) i: Eﬁ’, (é') D Current throngh each semi-circle is given as
25 (B, D) 26 (B) 27 (8,0 P
28 (A, D) 29 (A, B, D) 36 (B, D) i=-=0
31 (Al 32 (B, C) 33 (A0 2 2R
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Foree required to maintain velocity of ring is equal to the
oppoesing magnetic force on the two semicircular parts which
is given as

4AB%vd
A

F=2xB(i/2}d = Bid =

(ii) (a) Maénetic field produced by the bigger loop at the
centre is given as

_ BV

BZR

_ (Anx107)DWm
- 2x0.1

The field is perpendicular to the plane-of the Joop.

= =2ax 108T

The magnetic flux linked with the coil is maximum when its
surface is perpendicular to the magnetic field and it is given as

$=BA
= $=2nx 106x5x% 104=10mx 10-°Wb

(b) Average induced EMF in one rotation of loop is given as

A_¢|_2Xl0nx10‘w
Y e

€” 2w
_— e=10"%w

{c) Induced current in the smaller loop as a function of time is
given as

e 1id(BAcost)
'“RR dt
. 5x10 P wsin ot

ﬁ i= —2._—

= i=25x10" g sinet

{iv)  'We consider an elemental circular strip of radius r and
width dr in the spiral as shown in figure-xx. If the elemental
strip/coil consist of dNV turns then induced EMF across these
dN number of turns at radius is given as

de= %ﬂ = %(m’z&{&?
d / ,
= de =dN nr? 27 Bosin ) i
= de=dNnr'Bymcos ot -
= de= [g dr ) 7P’ By cos o

Etectromagnetic Induction and Alteroating Current)

Total induced EMF in the spiral is given by integrating the
above expression for the whole radius of the spiral which is
given as '

N
e= Idt = _[:;dr.n ® B, cos ot r?

|
= e= E:tNBnazmcos ®f = e, CO8 O

Amplitude of induced EMF in spiral is given as

1
€©=3 nNa* By

(v (a) H Fis the instantaneous force acting on the rod
MN at any instant fwhen the red isat a distance x from the left
end and moving at a velocity v as shown in figure. The induced
EMF across the rod is given as

~

e=Bvd

The instantancons total resistance of the circuit at this instant
is piven as

Rp=R+2Ax
The current in the circuit is given as

_Bvd
(R+23x)

£
1= RT
The velocity of the rod as a function of x is given as
dx _ i(r+2hx)
dt Bd
The instantaneous acceleration g is given by
<) ey

d® Bd\dt) Bdl Bd

(D

a
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Ecromagal hiusion snd Aersaiig Cufrant | T T
-2
N = MRS Dx) S = e=BA8%% [Assin0=0]  ..@1)
2 32 : dt
B°d
, string so we can consider it like a simple pendulum of which
2i°A(R+ 2R i fon is gi
Fema= m{ ! ; T -x)] the motion equation is given as

=8, sin ! @

{b) From the shove eqution, we have o \ ,
Substituting the value of 8 in equation-(1), we have

FRq?

S il S . d .

¢ 2mA{R+22x) e=BA4 (8,sin wi) Z (Bi(J sin f)
Heat produced per second is given as = e=BA 8,sin @t 6, @ cos

H=R+2Mx

a ) = e= lBamGé sin 2ot
FB*d? 2
= = Here we have
Mechanical power supplied is given as _ E) _ 28 -
i ) 7 0392 Srad/s
WJ'[E} X, 2x1072
and 6,= 5 = a
! 0.392
= W=Fx % Substituting the values, we get
. L . P 1 21072
Cachdatmlg the fraction of mechanical power which is dissipated e= — x0.784% 3.92 % 104 x 5 sin 10¢
as heat gives 2 . 0.392
) =2 10%sin 10¢
Heatproduced _ H _ FB’d® _ Bd - c s
wotkdone W 2mh  Fi(R+2Ax) = e =2x10°V
¢ 2x107°
H Bd d =2 =107A

= S I — Lo M T TR T T

W 2min(R+2%x)

(vif) Consider a strip of the square as shown in figure.
(vi) Thesituation is shown in fgure.

x—w
Ll A A, i -
a i [y
y—
dy
! —
b _i Area of the elemental strip is given as
—— ‘:,,/ . \\ dS — ady
mg sin B % .
mg ™MEcost Magnetic flux through this element due to the straipht wire is
iven as ' -
The instantancous flux through the frame when displaced by &
an angle 9 is given as Haé
d=Blady)= 5~ (ady) - (1}
$=BAcos 9 4 X
Instantaneous induced EMF T]-]ﬁ rflag.netic field at a distance y due to current { flowing in a
Wire is given as
40 ,
e=—ﬁl’ﬁ)%':’l‘fsine-d—r _ Mol
dt Iy
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Total flux through the square frame is given as

+aq

o=fa=550 |

2n ¥y W
* %
wia  (x+a : AN
= ¢ 2% ( X }
Induced EMF in the square frame is given as
d¢
Tl
- poz’a( x J[ a ]dx
e=—_— -
In \x+a/\xtjdt
_ uoiazxv

= €” 2ax{x+a)

Above result can be directly obtained by calculating the
moticnal EMF-in left and right segments of the square frame

which are parallel to the straight wire and subtracting the
induced EMF in them.

(viii} Therotated position of the rod after a time tis shown in
figure-5.00 Consider a small element of length dx of the rod at
a distance x from the centre. The velocity of the element v=x&
and its distance from the wire is ¥ = (d — x sin wf). Magnetic
induction at this position is given as

Wi g
Zur  2n{d —xsinwi)

H

¥
Q- amt
v
/ s
The induced EMF in this element is given as

Pof{xw)dx
2a{d — xsin ©f})

|2, ——}

de =Bvdx =

In order to obtain the resultant EMF, we integrate this expression
from ~ a to + a which gives

_ pnin-c xdx
T 2n ' (d - xsin er)

B pnim( -1 ) zasmm_din(a’—asznmt}
2n i sin” ot d + asin wt

€= 2

Hof®d
= e= 5

d—asimowt .
din - —2asin wt
2nsin” of d +asinwt

I should be noted that the lower end of the rod is at higher
potential than upper ¢nd.

.

Electromagnetic Industion and Alternating’Clrfent]

(ix) The siluation described in question is shown in figure.
Ifat any instant of time ¢, during the motion of second wire, the
second wire is at a distance x. The area of the rectangle between
thetwo wires is xd.

Rail-1

SamenE MR

Rail-2

Rate of change of magnetic flux through the rectangle or
motional EMF in the moving wire is given as

dé .
e= 7 = Bvd
So, the current induced in the rectangle is given as

e Bdv

1= =

R 2d+x)p

The force between the two wires due te current flow is given
as '

oo Bold _ pod[ B i
T o2mx 2me)2(d+x)p

The force F', due to magnetic field on stationary wire is given

as '
Bév_| B

2Ad+x0p| 2(d+x)p

F'=Bid= Ba'[

The force on stationary wire initially is directed towards left
hand side because opposite currents repel cach other while
the force due to magnetic field will be directed towards right
hand side according to right hand palm rule so the resultant
force is given as -

F =F-F
_ _ By pd[ Bav T
e Ad+x)p 2| Ud+x)p
Bd%y Hodv
= F = —| 1=
nel Ad+x)p|  dnxid +x)p
The force will be zero, when
Hodv :
dax(d +x)p
For d>> x, we have
L
4np
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(x) When rod is moving at speed v, motional EMF induced
inred is given as

e =Bvi
At this instant current in circuit is given as

e—Bvl
R
Acceleration of rod is given as

_dv _F_ Ble=Bvi)l

=

dt m mR
dv Bi
=—dt
= e—8Blv mR
IR
= = =l
Oz:—BIv umR
Bt
——En —Bi
= glle-BmL =5
_ m[e—BIv]z B 1%t
e mR
- e—Blv _ e—lezt;me
e
2,2
_ & g E T mR
= v Bl( )

Al > oo after a long time the terminal velocityis given as -

€
V—)E

(d) Forpurerolling weuse
v=Ro
Motional EMF induced across points 4 and P is given as
e = Bvl=B(Ro)(2R)
= e=2BnR?

(xii} Aficr the ¢, the angular position of coil from vertical is
given as

0=49,cos ot
df .
= E——ﬁomsmmr

Attime f, magpetic flux through the coil is given as

$=BA cos 8 = B4 cos 1:90 cos [J% t]jt

EMTF induced in coil is given as

For small 8 we use sin § = 8, thus we have

A8
= B4 .
¢ dt

= e= BA{OQ cos J%—z} [Bumsing:}
= e= %BAB%msin[Z\/%r]

Soilutions of PRACTICE EXERCISE 5.2

@  Induced EMF in the lnop is given as

e=——_=2at—art

dt
Induced current in the loop is given as

= £ 2at-art
R R
If in an elemental time dY, heat generated is 0 then we have
do=IRdt
_[do=["I*Rat = °°
= 0= fa@ = T

The magnetic field inside the solenoid is given as

B=ugni ..

The magnetic flux-linked with the search coil is given as

(1)

$=BAN, e
- &= (g iN) 4N,

EMTF induced in search coil is given as

I
= u Ho NN
e =, A NN_(ijocos of) ...

The peak value of EMF is given as
ey =, A NN, i (B
Substituting the given values, we have

2.5% 1072 = (4x 107 x (1 x 1074 % (105 x (20) X 1 x 0

= 0=9247 rad/s
Lo _ 9947 _ .,
= J= 2 T ax3aa 18
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T

(i) Figure shows the situation described in the question.
Consider an element of width & in the loop C at a distance x
from the wire A as shown,

4 B
is ¥ [0
. — 1
d
. 2 !
0.lm : P
—» OIm

Magunetic field at the location of the element due o current i in
4

Mot
2mx
Arca of the element =d % dx

B:

Magnetic flux linked with the elemental area is given as
Hof
= —xdxdr
% 2nx

The magnetic flux linked with the entire loop Cis given as

N 3 pof _ boid (3d dx
q,]_J'dd;—jM[zm]dxdx_ 25 924

This flux is directed into the plane of paper. Similarly, the
magnetic flux linked with the loop C due to the current / in wire
Bisgiven as

_ {2 Mot _ id

This flux is directed outward perpendicular to the plane of
paper. Net magnetic flux linked with the loop Cis given as

=t
Noid . [ 4
= ——h -
% 2n (3]
The induced EMF in the loop is given as
d .
) —-uﬂ—lo e(BJd’

e=

dt 2% 4} dt
. 4 3
= e=2x10"x01xn 3 x10
4
= e=2x%10"In 3 volt

... Electromagnetic Tnducl

According to Lenz's law, the cuerent in the arm of loop-Cnearest
the wire B will be opposite to the current in B, so the current in
the loop will be clockwise,

() Let B be the vertical flux density of earth. The flux

_ through the coil of area 4 and number of turns # is given by

¢=nB 4
On turning over of coil, the flux changes to
t'=—nBA
Change in flux is given as
My=¢-¢'=nB A —(-nB A4)=2n B A

The charge passing through ballistic galvanometer is given as

9=

2x200x B, x(3.14x 0.125x0.125m7)
= g= C

800
= g=0024B,C

This charge gives a throw of 30 divisions. If & be the ballistic
constant, then we use

g =0.0245 B =36k | Al
The charge on the capacitor is given as
g'=CV=0.1x10%x6
= g'=6x107C

The discharge of capacitor gives a throw of 20 divisions so we
have -

g'=6x 107 =20k @

From equations-{1} and {2), we get

0.2458, 30
6x107 20
= B, =037x107°T

(W  Theinduccd EMF is given as

do d dB
= —_—— = _A.__
¢ dt dt BA4) dt

So for loop AEFDA, we have
e, =1 xx1=1V

For loop EBCFE, we have

e,= [llexl =05V
2
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{Eieciromagnetié. induction and Altemating Gurrent

Using Lenz's law, the directions of e,, e,, i; and /, in the two
loops are shown in figure using Klrchoﬁ‘s law at junction F, we
have

i=i+i, D
Applying Kirchoff's sceond law to loop |, we have

Ixi +1xi+1ixi+1xj=1
= 3§ +H{,-i)=1

= 4i,—i,=1 _ Q)

F(}SQC

Applying Kirchoff's Second law to loop-2, we get

0.51,- 1 xi+0.5%i,+1 %xi,=0.5
= 20,-(,-i)=05
= 34,-i=05 )]

Solving equations-(2} and (3), we get

= i,= %A

and i, = 2—2}\

From equation-{1)
. 7 3 1
I=1

(M) The induced clectric ficld is sct up as a result of the
changing current through the solenoid.

Inside the solenoid the induced electric field is given as

Inside the solenoid magretic induetion is given as
B=p, ni
( ni) = i rianl
2 a Mo -

This above ficld is for r < 2, and for an ouside point when r>a
it is given as

= E=

2
a“ dB
E: ———
dt
- E _I_azponf
2 r

(vii} (a) Fipure shows the induced electric field which is
tangential to the ring,

E E

A

Magnitude of induced EMF is giw:n as
d$ dB

e= na?, o =na’B,
The induced EMF sets up the indued electric field and tend to
setup a current which opposes the change of flux linked with
thering. Asthe flux linked along downward direction increases
and hence the flux due to induced current must be upward. So,
induced EMF tend to setup an anticlockwise current as seen
from above. )

The magnitude of the induced electric field established in the
ring is given as

e 1
= — = —abB,
E= o 2%

Torque on the ring due to the tangential electric fietd is given
as

t=qgEa
I »
= —g° B,
5 0d
The angular acceleration of ring is given as
_z |
“77
' la B{I‘I Byg
= as=- o om ()

{b) The angular velocity of the ring at time f is given as

oy Pt
2m
Thus instantaneocus power develnped by the forees acting on

thr ring is given as
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1 gByt
qzﬂgazz‘

= p= dm

(viii) Consider an elemental ring of radius » and width dr within
the cross section of the material. The EMF induced in this
elemental ring is given as

de= wz%(ﬁt) =B

Current through this clemental ring is given as

g de_='B__ n'B
R R p-2nr/ hdr
where /& dr is the area of the cross-section of the ring.
hBrdr
= = —2p
AB ¢4 4B
=)dl=—| rdr = —(b®-q?
= 1= = | 2 =)
(ix) Magnetic induction due to the solenoid at its centre is
given by
B=pmT
Flux linked with each turn of the coil is
b=BA=p nid

Induced EMF in N turns of coil is given as

d d ) i
e= NE = NZ(quA)=N|.1{,nAE
We have
44
dt 005
= e=100x4ax 107 <2 x 10¥ > wx (0% x 80
= e=64mx 103V

Charge flown through the coil is given as

._.'xr.—.ixt
q=1 R

_ (6.47%107)(0.05)
1 107
—32%105C

g=32uC

Electromagnetic Indus

Induced EMF in the coil is given as

®
d
¢ d? =nab

IfE is the induced electric field in the ring then for one halfof
the ring which if we consider to be of resistance r and current
in thering is I then we have

e . .
I= ——‘]wE -
H 2 !

and for the other halfofthe fing the resistance is i for which
we have

nr!=£+?taE
2
M- =2nak

= (@m+thd=e=ma’d

ab{ -1
= E= (TH'J
{xi) The magnetic flux through the loop is given as
¢=BA=Bxw’
EMF induced in the loop is given as
d$ 2 dB
e= ar = ftr Z
The current induced in the loop is given as
2
e wr°dB
R R -0

Where R is the resistance of the loop which is given as
R=p -
)

Where / is the length and =2 is the cross sectional area of the
wire. Mass m of the wire is given as

m=mna?i8

Where & is the density of copper.

! 128
= R=P TG~
- R )8
Frid
2.2
_ R=p4n r<é )
Mm

Substituting the value of R from equation-{2) in equation-(1),
we get

-

. nr? 4B m dR
I — —_— = —_—
p(4r2r3s/m) dr  4npd dt
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R N, + e

(xii) (2) We have already discussed that the mutual
inductance between solenoid and coil can be given as

- Moy Ny (TRY)
M==—
h
M= I—‘nN;NZSI
1

Induced EMF in coil is given as

=1

Mdf

_ BN VoS iy
6= M

L, dt

_ (Arx107)(25)(10)(5x107)(0.2)
- 1072

= €,

= e, =3.14x10°V

{b) Tnduced electric field is given as

E=%=—
i 2R,
3.14x10°°
= E=Tm025)
= E=2x10*V/m

{xiif}y EMF induced in coil is given as

a4
dt

Induced current in coil is given as

e=

20

e p—
R R
Heat produced in coil is given as

1=

¢ € 4x?e?
_f2p5 _ dt
= [iRdt = |
[ 4]
4k2r ]C
= H="7"17
R3]
ax*c?
::, =
3R

(xiv) Magnetic inducticn the location of smaller coil due to
larger coilis given as

pnNIaz
- 2(x2+a2)3f2

Magnetic flux through smaller coil is given as

¢=B.b?

EMF induced in smaller coil is given as

e=

48] _ poma’s” 3 .
df 2 2 (2 +a?)? A

3ueniNiab*xy
= e= 2(x2+a2)5”2

Current in smaller coil is given as

e 3ponNIa’hhwx

=R T 2RE +aD?

Solutions of PRACTICE EXERCISE 5.3

(i} A coaxial cable carries equal and opposite current in the
two eylinders. [fthe eurrent is I then the magnetic field in the
region between the two cylinders is given as

I

B=2C a<rgh
2nr

Where g and b are the radii of inner and cuter cylinderical
shells ofthe cable. The magnetic flux in an elemental section of

width dr at a distance » from the axis of cable within its unit
length is d¢ then it 1s given as

db=B.(}.d)

Total magnetic flux through a cross section in the region
between the shells is given as

¢=[do=[B-dr
. kol tor
= ¢= 2r r
a
Bol
= o ()
_ Mol
= ¢= o (1)
Self inductance per unit length of the cable is given as
_¢
=7
- L= "2
2n

{ii) . Ifthe separation belween the wires of doublc lines is
and if the wires carry a current { in oppuosite directions then
between the wires at a distance x from once wire the magnetic
induction is given as

www.puucho.com



Study Physics Galaxy with www.puucho.com

S

g I I
= —] + —_
B 2z ( x b=-x ]
If we consider an elemental strip of width dx at a distance x

from one wire which is ofunit length then magnetic flux through
this strip is given as

d=BdA=B(1.d)
PI b_n{i! b-a dx
R (e e

. ol [b—a]
—, L Ll Y

a

Self inductance per unit length of this double line is given as

()

(iti) From the circuit shown in figure the potential of point D
is equal to zero. Thus for the 4H inductor we can write

di

7 Vy—Vp=-40
— =-10A/

dr S

At the junction D by KCL we have

=it
di, di, di
—t 3
= i gt dt
= o dt
di}—lzsm
= dt_- 2 S

Writing equation of potential drop from point D to C gives

Vp+10-2x125=7,

Ve=—15V
{v)  Current due to rotation of the cylinder of length 7 is
given as
_g@ _MNo
2= 2In

By Ampere's [aw the magnetic induction inside the cylinder
can be given as

Rl
B=—
i

‘Electromagnetic induction and Altérnating Current]

The magnetic field energy density inside the cylinder is given
as

B
™ 2ug
Energy per unit length of the cylinder is given as-
U =M= E.i xmzl
m ! I 2’10
- _ 1 (pﬂlfm 2
™ 2ugl 2nl
- U _ }10110}21‘12
m 8n

()  Figure shows the cross sectional view of the coaxial
cable described in the question. The magnetic field B in the
space between the two conductors is given by

The energy density in the space between the conductors is
given as

_B L[E&T _ b
“rT g g lonr) | 8nin
Consider a volume element ¥ in the form of a cylindrical shell

of radii » and (» + dr) as shown in the figure. Energy stored in
this clemental volrme is given as

2

dU=u dv= 1Y x2mridr
m Br“r
:2
1{ d
- JU= %_of_[_]
da A\ r

Total magnetic energy can be obtained by integrating this
expression between the limits r = ato r= b which gives

omjor 1 ()

4r el r
.2
I {5
4n a
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The potential difference across inductor is given as
V,= Lé =5x1.0=5V
dr
As the current is decreasing the inductor can be replaced by a

source ofemfe= IL g = 5V in such a manner that this emf

supports the decreasing current, or it sends the current in the
circuit in the same direction as the existing carrent. So, positive
terminal of this source is towards b. Thus, the given circuit can
be drawn as

di
L

g= =5

E=t20}’

1k » \
1 L fi

L1

We write the equation of potential drop from a to & in above
cireait branch which gives

V—iR+V,—-E=V,
= V,=V,-V,=E+iR-V,
= v, =20+(2)(10)-5=35V

(vii) Potential difference across an inductor is given as

di
V _ L.—-
L7
.1
= di = —(Vpdt)
L
- J'di =i= l_fVLabf
L
1
= i= > (area under ¥, versus ¢ graph)
() Att=2ms

i={150x 103 [éx 2%107 XS}
= i=333x102A

{b) Atf=4ms
Area is just double. Hence current is also doubled.

{viii) (a) Duetorotation of rod motional EMF induced in it is
given as

Ry
=—RBriw
73

In the figure by right hand palm rule we can sce that the point
O will be at high potential and point 4 will be at low potential.

(b) Here we can replace thered by a battery of EMF obtained
in part (a). Now switch, resistance and inductance are connected
ir series as shown in figure which shows the equivalent circnit
of the given situation. At £= 0, the switch is closed.

il

If a current [ flows through the cireuit then by KVL, we have

E-IR- Lg{ =0
dt
dl
L—=F—
= r E-IR
L A
E-IR L
I !
dl dt
SN
‘E-IR L
» —liyE-rn-mE]=L
R L
_iln(E_RI]_i
- RUE )7L
E-RI
— o RIL
= E
= E—RI=EeRiL
= RI=Ef1 - R
E
= I= E[l — e RILY
2
= 1= 800 1 _eramy
2R
The force acting on rod due to induced current Fis given as
2.3
B ,
= 27 ¥y ReL
= F=——(1-¢*)

This force may be regarded as acting on the middle point of
rod 04, The torque produced is given as

BH%w
4R
The above magnetic torque acts in clockwise direction. To
maintain a constant angular speed o, an external torque 1 is
needed to be applied in anticlockwise direction with time

dependence.

T=Fx = (1—eken)

www.puucho.com



Study Physics Galaxy with www.puucho.com

E e

(ix) Steady state current in the irductor is given as
. _E
="

(a) This current in inductor starts decaying down exponentially
through resistances r and £ in series thus the current as a
function of time in inductor is given as
—(R+riyt
i=igRi= —e L

r
(b) Energy stored in inductor at £= 0 is given as

1
2

= (3]

During decay of current the above energy is dissipated in »
and R in same ratio of resistances so the heat produced in the
inductor is given as

-
= t
H’ [R+r) 0

EL
H= 2r(R+7)

U,=~Lis

(x) When the switch is closed at ¢t = 0 both RL and RC
branches in above circuit will bet connected across the constant
potential difference ¥ of the battery. Due to this transieat
currents will start flowing in the two branches independently
which are given as

& ;
and i = K[l—e L] =V g[l—e—ﬁ}

Total current through battery is given as

v
I=1+1= V\E; 7

{xi} If at any instant I is the current in the circnit, we use
KVL for the loop of given LR circuit, we have
' L di
n dt & ()

E
Weussatt=0,1=17 re 1, where [ is the maximum current

- in circuit which is given as

g
ID:E

From the equation-(1), after integration we have
[
(&/R-1) ¢

nR
L
nfy

Electrqmqu_e_{ijéifﬁaﬁcﬁlén and Alftemating Current}

i
R
= [—ln[%-—l]:} =TITI
My

g 1 { _ﬂ%
= i= E[ ~{n—1e

(xii} In the given circuit the upper two branches can be replaced
by a single equivalent battery by considering these in parallel
combination. Thus the equivalent EMF of the battery is given
as -

2 4
277 10

E=5—=V
1,13
271

Equivalent internal resistance of the equivalent battery is given
as

_2x1 2
T 241 3
Now considering the above circuit as a simple LR circuit the
current through the inductor can be given as

i= £[1~e-IJ
,

- _2000¢
= i=5|1-¢ ¥ |A

(xii) We consider an elemental shell of radius x and wall width
dx inside the cylinder as shown in figure. The magnetic
induction inside the wire at a distance x from axis is given as

1 Mg lx

R=— Jr =
o Ho*

ol
Lt §

The volume of the elemental shell of tength 1m is given as

dV=2nxdx xt
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Field energy stored in elemental cylindrical sheel is given as

! 2
d= 2 xav = L[”“—I’;)xzmdx
2pq 2pg \2rR
ol
40 = 1'1074
4mR

Tetal field enerpy inside the cylinder per unit length is given by
integrating above expression within limits from { to R which is
given as

Bl

Xdx
anR?

U= fdu =z

=‘ 1-1012 _R_4 _ 1‘0!2
4R 4 6%

= U

{xiv) In the given circuit applying KVL equation for the loop
gives

di
—ir—- L% =p
§ ’ dt
: L
& R
—
I
i
X =
;:SQ ‘E::
j di jdt
= — =17
IDE—IR (:L
1. { &-iR (
- 1 _L
R le-LR] L
5—iR _ ~Ri/L
= LR ¢
- = = [E (&~ LR)e P
R

Solutions of PRACTICE EXERCISE 5.4

()  {a) Ifouter coil camrics a current I then the mapgnetic flux
at the location of inner coil dueto current in coil 2.

Lo e e R e o7 i S A, e

307}

oribieni

The mutual induction coefficient between the two coils can be
given as

2

Mo Ta

2b
{b) Byreciprocity theorem same coefficent of mutual induction
can be used 1o calculate the magnetic flux linked with the onter
coil ifa corrent flows in inner coil. So the magnetic flux throngh
the outer coil area due to a current 7 in inner coil is given as

M:

|

2
e bema’l
b, =M= =2, —
i) (a) Weuse
4 412 ea
a 05 8¢
EMF induced in sccond coil can be given as
il '
e — T4 dt
M= e
= T dirds
= M=(50%103Y16
= M=3.125x 10°H
{b)- We use
di  3-9
7 o0m =-300A/s
EMF induced is given as
di
e__Mdt
SN e=—(3.125 x 10-3} (- 300)
= e=09375V

(i) The magnetic field at the location of one loop due to the
other loop carrying a current { in it, considering it as a magnetic
dipole is given as

B - 2KM _ p, ind®
2 p 2n P
Flux passing through the first loop is'given as
$,=B. na?
18 ina’®
= b= 0p p A
4.
HoRd 2
= =
. ¢'12 233

If Af is the mutnal inductance between the two loops then we
have

4
G2 _ T

M=o
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(iv} Forparallel combination, we use
Ll_z’l =24
L+I,
= L.L,=24 [AsL +L=10]
I 24
= =—
L
For series combination, we use
T L +L,=10 .
24
= —+L, =10
L
= L22—10L2+24=0
= 1,- 10£v100-96 “1200"96=5i1:4ﬂar63

)  (a) The magnetic induction B at the location of coil P
due to coil @ is given by

FolNoi
2R
Flux linked with the coil P is given by

B:

b= BAN, =B xm xN,

4 B NpN,inr?
2R
Mutual inductance between the two coils is given as
& Ko, T
M=%=""2r
_ 4rx107 x100x1000x nx{2x107%)?

M 2x0.2

M=3.94x10"H

() Induced EMF in coil Pis given as

di
=AM —
=
5-3
=(3.944 x 10| =2
= e=(3.944 x )[0_04]
= e=1972x 103V

(©) Rate of change of flux through coil P is given by

d
44 =e=19.72 7 107 Wh/s

dt
(d) Charge passing through coil P is given by
_Ad
"R

_ Electromagnetic Indtictlon and Alternating Gurtent]

19.72%x1973
= g=———7T—"""
8
= g=%86x10"°C

{v) The mutual inductance between solenoid and coil is
given by

M=u,NN 4
= M=(4rnx 107)(1000) (20) (10 x 10~%
= M=25.1x10%H
= M=251uH

Induced EMF in the coil is given as

i
e= M?; =25.1% 10=251V

{vil) {a) Initial potential difference across the inductor is

given as

di

L=

di _E_6 _ .
= dt L 25 S

{b) In the circuit when current is i, the potential difference
across the inductor is given as

V,=E-iR
i
= Ldf =FE—iR
di _E-iR
= d L
ﬁ _ 6-05x9 —o
= dr T 25 OBAK

{c} The current in circuit as a function of time {5 given as

¥
f—= (] — o-RUL
{ R(I e~iisy

Substituting values, we get
6
= —(]_ o-8%02525
i=3 (l—¢ )

= i=0.75% (1-0.45)
= i=0413A

(d) Steady state current in circuit is given as

V 6

~77%

iy~ % =g =075A
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(viii) In steady state, current through the battery is given as

E 20
hTRTS
= i =4A

This current distributed in inverse ratio of inductances when
connected in parallel. This gives the current through SH

inductor as
i= 10 x4A
10+5

= i=2.67A

- {ix) (2) Angular frequency of oscillations is given as
2
0= "2 =628 x 10 rad/s
f
Time period of oscillations is given as

1
=— =103
!

(b} Charge on capacitor as a function of time is given as
q= g, sin(wto)

At =0, g=g,= C¥;= 100 uC which gives

g = g, cos ¢
L1
© 0= 7
- el
o C
1

L= 6asx10) x10% 00253H

(d) Instantaneous current in circuit is given as

ﬂ— @ 8N wf
ar| %o

Average value of current in first quarter cycle is given as

() Initial charges on the capacitors are given as
q,=8CV)
7,=CV,
g, +q,= 9C Vo
In the absence of inductor, this 2C, V'will distribute as 6C¥, in

2Cand 3C¥| in C. Thus, mean position of g, is 6CV,and mean
position of ¢, is 3C¥, during osciallations of charge.

At t=0, g, is 2CV, more than its mean position and g, is 2C¥,
less than its mean position. So charge amplitude will be given
as

g,=2CV,

Net capacitance of the system is
2C

Cnct 3
The angular frequency of oscillations is given as

1 3
m — == —
JLc,., Va2ic

(@) Maximum current flowing in the circuit is given as

=g0=2CV 0

III!]K
(b} Atthe point of maximum current systcm is at mean position

and at this instant potential difference across capacitors are
given as

6CV,
V=g =3
3Cv,
and = o =3W

(c) Equation of current flow is given as

i=g,wsin of

(i) With key K, closed, C, and C, are in series with the
battery in steady state, we have charges on the capacitors
given as

go= C,gV'=1%20=20uC

(a) With X, opened and K, closed, charge on C, will remain
as it is, while charge on C, will oscillate in LC, circuit with
frequency given as

1

JLG,

1
= = =
‘Ja2x l'(__Ii’3 x2x107°
= =35 x [0%ad/s
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{b) ‘Since at z = 0, charge is maximum which is equal to g,
Therefore current will be zero. When energy in inductor is one
third of the capacitor is given as

=

4 _9®
Bie B

In LC oscillations current in circuit is given as

i=0\q; -q°
3

q=—2’%

Since at ¢ = 0, charge is maximum or g, 50 We can write.
g = g, cOs &f

2

Lok | =

=

=1

3
2
_x
= o= 6
N . PN —
' 6 6x5x10°
= f=1.05x% 1075

(c) At the above instant charge on capacitor plates is given
as

g= J_ J_xZO—IOJ_p.C

(xii} For the given LC circuit the equivalent circnit is shown
in figure. The oscillation frequency of charge in this circuit is
oiver as
= 1 1
2J(3LY3CY  6nvjic

la~ 3L
LRI

€, 3C
14
3giaag

(xiii) When switch is closed a current flows in the circuit as
shown in figure and as per given condition, we have

Electromagrtic. lnductm 1 and ¢

Total cnergy of system is given as

QZ
U+U.=—
¢ 2C
When charge of capacitor is ¢ during oscillations the energy
stored in capacitor is given as

2

-2
Ve 2C
1 0*
U +Ug ==
= 3 c c 2
4 g 2
. g &
32 2C
B
= =—0 .
q 2Q
0.2mH
ST
, s
[N
+ql{-—q
2uF

For LC oscillation the angular frequency is given as

Charge as a function of time on capacitor is given as

g=0cos ot
e-o={7iz)
= 22 0=0cos
2 975 Ie
¢ s
= JicT 6
= t:ll:- L =EJ0.2X10_3X2X10_6
6 6
T -

Solutions of PRACTICE EXERCISE 5.5

(i}  The given AC voltage can be written as
€= e, Sin i + e, cos @t

‘We substitute the below values in the above function to rednce
it
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[Eiéciromagnetic ‘inducfion and Alieriating Current

e, = €qcos 6
g,=¢,5in 6
This gives
e=¢,sin (ax +6)

Squaring and adding equation-~(1) and (2), we get

& +df =ef
= €y 912 +3§ ;
2
- e =2 [d +e5
2 2
Aliternative method ;

We can calculate the RMS value of the given time function of
voltage by using the formula for RMS value given as’

1 2rfw
e = I ezdt
s /e g

(ii) Total cwrrent in wire is given as
i=1¥ +i,sinw¢
Square of current in the wire is given as
i2= (i, + i, sin ©7)?
= P2=i2+ i3 sin? o + 24 i, sin of

Mean square of the current is given as

[ =il +ip (%}+ (0)

2
— 20

) B

= = |2 20

= L= ,)Im W+ 5

(iii) For the given time function as shown in graph the RMS

valuc of the time function of EMF is given as

1?‘;’2
Vo= beyoa'r
1(, T
= J=| ¥ox—
Vo T(° 2J
7
Vo=t
ms 2

.
)

@)

a8

®

Average value of the given AC current can be calculated

[ri2 by
- % I (ipsin® wt)dr + { (i, sincnr)dt]

/] Tr2

|

T2 Wi
I(l—cosZcot)dHio[—cosmt] ]
s W

\ riz

1 io 1 Ti2 f
Al L Gnoer| —BI-(-1
T\2[t stmzm]o al=¢ )]J

1[h(TY_ 2%
T2\2) ®

()  Fortime (= 0to ¢ = 772 the average voltage will be same
as that of full cycle which is given as
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{512"",{' s L ST C 'Eiec{romagnetig tqvé'ﬁ:qijgia‘:-a:ﬁ_&"xl(é?haiing Current,

e £ e e aea = =

(vi) Thecharge flownin onecycle froms=0ts=Tisgiven (d) Phaseangle between current and EMF isgiven as

as
' : g @: tan-] m_L ) . B
g = area under /-f curve e ‘ R
1, (T T ‘ s & ‘
LAY A e O Y Bl - 4| 2%3.14%x40x0.01
= 72 °(2) ‘{2) = . 4=tam ’[ < }
- g= %;,,T = b=tan~! (0.4189)=22°46
Average current per cycle is gweah as Time lag corresponding to the above phase angle is given as
_1_3 &:ixy':ixi
lg=7 =310 360 - 360 f
Solutions of PRACTICE EXERCISE 3.6 . &= - =0.01570s
360x40
(i  The inductive reactance of the circuit is given as :
@l =500 % 0.08 =400 (iif) Figure shows the situation described in question.
The capacitive reactance of the circuit is given as ) P 0
1oL &m0 —u—— i
oC ~ 500x(30x107%) CoLolpE 30 | ASmH 68Q 4
As capacitive reactance is more so in circunit corrent will lead
the applied voltage by an angle ¢ which is given as
N
/() -al 6.7 - ~
tan¢=[( we) ]=6 7740 _ | 7 ~
R 15 ) .
— $=60.65° The current flowing is the LCR a.c. circuit is given as
Thus the current leads the applied voltage by 60.65°, - = e’
1 2
(i) The impedance of RL series circuit is given as ' J[Rz + ("JEL_" a) }
Z: ’RI +(J)2L2 weo . . B
Thecutrent in maximum at resonace, when
= Z= ,/R’ +(2r/LY N '
- ' . (!)L — _] - O
= Z= J(6) +(2x3.14x40x0.01) ‘ [ we )
= Z=6.5042 - o= ——
oC
(a) Effective current supplied by source is <
E 220 = o'=7c
i = s =
=7 6.504 33.83mA .
(b) The potential difference across the resistanccis given as L
: JLc
Ve=I XR=33.83x6=202.98V 5
= 0= 1 9 d/
= — = ———r1ad/s
(c) Potential difference across inductance is given as [(4.9x107)(107)2 7

The current flowing in the circuit is given as

V=1, *(@l)=33.83 X (2% 3.14 x40 x 0.01) 0 [
€

= ¥, =963V T R 4R, (32+468) 10

=0.1A
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Eieirgiongts iidicton and Alsrmatig Guren

The impedance of P is given as

2
2 D - (L

7 1 ¥]”
)
= J' Z,=[(32+ (707"
= - Z,=[1024+4900]"?= (5024)2= 7602

* . The impedance of @ is given as

Z,= (R} + 0’ L")]

: a2
: =| (68)* 16° 4.9x1073

i ZQ-— ( ) + —‘;—X X

= Z,=[(68)2+ (70¥] 2= [9524]"2=980)

Voltage across P is given as
Vp=iZ,=01x76=7.6V
- Voltage across Q 1s given as

Vo= :‘ZQ'—=0.1 x 98=98V

~ (i¥)  The first cirenit is a series LCR circuit. The impedance
in this circuit is given as

Z= IR + (oL -(1/0C)}]
ITl state Df Tesonance we have

L
T oC
. Z=R - |

The current in the circuit at resonace is given as

and

_r_r

=z7%
In the second circuit, the inductance and capacitance are joined
" in parallel. The potential difference across cach will be the
same. Af resonance X; = X.(w/, = 1/0C}) and hence the current
in both will be equal in magnitude. Further, a phase difference
between currents through inductor L and capacitor € will be
180° or it is out of phase). So, two currents will be equal in
magnitude but opposite in phase thus current through R will

be zero in this circuit. ST

(¥) (a) Potential dit’f_‘e;'erquc, across resistance is
V,=IR=5x16=80V

Potential difference across inductance

i e e .

V, =Ix(0l)=5x24=120V
Potential difference across condenser
Ve=Ix(1/aC)= 5% 12=60V

(b) The impedance of circuit is given as

- 7
Z= J[R%(mL——-J ]

wC
Z=[(16)* +(24-12)*} =200

(c) The voltage of AC supply is given as

E={2=5>20=100V

(d) Phase angle between current and voltage is given as

4 tan_l[mL—(umC)]

R
24-12
= tan™!
= ? [ 16 }
= b=tan™' (0.75)=37°

(vi) The phase difference between current and voltage is
given as
§=55-10=45°

From the given equations of current and voltage we can sce
that voltage is leading in phase over current.

For a series RLC circuit we use
tan p =tan 45°=1

ol - (1/wC
¢':_—.-—-———( ( )-_—1

= R
o el-—— =R 0
T wC
. Y

= | R+ @L-—
e
= Z= J(R? + R?) =1.414R

E, 1414

Z="0 =~ =2828
= 2 5 8
= 1.414R =28.28
= R=200 @)

From equation-(1) we have
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13147, "f” i :h - H _' N _' N Electroma_gn_e_ﬁc induction and Alternating Carrent:
1 Ze Zy
L-— = L= I and = ———1I,
@ @ 2 Lo (Z,+2Zg) € (Z,+Z)
| Here Z, =jeLand Z .= ljlaC
3000>0.01)- =20 ituti
= ) 30000 Substituting these values, we get
- (@' LOY
i . L 1- 2 LC an c 2
= 0-20= ——— o w LC -1
3000C Substituting the values and solving, we get
1 o6 1,=0.4624
= €= 300010 ~ 2> XI0F and I,=187A
= C=3333pF The correspending current amplitudes are
(vii) Figure shows the situation deseribed in the question. Iy = =V2x0462 = 1414 0.462=0.653A
and Ip=v2x1.87=1414% 1.87=2.64A
L=15H .
{d) When o=-———,then®LC=1
) N7
e
7 ﬁ At this state circuit impedance becomes
e __Jol__ jol _
1-e’2C 0
@ Thus current in the eircuit would be zero,
230V, 300 rad¥s

-{viii) The current in the circuit would be maximum at
{a} In the given circuit, the inductor and capacitor are resonance when
cennected in parallel. Let Z7 be their complex impedance. Th?n

1
L L, 11, o ac
o = + - = — +J'(l)C )
Z' jaL (I/joC) jolL :
= C=—
1 1-oLC L
= i ,
Z Jjol . [ :
Jjeol - T Enf)L (2x3.14x50 x0.5
= SRRy - > C=20.24 x 10~F
The total complex impedance of the circuit is given by Atresonance circuit impedance is purely resistive so it is given
as
Z=R+Z
. Y
= Z= R+'J—mzL_ . Z= R2+[03L—_—] =R=10Q
: (J-o’'LC) . ol
. — |
z . E- 200
= IR +(—m ) - = I==="=220A
= 12l \{[ 1-w’LC R16 7

Potential difference across resistance
Vp=iR=20x10=200V

Potcntlal difference across mductor

=141A V, =kal=(2Znx 50 x 0.5)x 20 =3142V

Potential difference across capacitor

Substituting these values and solving it. we get
|Z]=163.3Q

E_. 230V
® Tms= g 1633Q

) Let I, and I be the rms values of current in L and C o .
respectively. V.= oC =l =3142V
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{Elactromagnetic induction and Alternating Current
(ix) Circuit impedance is given as
Z=R+X, +X,
= 2= R +(X, - X P = J@ + (6"
VR +(X, - X} 8" +(6)
= Z=108
16
and ¢=-tan 3 =-37°

Thus phasor impedance is given as

Z =100 Z-37°

Circuit current is given as

_ e 10cos(i00m)  10£0° '
L T T 0z-370 T toz_370 1437

= i =cos{100mr +37°)
| Potential difference across points 4 and B is given as
fAB = T(fc - )_(L)
= | Vig =1£37°% 6/ —90°=6/—53°
= V i =6 cos(100m—53%)
V5 will legbehind 7 by 90° because X, > X;. Given condition
is that

I

V=78
AR 2

= 6oos (100rt—53°) =5 cos 100nz

3 4
= Geos (100m1) x 5+ 6sin (1001) x < = Scos (100n1)

= 2—54 sin(100ne) = %cos(l 00t}

7
tau (100 o) = —
= u (100 n) oy
100 _
= cos( m‘)—zs

s 24

= V4 =5 cos {(100ms)= XEV

24
= VM=?V

Solutions of PRACTICE EXERCISE 5,7

(i)  The resonant frequency w, is given by

1

D™ JLC)

1
x 105=
= 4x10 778 (1

Current through the circuit at resonance is given

60
I=——=D.5A
The voltage across inductance is given as
V,=(Leay) x]
= 40=Lx{E4x18%)x05

40

= L= 0
(4x10%)(0.5)

=2x 10H )

Substituting the value of L from equation-(2) in equation-(1)
gives

i
4x105= ————
Jiex10)c

1

= (@x10= ————
¢ ) 2x107HC
c I F
d = a
@x10°¥ x(2x107h
1 . i
= —xI10 -
= C=5 7 HEm g HF

We are given with the phase angle ¢ = 45° so we use

XL—XC

ta =
n¢ R

XL —XC
120
=  X-X-=120

= fan45°=

1
= =E=120

2

= mL—L[ﬂ] =120
m

= 2% 10%)- 02 x 10%)=1200
= - 60 10° - w2=0

1:(6())(10"' £:J[(60x10°) + 4 x(@x10°)])
= W= 5

6x10° £10x10°
m: ————————————————
2
Here we consider the positive sign because the current Jags

=

. voltageie, X, > X

6x10° +10x10°
mz—-_—_-_-é—_

= =8 x 10° rad/s
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iif@::r A A
(i) Primary and secondary coil voltage is given as
¢,=2000V
and e, =200V
Power of transformer at primary coil is given as
¢, i, =20x 103
. 20x10°
= I,= 3000 10A
Power of transformer at secondary coil is given as
e I =20x10°
20x1¢°
= L= =5y~ =100A

{iii) Asthe current lags behind the potential difference, the
circuit contains resistance and inductance. The power
consumed by the circuit is given as

P=E_ *xI Xcos§
- p= EL xcosd
V4
2
= Z= E&;cﬁﬁ

7o (220)° x0.8
550
Power factor of the circuit is given as

= =70.40)

_X
cos@—z
= R=Zcos¢
= R=70.4x08=56320Q

Circuit impedance is given as

22= R+ (alLy
= wl= (7% - R%)
= wl = \f(70.4)* —(56.32)* =42.24Q

When capacitor is connected in the circnit, the circuit impedance

becomes
’Ru(m,; i
Z= ol
R
and cos = —F -
\/ # +for-L) }
wC

Electromagnefic nduction'and Allsating Ciief

In the circuit cos $= 1 when

I

ol=0c
ce b 1
= T olal)  2nf(al)
= C= 1
T (2x3.14x50)(42.24)
= C=75x L0 SF=75uF

() (2) Thecurrent amplitude iy in circuit is given as
iy= il :
; LY
R L ———
| \([ +[‘° mCH

This is maximum at resonance when @f. = /o C. Ifit happens at
frequency w,, Then we have

i 1
P20~ Jle1n@soxioy)
= o, = 4167rad/s

The resonant frequency f is given as

@, 4167
°" 2x  2x3.14

Atresonance maximum current amplitude is given as

=663.5Hz

C_ e _V2x230
foma ™ o 23
(b) The average power absorbed by the circuit is given as

=14.14A

P=e_ i co0sd

This is maximum when cos =1

= PMI = emu' x 'inm
(E.)’ (2300
= Ppp= R T —2300W

This alos happens at resonant frequency.
(c) The half power frequencies are the frequencies at which
the powet in the circuit is half the maximum power. These are

given as

@,

P

L . . -R 23
=wyt—=4167+
. °TaL (2x0,12)

' w,, =4263rad/s and 407 Lrad/s
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1_Eiect‘r'3?f|v§§'r}5;f[cﬂpdunﬁon and Alternating Current

(d} The quality factor of the circuit is given as

@l 4167x0.12
= = 2

=2174

(»  The current requircd by the lamp to run at its peak
brightness is given as

I= P2 SA
=7 =50 02
The resistance of the lamp is given as
¥V 20
R 7025 8602

{a} When a capacitor Cis placed in scries with lamp, then its
impedance is given as

||

The cwrtent through the eircuit becomes

200 '
I= =025
JIR? + (/00
200 -
= " =(.25
80) +| ———
\j( ) +[41€><502 sz)
= C=40x 10%F=4.0pF

(b) When an induetance L is placed in scries with the lamp
then the inductance is given as

Z= «/{RI +(oL)?]

The current through the circuit becomes

=2 025
,/{Rz +(wL)?]
200
025

= =
T JI80)? + (dr? x 562 < 12)]
= L=253H

{c) When aresistanice r is placed in series with lamp of reistance
then the current through the lamp is given as

200
=0.25
R+r
= 200 _
80+r
= r="7200

811

{d) It will be more economical to use inductance or capacitance
in series with the lamp to run it as the reactive components of
circuit does not consume any power while there would be
dissipation of power when resistance is inserted in series with
the lamp.

(i) Atresonance the maximum current in circuit is

{ [ — __6
R R

Acrass DC source the steady current in circuit is given as

=2 2
4+R 8

(i) {(a) Using transformer equation, we have

- & _ A
p T
= =D xe,
np
= Lx2s50 2125y
4 83—20 =la,

(b) Using ideal conditions and transformer equation, we have

5

i n,

_n
= L= an!,

. 1 <8 ;
= L= 20 =04A

{c) Power output.of transformer is given as
P=ei
= P=125x8=100W

(viii} For DC source we use

v 250 .-
R= de. _ =V 0 2500
’ I d.c. \
‘When a DCvoltage is applied to the circuit containing L, Cand
R a current flows through it so we consider R is in parallel with

L and Cas shown in figure,
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B8

Impedance Z of the circuit at frequency 2250 rad/s is given as

2= L2 e
T i 125
1 .\ 1
=] =5
(200 R? [ 1 )2
ol ——
ol
. 1 119
( L T 200y (250 (10y®
wl
N mL_L] _ 1000
wl 3
1 1000
22501 - =
= ( 2250c} 3 -
At resonance the frequency is given as
1
%=
4500 x 4500 !
x =
= LC
N
= = So00C --(2)
From equation-(1}, we have
1 1 1000

9000C 2250C 3

C=10%=IyF

EIect_rgﬁm _égp_el ic _ﬁﬁﬁéfi&g_@ﬁa }‘:{igfﬁé‘ﬁﬁﬁ? 6ur“?‘me;3§

From equation-{2), we have

1
20L=—T"—
9000x1075
1 4 .
:> = -
2250x9000x107° 81
{ix)  Atresonance the circuil current is given as
e VR 60
‘=—=—:-—:0_5A
"R R R

Voltage across inductance is given as
V, =X, =(0.5)oL=40
_ A40x2
~0.5x4000

= L=20mH

At resonance we have
I

T wC
i I
= C="3,= 7] 3
o L (4000)% x 20 x10"
1 . 4 25
= 32 g HF
(x)  Byapplying a DC voltage no flux variation takes place in

core of transformer so no voltage is induced in secondary coil.

(xi} Voltage at primary and secondary coil of transformer are
given as
;=240 Vand e, =24V

Resistance of lamp is éiven as

V24 144

R= -—
P 140 35
Current in secondary coil is given as
€2 4 5
27 R T 14a 6

Power at primary coil is given as
P =e,i,=240% 0.7=168W

Power at secondary coil is given as

35
Py=eyi,=24x = =140W

Transformer efficiency is given as

i48

1
===l =—x100
m X 168

e

n=8333%
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IEieciromagnetic Indyafion and Altemating Current

Solutions of CONCEPTUAL MCQS Single Option Correct

Sol, 1 (C) The circuit wilt have inductive nature if

i i
o> and capacitive nature if © <——=. If circuit has
Jic P JLC

inductive nature the current will lag behind voltage. At
resonance when capacitive and inductive reactance are cqual
power factor is equal to unity. Hence option (C) is corzect.

Sol.2 (A} The magnetic flux is given as
b=at(T—-H=at T—aT?
EMF induced in the loop is given as
dé

ar
Ifheat penerated in time dt be dH then we have

e=22 T 2ar=a(T-29) .

Z 2
dt
dH = PRdt= SoxRdt = &
R R

Total heat generated can be obtained by integrating above
expression which is given as

T 2
e“dt
=|dH=|—
H=] ! -
1f 2 1%, 2
= H= Ege dt:Eaa (T—2t) dat
- T
2 3
a 2 4t 2
=— I Tt+——2t°T
= H R [ 3 H
3 0
2 3
a 3 4[ 3
=—|Tt+——2t
= H R 3 ]
p I}
a‘T
= H= R

Sol. 3 (C} Thetotal charge flown through a conducting loop
in magnetic field is given as

Ad
Aqf= ?

Thus option (C) is correct. _

Sol. 4 (B) According to Lenz’s law-the direction of induced
current is such that it opposes the cause of induction. As
curtent is increasing in the solenoid the induced current will be
opposite to it. As (di/df) is a constant thus induced cutrent is
constant,
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Sol. 5 (B) EMF induces across the length of the wire which
cuts the magnetic field. Soin this case we have

(Length of ¢ = Length 4) > (Lengthof a=b)

So we have (e, =¢,) > {¢, = e,). Hence option (B} is correct.

Sol. 6 (B) When the loops are brought nearer, magnetic flux
linked with cach loop increases. Thus the current will beinduced
in cach loop in a direction opposite to its own cutrent according
to Lenz's law. So, the current will decrease in each [oop.

Sol. 7 (A) Due to conducting nature of aluminium, eddy
currents are produced force on which causes damping in

oscillations.

Sol. 8 (C) The inductance of solenoid is given as

N2
L=p,— A
;
. (2N)?
= L= p, 2 x4
N4
= L*=2[”°[ }=2L

Thus inductance of solcnoid is doubled.

Sol.9 (A) Eddycurrent areproduced when magnetic flux linked
with a metallic body changes hence option (A} is correct.

Sol. 10 (B) As switch is closed current will increase from its
zero value to a finite value. In this process flux wiil change
which induces an EMF to oppose the change. Thus brightness
of bulb would increase stowly.

Sol. 11 (C) Magnetic field of ring is also along it axis, parallel
to the direction of velocity of charged particle so ne magnetic
force will act on charged particle. But due to g velocity of
charge particle will increase.

Sol. 12 (D) Voltage as function of time is given as
Wity = £ +1
W=73

Current=1tA

For capacitor, we have

Cdv
=
= 1= C[i + 0]
3
= C=3F
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Sol, 13 (C) If magnetic field in a region is charging, then
induced electric field exists even outside the region where
magnetic field does not exist because if outside a closed loop
is considered the magnetic flux through the Ioop changes with
change in magnetic field.

Sol. 14 (B) Root mean square value is given as

(T (T -
V”(4]=‘V°(4J= %W _h

T\.;\T 4 2

Sol. 15 (C) Theinduced EMF in the.coil is given as
' di sy
e= L‘EI-. =L x (Slope of i — ¢ graph)

So initially EMF is zero as slope of { — t curve is zero and then
remaining two regions slopes are constants but of opposite
signs. Hence induced EMF are constants but in opposite
direction hence option (C) is correct.

Sol. 16 (C) Theresonant frequency of a series RLC circuit is
given as . o

d

g
£

l
&
3
g
n

el
—

'Fl :
A

ﬂ
]
A

On squaring both sides, we get
1 i

LC ~ L20)
L !
= L 2
L
e | Lz':"zl

Sol. 17 (C) In capacitor current leads reference voltage by

-2— . In inductor in series with a resistor combination current

legs reference voltage by an angle tan™ -% Thus phase

e o . T X
difference between the two currents is given as 3 +tan™ _R-L_ .
Hence option (C) is correct.

Sol. 18 (C) When the circuit is switched on the r;:hargc' starts

oscillating between the capacitors and mean position of

oscilations is when the two capacitors will be at same patential
(minimum energy state). The energy stored in capacitors at
same potential is given as

Electromagnetic Induction: and Alfernaling

2
v 2
mewn — 6C
Initial energy in capacitors is given as
¢ N (20 _3¢°
SanaT 20T 40 20
Thus maximum energy stored in inductor is when system is at
meéan position which is given as

U

magnetic  ~ initial ~

A
= Vinagretc ™ 367 6¢ 7 3C
Ifinitial rate of growth of current is di/dt then we have

2 (9)

u

man

a ‘¢
di 20
= & LC

Hence option (C) is correct.

Sol. 19 (A) The capacitive and inductive reactance of the
circuit are given as

1
Xo= oC and X, =l

Atw<w, X->X; sothecirenit is capacitive.

Sol. 20 (A) When magnet enters in the coil then for a short
duration flux through the coil remain constant so no EMF is
induced and when it comes out and goes back inte the coil
EMF changes direction everytime when magnet is outside and
reverses the direction of motion. Hence option {A) is most
suitable for this case.

Sol. 21 (C) In diamagnetic substances on placing these in
external magnetic fields the dipoles are induced in direction
opposite to external feld thats why the susceptibility of such
substances is negative.

Sol. 22 (D) Average value of the function shown in graph is
given as

T2 il
[ vodt | (Wpar
_ 0 L T2 =0
awomge”  T/) T/2

RMS value of the function shown in graph is given as

T

[viar .
s 1t _
In-m-_ T '_VD
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{Eleciromagnstic indiciion and Alternating Current

Sol, 23 (D) The magnetic flux passing through the loopisa
function of distance between magnct and the loop. When
magnet moves then rate of change of flux will be directly
proportional to the speed of the magmet and iftoop also moves
away from the magnet then relative speed of the two is zero
and no EMF will be induced in the loop: )

Sol. 24 (D) A DCammeter only measures DC current and when
AC is passed through it then it measures average value of
current which is zero. '

Sel. 25 {C) In given circuit initially voltage across inductor
and capacitor arc same and in this casé we have

X, =X
Thus the potential difference across the combination of L and
C will remain same at zero because the circuit is in resonance.

Scl. 26 {B) If currents is passed through the straight wire,
rnagnetic tines are circilar and tangential to the leop. Se, no
flux is linked with the loop so no mutual induction will exist

" between the two.

Sol, 27 (B) Out of given substances only in Nickel there are
unpaired electrons present in its orbital configuration,

Sol. 28 (D) In a series RLC circuit, at resonance, the power ”

factor is given as

R
cos¢—z_— 2 - 1 =
R L—-—
| "[“’ c)

ko)

Now depending on whether L is greater or fess than v the

- lag or lead will occur.

Seol. 29 (D) At =0, for the purpose of current calculation in
circuit inductor can be assumed as open circuit and capacitor
as short circuited.

Sol. 30 (C) As.X, =X at resonance

Xz _
—= =1 for hoth circunits.

Xc

Sol. 31 {B) The ficld at 4 and B are out of the paper and
inside the paper respectively. As the current in the straight
wire decreases the field also deereases. The change in the
magnetic ficld causes induced current in both 4 and B.
According to lenz's law induced currents in coils 4 & Btendto
oppose the varistion of change in magnetic field so indnced
current in 4 is anticleckwise and in B is clockwise,

- o s i 4 ot e, gy et e

Sol. 32 (D) B-H curve area represents the energy dissipated
per unit volume per cycle of the curve. More the ares more
energy is dissipated in depolarization of dipoles after
polarization in half cycle.

Sol. 33 (C) EMF induced in the two rings between their
topmost and bottommeost points is given as

e=Bv2R)
In Ring “4” and Ring “B™ the direction of EMF is opposite so
we have .

Var— Var =4BvR
Hence option (C) is correct.

‘Sol. 34 (D) The rate of power delivered by the &xternal force

is given as

d d . - dv -

i ;;(FV) —FTt = Fa

As acceleration in this case is decreasing with time so rate of
power also decreases.

Sol.35 (D} There is a force B4 acting on the rod carrying a
current f due to current source. By right hand palm rule we
can see that this force is acting in vertically upward
direction. The acceleration of rod is given as

F-w
a4 =

]

The magnitude of acceleration will be constant, but the
direction will depend on the mass of the rod.
Hence option (D) is correct,

Sol. 36 (C) The induced EMF in the coil is given as

1

e=L

ﬂi = L x {Slope of i — ¢ graph)
ot
Thus option (C) is correct.

Sol 37 (B) ByLenz'slaw, induced effects always oppose the
cause of induction. So when the first loop is moved towards
the smaller loop it will be repelled by the induced current in the
leop.

Sol, 38 (A) Insegment A8, both points 4 and B are equidistant
from the center O of rotation so both points will be at same
potential.

S0l.39 (A) Ifdipoles does not exist in a material then always
these are induced in opposition to the external magnetic field as
already discussed and the substance is called diamagnetic.
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SoL 40 (B) After closing the swiich current in solenoid
increases with time so flux passing through B will increase
with time. By Lenz’s law, it should have a tendency to move
away from the coil to decrease the fiux.

Sol. 41 (B) In ferromagnetic substances due to exchange
coupling the inside magnetic field increases the external magnetic
field by a large extent so these have very high permeability.

Ssol. 42 (D) Asvelocity of rod is parallel 10 its length, it will
not cut any magnetic flux due to its motion so no EMF will be
induced in it across its length.

Sol. 43 (C} ‘Asmagnetic ficld is steady and not changing with
time so no EMF is induced in the ring in any of the two states
mentioned.

Sol. 44 (A) During metion the rod is net cutting any magnetic
flux so no EMF witl be induced in the rod.

Sol. 45 (B} Above Curie point temperature the alignment of
dipeles in polarized ferromagnetic material gets disturbed and it
looses the property of exchange coupling so it gets converted
10 a paramagnetic material,
Sol. 46 (C) EMF induced across therod is given as

Ve=Bvl
Thus charge on capacitor is given as

g = C¥,= BviC = constant.

_dg _
= C_.g_f;_
= v.= et = Lepy
) 2

Thus option (C) is correct.

Sol. 47 {A) From right hand palm rule, we can analyze that
both 4 and B points are at higher potential than €,

Sol. 48 (B) At mean position, velocity is maximum. Hence
motional EMF Byl is also maximum. Velocity v oscilfates simple
harmonically so motional emfwill also vary simple harmonically:
Further, polarity of induced emfwill keep on changing.

Sol. 49 (C) Instantancous current in the wire Is piven as

._ Bvl
‘TR

use

Sol. 50 (D) In decay of current through RI circuit, current
always decays and it cannot remains constant,

Sal. 51 (C) At =0+ an inductor behaves like open circuit
and a capacitor behaves like short circuit so whole voltage of
the battery will appear across the inductor just after closing
the switch,

Sol. 52 (B) Due todiamagnetic nature the dipote polarization
in the solution will be opposite to the applied field and field will
repel the material away from it so the liguid solution level will
fallin thistube. .

Sol. 53 (A) Rate of increment of energy in inductor is given

as
W d(1_, di
_—= — —L 3 = y —
dt ~ ar (2 ' ] L
Current in the inductor at time t is given as

t
z'=z'0 l-¢ <

au
W =0atr=0aswell asatt=co

Hence option (A) is the best represcntation.

Sol. 54 (C) Magnetic force on charge carriers due to magnetic
field is balanced by the electric force due to induced electric
field, thus we have

avB=gE,

= E.=vi
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Eleciromagnetic industion and Altemating Current

= V,-V,=EC

= V- V,=BC

Sol. 35 {C) Themagnetic flux in loop A will increase while the
magnetie flux in loop B will deerease, By Lenz’s law, the induced
current in loop A will tend to decrease the flux in loop 4 and
induced current in loep B will tend to increase the flux in loop
B. So clockwise current is induced in loop A4 and
counterclockwise current is induced in loop B. Hence option
(C)is correct,

Sol. 56 {(A) Thc EMF is induced only in the straight radial
wire rotating inside the magnetic field which is given as

1
e= EBrzm

Here w== consiant so emfremain constant in magnitude.
Since magnetic flux increases for half cycle and decreases for
the other half. Hence emf changes sign cvery half cycle.

So the correct graph is drawn as

Hence option {A) is correct.

Sol. 57 (B} Power dissipated in the coilis given as

32

R
Where induced EMF e is given as

{2

Where linked flux with the coil is given as
¢=NBA

= =_NA d—B)
e dt

P:

The coil resistance depends upon its wire length and cross
section which is given as

R i.
o r2
N2
= FPa
!
i—1
= P =

AN SR -+
8ol. 58 (C) When key K is pressed, current through the
clectromagnet start increasing and flux Hnked with ring increases
and according fo Lenz’s law it produces repulsion effect to
oppose the increment in Aux through thering.

Sol. 59 (B) Due tothe movement of both the magnets, current
will be anticlockwise, as seen from left side so plate 1 will be
positive and 2 will be negative.

Rear side

Observer Front side

Sol. 60 (D) EMF inducesin ring and it will opposes the motion.
Hence due to the resistance of the ring its energy dissipates
every time it passes through the region of magnetic field.

Sol. 61 (B) InIndia electricity gencration in atl power plantsis
done at 50Hz as a national standard,

Sol. 62 (A) When a bulb and a capacitor arc connected in
series to an AC source, then on increasing the frequency the
current it the circuit is increased, because the impedance uf the
eircuit is decreased. So the bulb will give more intense light.

Sok 63 (D) Reactance of circuit is given as

I
X=X, - X~=2nfL— -Z?E_fC

Solutivns of NUMERICAL MCQS Single Options Correct

Sol. 1 (D) Induced current in the coil is given as

. €
TR
. N(A)/At)  NS(AB/AI)
= TR R
. i 10(10x107)(10%)
20
= i=3A

Sal. 2 (A) The given voltage and current can be written as
. T
V=5cosmt=5smn (mt +E)

and i=2sinwf

So the phase difference between voltage and current is ¢ = =/2
and power dissipated in the instrument is given as

P=V i cos$p=0
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L b

[324

s T, o 2,

Sol. 3 (D) Transformer does not work with DC,
Sol. 4 (D) In second rotation of coil the initial and final flux
passing through the coil are same so we have

=0

v
07 -

Sal. 5 {A) Thecurrent in LR circuit with time is given as

E
i= o (1-e )

.15 .

e

Sol. 6 (C) Power dissipated in AC circuit is given as

P=V,J  cosh
- po 100 100%107 v cos®
N2 V2 3
443
- _P=m_>;°_xl=%=2_5w

Sol. 7 (D). In case of a transformer if power Josses are neglected
then ontput power is same as input power

Sol. 8 (B) By energy conservation we use

1 2 1. .2
—_ = _L
zm‘to 5 max
: s _ M
= Y
Sol.9 (C) The circuit current is given as
Vs _ 200
'msT "R T a0
= fo= s V2 =7.07A

Sol. 16 (D) Inputpower =220V x 0.5A=110W
Cutput power is 100W

100
= — = a, 0,
n 110 90,9%, 90%

Sol. 11 (C) At ¢=1tside of square is given as

ot e, 14

I=(a+2vy)

Area of square is given as
S=0=(a+2v)

Magnetic flux through the square is given as
¢=BS=B(a+2vy) |

EMF induced in the square loop is given as

d¢
¢=— = 4Bvy(a+2vy)

Resistance of the loop is given as
R=A[Al=4} (a+2vy)

Thus current in the loop is given as

_e By
‘= A

T

Sol. 12 (B) The applied voltage.is given by V= \JVRZ + Vf
v=J200)% + 150> =250V

Sol. 13 (B) The total charge flown through the ring is given
as

Ad
Ag=—
7R
Ad
Ar= —
= ! R
= Ab=HADR
= Ap=10% 103x 5 x 0.5 Wb
= Ap=125% 10-Wh,

Sol. 14 (A) At the instant shown in figure, for pure rolling
instantaneous axis of rotation is at the bettom point of contact
and the conducting rod appears to be rotating about the bottom
point Q. Thus the EMF induced in the rod is given as

o= B0r
2
B(%]F
= e= 5 =pmvi
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(Eissvomagnétc ihacion and Aleriaing Cusront

Sol. I5 (B} The current in circuit is given as
v B 120

VRZ+ @2 100+ 4r? x60% x 207

i=

= i=0016A.

Sol. 16 (A) Induced EMF in the sliding connector is given as
e=Bk

This acts as a cell of EMF Blv and internal resistance R.

Effcctive resistance of the circuit is given as

5 o AR
“ R+R
Total resistance of the circuit is
R
Rp=R+ A‘
R +R,
Current in circuit is given as
) Bl
z =
[R+{R Ry (R, + B3)}]
0.1x{1/10)x1 1
= i A

TH{Q2x3)/2+3) T 220

Sol. 17 (A) The voltage across LR scries combination is given
as

2 2
V2= Vg +Vf

N y,~ fr2 ~V3 =J400-144 = V256 =16V

Sol. 18 (A) Attime?, angle rotated by loop is 8= er. This is
also the angle between direction of magnetic induction and
area vector of the loop. At this instant magnetic flux through
the loop is given as

¢=BScos 8

$=Bb? cos wt
The EMF induced in the loop is given as
s

— 2 '-
o &% Rw sin wof

e=

Sol. 19 (A} Given current varies at a ratc given as
I=(1r+5A

daf
— = 1QA/s = constant

dt
At, =0, J= 5A so writing equation of potential drop gives
V,=3x5-1x18+10=1V}

= V,~¥, =15V

Sol. 20 (A} Phaseangle between voltage and current in series
LR circuit is given as

_m_L_ZT:xZO(}Xl_4
tang= "= "3 x 3

4
= b=tan"! 3

Sol. 21 (C} At resonance X; = X, so the currents in the
inductance and capacitance branch will bs equal and in opposite
phase so their phasor sum will be zero and in that case ammeter
A, willread zero. :

Sol. 22 (B) Initial current in the inductor is given as

10
=1, 1A
= 4= LI, = 500mWb =0.5Wb

Final current through inductor in steady state after closing the
switch is given as

= @—UIZO.S x4=2Wb
= Ap=1.5Wb

Sol. 23 (D) Current will induced in loop 2 if flux changes
through loop-2. So current should change with respect to time
in loop-1. If current in loop-1 increases with negative value
then induced current in loop 2 would be from ¢ to 4. As flux
produced due to loop-1 is directly proportional to current i,
then to produce constant current in loop-2 /) should linearly
increase with time. Hence eption (D) is correct.

Sok 24 (C) Writing equation of potential drop from point A to
I gives

VY —1x5+15+(5x 100109 =7,
- V-V, =15V

Sol. 28 {€) The current as a function of time in £R circuit
after closing the switch is given as

When energy stored in induetor is haif the maximum then we

have
1,, 11 _1
= = —|~Li
2LI 2[2 o
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Lz fmee =

e < 2 2
Rt J2
2l _

= L [\E—J

L

Sel. 26 (C) Inductive reactance of the inductor is given as

Z=X, =2mx 60 x0.7
Thus circuii current ig given as
120

120
= 1= —— -

7 2ax60x07  O435A

Sol. 27 (B) Flux change in coil Y is related to current change
in coil X as

b= Mi
= dp=M di

- L d
= G

S I S
= M=— =044

Soi. 28 (A) The magnetic induction due 10 wire at a distance
a from wire is-givenas '

' P uc { 4

xa

Force on a charge ¢ moving in magnetic induction is given as

“oe i F = Bqvsin90° . X

- _ Kgigy
. 2na :

- b L . ) i
S0l. 29 (A} EMY induced in thé triangulaf loop is given as

_d¢
€T dr
S}
I

Area of Triangle is given as

’

= TB x (side)?

V3 .
= A= T X2x2= wﬁm
= e=J3x3=3V

By symmetry i each rod emf will be V. The current in the
triangular loop is given as

e 3
i=—=—-={L6A
R 5

Voltage drop between A and B=0.6 x | =0.6V
So voliage across A8 is given as

Vyy=e,—iR=1-0.6x%1

V,s=1-0.6 =04V

Sol. 30 {C) Voitapes in the given circutt are related as
212 2
Vr=Ve+(V-Vo"
= Vp=V=220V
Circuit current is given as

__E_Q’z
i= 00 > A

Sol. 31 (B) When the coil is rotated through 180°, the flux
changes from ¢ to—¢. Hence change in flux is ¢— (—4}=2¢and
weuse ¢= M.

Sochanpe in current is 2i. This causes a deflection of 14 umits.

Sol. 32 (D) At the instant shown in figure, for pure rolling
instantaneous axis of rotation is at the bottom point of contact
and the conducting rod appears to be rotating abont the bottom
point @. Thus the EMF induced in the red is given as

_ _Bt;m'2
2

€

. (BY(v/2R)(4R)
2

=
= . e=2BR

Sol. 33 (D) Circuit impedance for serics RLC circuit is given
as S

Z=J(R? + (X - Xp)*
R’ZIDQ,XL=(&L;——20{){].X5x]0—3=1gﬂ
X = 1 _;
€ wC  2000x50x167°

As X; = X~ s0 circuit is in resonance and current in circuit is
given as

=10£2 ie. Z=1002
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{Etectromagnetic Induction and Alternating Current

Bh_o_
“T 7 T 10
2

Voltmeter reading is equal to the voltage across the resistance
as at resonance phasor voltage of capacitor and inductor gets
cancelled out

Vs = i R =4 % 1.41=5.64V

[ §1451

Sol. 34 (B) Charge flown g is given as

Ad
q=?
NBA
R

50x0.2x%(100x107%)
qg= > C

=1

N g=05C

Sol. 33 (B) The decaying current in a short circuited choke
coil is given as

= 1'03'3‘”'
= Biy~ i T
r
o =
T na/p)

Sol. 36 (D} Powecr supplied by external agent in moving the
loop will be used as internal energy in the loop which is given
as

P=Fv=10x2=20W

Soi. 37 (A} Induced EMF in the rod is given as
e=(VxB)-1
Velocity of the rod is given as
V=2
Magnetic induction in the region is given as
B =37+ 4k
Vector lenpth of the rod is given as
[ =(5c0s53% § +(5sin53°)i =37 + 4k
So EMF induced is given as

e=[(2)x(3]+450}[37 +4 ]

y

e=(6k—87)-(3i +4 )
e==32V

Y

. AT
Sol. 38 (A) Capacitance of wire is given as
C=0.014x 10°%x200=28 x 10°F=2 8uF

For'impedance of the circuit to be minimum, we use

X=X
Iy "
2ol
1 1
= L= 42V 4(3.14) x(5x10°)* x2.8x1079 H
= L=035x%10"11=035mH

Sol. 39 (B). Heat dissipated in choke coil will be the amount
of magnetic energy stored in it which appears as joule heat. In
steady state condition it s given that

P=iiR
P
2
= =—
=2
and we have time constant of circuit as
L
TR
= L=1R
Heat dissipated 1n current decay is given as
_ l[ -2
H= 2 -y
1 r 1
= H=~(R) —|==Fr
L >[ R] -

Sol. 40 (D) Motional EMF across the wings is given as

e=vRI
= e ={360x5/18)x (4 x 10~ = 50
= e=2V

Soi. 41 (C} Mean sqnare current is given as
f
[i7at

(7)1

f
_f dt
U]
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3
2
3]
P

= (£2>= (4-2)

={16—4]=12s

= I.rms:\/(iT)lz‘/lzzz\/‘;;A

Sol. 42 (B) By short circuiting the battery, Thevenin’s
resistance across inductor is given as

_ R
)
- L 2L
T=— =
Iy R

Sol. 43 (B) Charge flown through the ring due to change in
flux is givenas

Where change in flux through the ring is given as

_md’B
4

A -0

_wd’B 3.14x(0.2)° x2
4R 4%0.01
= Ag=6.28C

= . ug

Sol. 44 (D) Atresonance net voltage across I and C in series
is zero so reading of ¥, is zero,

Sol. 45 (D) Initial magnetic flux passing through the square
loop can be calculated by integrating the flux through an
elemental strip considered in the square loop as shown in figure
below, which is given as

i

bva

_f[Hel
@;— '£ 2:rx(aa‘lx)

Elecromagneis 1iduc

4= @m[bﬂz]
t 2x b

Similarly afier 180° rotation, final flux is given as
Hoia fb—a
T — ln e
¢f 2r [ b }

ia. {b+

Charge flown through the loop in process of rotation is given
as

Ab  poia, {bta
_ —_———= —1 ———
= AT R T "[b—aJ

90 %0
Sol.46 (C) i;= 5o =3A,i= o5 =45A

Net current through the AC source is given by phasor sum of
the two currents which are in opposite phase which is given as

i=i,—i,=1L5A
Thus eircuit impedance is given as

Vo 90

Z= riakrie 6002
Sol. 47 (B) At¢=0,i=E/R in steady statc when switch is in
position-1.
Now this current will decay in closed loop in anti-clockwise
direction when switch is shifted to pesition-2. So i,y = E/R is
the initial current after witch is shifted to position-2.
Thus we have

and

Sol. 48 (A} As the current i leads the voltage by % ,itisan

RC circuit, for which the phase difference between EMF and
cuerent is given as

XAc
tan o ="—=
no R
= BT WCR
-  @CR=1
CR—L—].
= T 1008

From all the given options only eption-{A)}is correct.
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Sol. 49 (B) Current in the circuit branch shown is given as

=4 _soa
=4 ~@)
Atr=1s,g=4Candi=8A

di g A/
'S _—=

dt 5
Charge on capacitor is increasing, so charge on positive plate
is also increasing. Hence direction of current is towards left as
shown in figure.

4y 2H 2F
-t R ——] 5

o—m—d——;l

We write the equation of potentiat drop from point z to b which
gives '

1 -
—H 4 M

4

4
Vﬂ+2><8—4+2><8+5=Vb

= V,-V=-30V

Sel.50 (B) EMF induced in arotating coil in uniform magnetic
induction is given as

e = NRAwsinet
Maximum EMF induced is given as
€y =NBA
=  ¢,=(2m)NB{)

= &= v NBr?

1800
60

= gy=2x(3.14¥ x x 4000 x 0.5 x 1074 x (7% 1072y

=  €,=0.58V

Sol. 51 (C) Steady state current through inductor in initial
stage when switch ts in position-1 is E/R. So at =0, currentin
closed loop when switch is shifted to position-2 will remain
same as at initial instant capacitor behaves like short eircuit.

Sel. 52 (D) Work done in pulling the loop out of magnetic
field is given as
W=IAd

= W= [%} Ad

_[ A
w= o)

e (85 (04x2.5%x107 x100)’
T ORM 100x1

=01mJ

Sol. 53 (B) Rate of current variation is given as
£
dt

EMF induced in the second coil is given as

= l,0 cos @t

dF
e= M}; = Ml wcos ot

- em=x’l‘f10@
e =0005% 10x 100%

e =(SHV

Sol. 54 (A) At time ¢ = 0, resistance capacitor behaves like
short circuit and inductor behaves like open circuit so at this
instant circuit resistance across the battery will be

R K SR
= 3 ===
= 2 3 6
Current through the batteryat =015 given as

R 30

_@_iBA_AdB_Aﬁ
e_dt_at( y=A =4
0 16 10 20
_=— —_—
= 100 100 At

= 111=2_(}ms

Sol. 56 (D) Area vector of the loop which is perpendicular to
x-yplane, is given as
§=(@hk
Magnetic flux through the area of loop is given as
$= B-§ = (50} (ab) = constant

d¢
dt =0

= e=460

Sol. 57 (A) Time constant of the left branch of circuit is given
as

=—=—=107%
%R 10

Time constant of the right branch of circuit is given as

.= CR=(0.1 X 1073){10)=107s
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Steady state currents in left and right branch of circuit are
given as :

20
o= T =2A

(zn)c" o —2A

The given time is the half-life time of both left and right branches
of the circuit so current in branches at this instant are given as

== 2= 1A
AR 2
Thus total current through the battery at this instant is 2A.

Sol. 58 (B) To calculate the magnetic flux through the
rectangular loop, we consider an elemental strip in the loop as
shown in figure.

| T

P i
L

|
|

- g

Thestripi:  “width dr and at a distance x distance from wire
carrying cus. it £, 2 magnetic flux through tha strip is given
as
Kol .
= ——prx
o 2nx
Total magnetic flux linked with the loop is given as
o= [d¢
a+h
= = ! 27x.
Hofb ath
1
= ¢ 2= [in 21,
/i
= | 2n
Holb. {a+ b]
= ¢ 2z ( a’

EMF induced in the loop is given as
d¢

dt
= p_(,f}_ln(a+b}£
2n a ot

e=

Flectromagnetic,nfiti 5id KiSH

uub tn(ﬂ-f—b]_%(fne-ﬂt)

1 2=

2% a
fuhl,
o o by m[aﬂb]
2nt a

1
Sol. 39 (C) Valueremains 2 th in 20ms times. Hence two half

lives are equal to 20ms. So, one half-life is 10ms thus we use

' L
fip=(mY .= (n 2)'}3

. oo (8L
hy2

= (1“2)(2) = (100 m 4)Q.
10107

Sol. 60 (D) EMF induced in aloopin t!mevarymgmagnettc
field is given as

d$ . dB

= =%,
= le |=(4b*~ ma®)B,

Induccd current in the Joop is given as

jolel _ (4h" —na™)B,

R R

The direction of induced cuerent is given by Lenz's law to
appose the increasing magnetic induction as shown in figure
below,

* .. =% BMF induced in the wire frame s given as

~d

R
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iaciraragnaic dision and Atemtiny Gurrent

The shaded triangle arca will change as loop will move towards
magnetic field and the flux in this arca through the loop increases
with time. In the above figure shown, we have

2ADC=2
2

T
and AdED=z

IfED=xthen AC=2x

So area of AACD is given as

Xx X 20=x

S:

M=

dx dd  2xdx

llere weuse Z =v and ?t= 7 =

Thus EMF induced is piven as
e =28xv

Asx=vt, EMF induced is given as
e=2Rv
Induced current in the loop is given as

= 28

t

1 fot

Thus option (D)} is correct,

ADVANCE MCQs One or More Option Correct -'

Sol. 1 (A, C,D) Iftheloop rotates about Z axis, the variation
of flux linkage will be zero. Therefore no EMF is induced in the
ring consequently no current flows in the loep. When it rotates
about y axis, its flux linkage changes. However, in insulators
there can not be motional EMF. Ifthe loop is made of copper,
it is conductive therefore induced current is sct up. Ifthe loop
moves along the Z axis variation of flux linkape is zero, Therefore
the EMF and current will be equal to zero.

Sel.2 (B, C,D) The graph helow shows V' & I'phasors. Current
Jeads the voltage by and angte 7/3.

73

g

Power is positive if V & I are of same sign

Power is ncgative if ’V& fareof opposite sign

1 .
ol = —={ thus angle decreases
aC

ifv

Sol.3 (A, B, B} ltis given that
(dildd), = (dilds),

B € Iq " Bmil ,J
:> . _——= T T e——— T
ez L, 2mH
B_&n_1
= % e 4
As power given to the two coils is same at an instant, we have
P =P,
= Vi =V, i,
= {liy=Fr=14 (D
1, 2
— SN N2
2, % Lz \lajh;
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> Ty @
= _

Sol. 4 {A, B) The mutual inductance between two coils is
given as

_ sMiNary

M
21

So, it depends upon the number of turns in each coil and area
of cross-seetion of the coils.

Sol. 5 (A, B, C) Selfinduced EMF will have a direction such
that it opposes the change In current in the conductor/coil, If
current is decreasing, it tend to increase the current and if
current is increasing, it tend to decrease the current. Selfinduced
EMF have a tendency to keep the current same and epposes
the change in current in the conductor/coil.

Sol. 6 (A, C) Mational EMF induced across the points Pand
Q is given as

e=8Bvl
Where = >

Polarity of this motional EMF is given byright palm rule.

Sol.7 (A, C) For the given situation

q 4
CHLm =0
d’q ¢
w2 T1c ™o

Comparing with standard differential equation of SHM for
oscillation of ¢ which is given as

dzq
PR

The solution to above equation is given as
q = g, cos @f
and

i=—g,wsin et

According to given conditions

2
a _1.,
2c ~ ol
. qacoszmt —lL 2 sinZer
= T = ylafesin

Electomagnetic inductior and Altsmatin
= cotlmt =1
o Tt 3t 5S¢ 7x
4474 4

‘= nvﬁ 3InLC 5rJLC TrdIC

4 4 4 4

Sol. 8 (A, C) The magnetic flux through the square laop duc
to the current in straight wire can be obtained by considering
an elemental strip in theloop as shown in figure.

TR Ty

The magnetic flux tﬁrough the-elemental strip is given as

Hg i
=(BYdS=] == |(adx
=8 5= 221 Y
Total magnetic flux through the loop can be given as
2a u ia
o= L dp = ;—nlnz

Thus mutual induction between the wire and the Joop can be
given as

Current in straight wire produces an osutward magnetic field
over the foop. If the loop is brought close to the wire outward
magnetic field passing through the loop increases. According
to Lenz’s law induced current produces an inward magnetic
field to oppose the increment in the magnetic flux through it.
Thus induced current in loop is clockwise.

Hence options (A) and (C) are correct.

Sol. 3 (A} For a series RLC circuit, impedanceis given as

7= R +(mL - LT
@l

100° + 21:(@](19%10'3)—

T

1
2::[500J(5x10*‘)

ki

-
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@eﬂumé—gﬁéﬁ? iﬁ_ﬁj&ﬁpn _én_d Alternating Current
= Z=100J20=14140

Circuit Current is given as

e 15042

=15A
7 100v2

Average power dissipated across resistance is given as

i=

P=1R=(1.51x 100=225W

Across inductor and capacitor being reactive circuit
componcnts no average power iS consumed.
Hence afl options are correct.

Sol. 16 (A, ) Selfinductance of'a coil ts given as

L=—
i
_L:’
= N

Thus SIunit of magnetic flux is henry-ampere. Selfinductance
can also be expressed as

L= - —eAf
T AilAr A

Thus ST unit of self inductance can also be given as V-sfampere,

Sol. 11 (B, C) Inseries RLC circuit, impedance is given as

1
fe> ﬁ then we have oL > oC 50 circuit impedance is

1

1
inductive and if ® < —== then we have ©L <—s0 circuit
JLC wC

impedance is capacitive,

1
L=—
If @ wC

power factor will be unity.

then circuit impedance is purely resistive and

Soi. 12 {A, B, D) Time constant of the circuit is given as

Half life time of the above circuit for the current growth is
given as

t,, =27, =(ln2)s

Thus the given time is half life time so in this period current
reduces to half which is given as
iy 82

=Rt T

Rate of energy supplied by battery is given as
P=FEi=8x2=16J/s
Power dissipated as heat across resistance is given as
Po=iR=(2y*(2}=8J/s
Potential difference across the inductor is given as

V,-V,=E—iR=8-2x2=4V

Sol. 13 (A, €) inall materials due to phenomenon ofinduction
always dipole induction take place in direction opposite to the
external maguetic field so upto somelevel diamagnetic character
always exist in all materials.

Sol. 14 {C) Asinductance is not known we cannot compare
the potential difference across the two bulbs so their brightness
cannot be compared when glowing. As frequency of supply
voltage increases the reactance of the upper branch decreases
se and that of lower branch increases so current in upper branch
increases and in lower branch decreases. Thus brightness of
bulb B, increase and that of B, will decrease.

Sol 15 (A, C) According to Lenz's law, induced effects always
oppose the change {| and i, both are in same direction. Hence
magnetic lines from B due to both currents are from right to
left. By bringing 4 closer to B or increasing i, right to left
magnetic field from B will increase. So i, should decrease.

Sol. 16 (A, B) When the rod PQ is released downward it
experiences its weight and upward the magnetic force due to
current in it and both the forces are constant. Depending upon
which force is greater, it will slide upward or downward at
constant acceleration. Hence options (A) and (B) arc correct,

Sol. 17 (B, C, D) Initial and final magnetic flux through the
coil are given‘as

¢, =BScos0°=(4)(2)=8Wb
:15,2 BScos80°=0
Ap= 8Wb

EMF induced in the coil is given as
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i= e =20A
R
Charge flown through the coil is given as
A
Ag= R =2C

This current is not constant. So, we cannot find the heat
generated unless current function with time is not known,

Sol. 18 {A, C) Thecurrent as a function of time in series RL
circuit is given as

R
i= E(I—eTJ
R

Differentiating above equation we get the slope of above curve
which is given as :
di &

—_—— L
da 1€

In enrve B shown in figure slope is less but saturation current
is same that means £/R is constant but E/L is decreased,
Hence options (A) and {C) are correct.

Sol. 19 (B, C) The current in circuit is given as
men{ )
m— M= J7E )P0
) gy [
8 A R 7y

Sol. 20 (A, C, D} Softiron is a ferromagnetic material so it has
high permeability and se)f inductance of a solencid is directly
proportional to permeability of the inside medium. This
increases the inside flux but no effect on the steady state
current. Due to increasc in L energy stored in it and magnetic

moment increases.

Sol. 21 (R, C, D) If inward magnetic field increases than
induced electric lines arc anti-clockwise and ifinward magnetic
field decreases, then induced electric lines are clockwise both
mnside and outside the cylindrical region.

On positive charge, force is in the direction of £. On negative
charge, force is in the opposite direction of £. Hence optians
(B), (C) and (1)) are correct.

Etectrémagnefi& !ndyf:!ion andﬁmt‘éhnm'tévti;g Eu W:rtt:‘;

Sol. 22 (B, C, D) As loops are approaching each other, the
magnetic flux due to each other increases so according to Lenz’s
law the induced current in the two will have a tendency to
oppaose this and induced current will be in opposite direction.
The induced current may or may not be higher in magnitude
than their initial current so the loops may attract or repel each
other depending upon their final currents are in same direction
or opposite directions.

Sol. 23 (A, B, C) The current in circuit branch is given as

g=27

d
= i= = =4t

t :

di
= - =4Afs
di e

Ati=1s,¢4=2C,i=4A an E;=4Afs,thcpotenhaid1ﬁ‘erence

across the inductor is given as

di
V= V= Lo —1x4=4V

Potential difference across the capacitar is given as

Potential difference across the resistor is given as
V.~ ¥, =iR=4x4=16V
Summing up all the above three equations gives

¥, - ¥,=21V

Sol. 24 (A, C) Asbaand be are equal the potential difference

of @ and ¢ will be same so we havé
V- =0

Bayi?

and V,-V,=V.~V=

Sol. 25 (B, D) The two halves of the rotating rod behave.as.
motional EMFs so the equivalent circuit of the given system
looks like shown in figure.

(i
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{Eisch onagnetis induction and Alernaing Current

Induced emf in each half ofrod is given as

%)

If Xis the potential of ring and taking potential at € tobe zero,
using KCL equation gives

() o

= 5X=4e
4¢  2Bwa*
= X= 5T g
2
and . £ _ 2Bwa
r S5r

The direction of current in ‘r* will be towards low potential
terminal i.e. from rimto origin.

Sol.26 (B) The current as a function of time in discharging
of a capacitor is given as

I

i=_—g *¢

- el

In graph-2 the intercept on y-axis is same but slope is decreased
so from above equation we can see that (77R) remain same and
{1/RC} is decreased. Hence only option (B) is correct.

Sol. 27 (B, C) EMF induced in the loop is given as
49

dt

e=

The area under the curve gives

o= [do=edt

Which is change in fiux that remain constant
Charge flow through the loop is given as

_ flux change

Ag= R = constant

Sol. 28 (A, D) When rod is released from rest then at an ahgle
8 if rod rotates at an angular velocity wthen by conservation
of energy we have

Iy, 1
mgl 5 51n9=51(02

T

Hnglsinﬂ_\]SgsinB
@ T

EMF induced across the ends of rod is given as

1
e= EBmﬁ = -;_B{

3gsin(3}2
i

Sol. 29 (A, B, D) In atitme varying magnetic field the EMF
induced in thering is given as

_ 4%
e 7 o

This EMF is distributed in all the elements of the ring and a
steady current flows in the ring due to which across all elements
the EMF induced and petential drop due to current remain
same so all points of the ring will remain at same potentials,
The electric field intensity at the points on ring is given as

Sol. 30 (B, D) Therod isequivalent toa rod joining the ends
P and R of the rod rotating in the same sense as shown in
figure below.

60° B8

The EMF induccd across points Pand R is given as

Bol?
Vo= Vo=

EMF induced across points { and P is given as

Bwl?

VQ—VP— >

_Bmi2

= Vp=Vp= 2
= VQ—-VR=0

Sol.31 {All) In the given situation if ring moves according to
all the options given, it does not cat the magnetic flux so no
EMF will be induced in the ring.
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{336 -, . R Elecfron@_g;ﬁ'e__iié};rjégé{ion and Alternating Current]
Sol. 32 (B,C) According to Lenz's law the induced current is i

suich that it opposes the motion of magnet by applyinga force  As T has greater value at the time the circuit is just closed so
on magnet opposite to its motion direction.

we have P, > P, and in steady state P, > P, as P, becomes
Sol. 33 (A, C) By principal of energy conservation wehave  Zero in steady state, Hence options (A} and (C) are correct.
P,=P,+P,
When the circuit was just closed, we have
di -

Pp= 2R and P =Li x
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