UNIT -1
ELECTROSTATICS -1

PART-A

Give the sources of Electromagnetic fields. (May 2017)
Electric charge in the fundamental source and other devices such as
transformers, electric motors, wave guides etc are EMF based.

Natural sources: Electromagnetic fields are present everywhere in our
environment but are invisible to the human eye. Electric fields are pro-
duced by the local build-up of electric charges in the atmosphere as-
sociated with thunderstorms. The earth’s magnetic field causes a com-
pass needle to orient in a North-South direction and is used by birds
and fish for navigation. The Earth’s magnetic field plays an important
role for all living things. Without a geomagnetic field, life on this plan-
et would not be possible.

Human-made sources of electromagnetic fields: Fields generated by
human-made sources such as X-rays, the electricity that comes out
of every power socket has associated low frequency electromagnetic
fields. And various kinds of higher frequency radio waves that are used
to transmit information — whether via TV antennas, radio stations or
mobile phone base stations.

Determine the angle between A= Zéx + 4§1y and B= 65y + 4;11
(Dec 2016)
AB=/A|B|c_6,,

|A 22 +42 =420
|Bl=y6" +(~4)" =52

AB= (2£x +4£y).(6£1y —4a,)=6x4=24

cos0,, =0.744

24
2052

0, =cos™ (0.744) =41.91°
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State Stokes theorem. (May 2017), (Dec 2016)
Stokes theorem state that the circulation of a vector field A around a
closed path ‘L’ is equal to the surface integral of the curl of A over
the open surface ‘S’ bounded by ‘L’ provided that A and VxA are
continues on ‘S’. Thus
A-di=[(VxA)E
L S
Find the unit vector extending from the origin toward the point P
(2,-2,-1). (May 2015)
2d,—2a, —1a;

: A g g _1ig
The unit vector ap it e ey 3% 3 % z

Define Divergence of a vector field A at a point P. (May 2015)
The divergence of the vector field & at a given point P is a measure of
how much the field diverges or emanates from that point. The diver-
gence of a vector field can also be viewed as simply the limit of the
field’s source strength per unit volume. The divergence of A at a given
point ‘p’ is the outward flux per unit volume as the volume shrinks
about ‘p’. Thus

@Adg

divA =A-A = lim =
AV=0 AV

Given A =4a, +6:§1y —2a, and B=-2a, +4a?1y +8a, show that the
vectors are orthogonal. (May 2015)

AB = (4a, +6a, —2a,).(—2a, +4a, +8a,)
=4(-2)+6x4+(-2) x8=0
The dot product is zero, hence the two vectors are perpendicular to

each other. They are orthogonal vectors.

Define Electrostatics
Electrostatics is the study of electric charges which are static (time
invariant) in free space (vacuum) or material medium.
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8. [Express in matrix from the unit vector transformation from the

rectangular to cylindrical coordinate system (May 2015)
Cylindrical Co ordination Spherical Co ordination
A, cos¢p sing OffA, A, sinBcos¢ sinBsing cosO [[A,
A, |=|-sin¢ cosd O A, Ay |=|+cosBcosd cosBsing —sinb || A
A, 0 0 1flA, A, —sin¢ cosd 0 A,

9. Points P and Q are located at (0,2,4) and (-3,1,5) calculate P and
Q are located at (0,2,4) and (-3, 1, 5) calculate the distance vector
from P to Q (Dec 2014)

PQ=(-3-0)a, +(1-2)a, +(5-4)a,
PQ = -3a, —a, +a

10. What is the electric field intensity at a distance of 20 cm from a

charge of 2mC in vaccum ? (Dec 2015)
B9 2x107
AMe,r 4mx8.854x107% x(20x107?)
=449.38KV/M
11. Find the electric field intensity in free space it D =30a, %2
5 (May 2015)
In free space D=¢,E ~E=—
80
L E=—0% 3388510, v/m

8.854x107"

12. Find the force of interaction between two charges 4 x 10® and 6 x

10 spaced 10 cm apart in kerosene (e, =2.0) (May 2015)
Fle_ 4% - 4x107¥x6x107° :
ameE R™ 4nx8.854x107° x2x(10x107)
=2.157N

13. Give the properties of laplacian of a scalar field.
a) Laplacian of a scalar results in scalar field
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14.

15.

b) If the laplacian of a scalar function is zero (i.e V’V =0) then the
scalar function is said to be harmonics in that region.

State the properties of electric flux lines.  (Dec 2016)
1) The flux lines start from positive charge and terminal on the negative
charge.

i1) If the negative charge is absent, the flux lines terminate at infinity.
While if positive charge is absent, the flux lines terminate on negative
charge from infinity.

(ii1) The flux lines are parallel and newer cross each other.

(iv) The flux lines are independent of the medium in which charges
are placed.

(v) The flux lines enter or leave the charged surface normally.
Define Electric field intensity. (May 2016)

Electric Field intensity ( E ) in the force per unit charge when placed in
an electric field. Given by

E=F/Q (N/C)

Vectorially

= Q- _Q [T
4mer 4ne |r—r1'f

(I.e) The electric field intensity at a point T duetoa point charge
located at 1’

It multiple charges are present, we can apply principle of superposition

= _QQ(r—r) QQ,(r-r )+ QQ, (r-r,)
4me|r—r, [ 471',e|r o 4n£|r—r|

r—r,
Z ( k) Newtons( /C)
4TC£ “47e|r—1 [ coulombs
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16.

17.

State Gauss’s law. (May 2016)
Gauss’s law states that the total electric flux y through any closed sur-
face is equal to the total charge enclosed by that surface.

Thus
=Sy = 4} dy = Cﬁﬁ.& =total charge enclosed Q = Jpvdv or
Q= Dds= j p,dv — (a)(Gauss's law in integral form)

Applying divergence theorem to the middle item
D8 =[(VBv

comparing LHS with (a) we can write |pP, =VD -(b) (Gauss law

differential or point form)
Note:
¥ Gauss’s law is an alternative statement of coulomb’s law.

* Proper application of divergence theorem to coulomb’s law results
in gauss’s law

#* Gauss’s law provides an easy means of finding Eor D for
symmetrical charge distribution such as as point charge, infinite
line, surface and volume charge distribution.

What are the practical applications of Electromagnetic fields?

(Dec 2015)
(i) Electromagnetic theory application is analyzing and designing of
communication system like satellite communication, TV communi-
cation, wireless communication, mobile communication, microwave
communication etc.

(i1) The theory is also used in analysis and designing of antenna, trans-
mission lines and waveguides.

(ii1) The theory also find application in Biomedical system, Electric
motors, Remote sensing radars, lasers, etc.
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18. Determine the electric flux density at a distance of 20 cm due to an

19.

20.

infinite sheet of uniform charge 20uC/m2 lying on the z =0 plane.

(Dec 2014)
We know that Electric field intensity at a distance ‘h’ due to an infinite
sheet of charge lying on z plane is

T = Fs
E = - E!-z
Therefore
D=E:z= % 0z
. 20x10°°®
D= 5 az
D= 10x10"°a,

What are differential elements in Cartesian system?
Differential length di = dx a, +dy a, + dz a,

Differential areas are:
ds = dx dy a, (z = constant)

ds

dy dz a, (X = constant)
ds = dz dx a, (y = constant)

Differential Volume: dv = dx dy dz

What are the differential elements in cylindrical system?
Differential length: dl = dp a, + pd®a, + dz a,

Differential Areas are:

ds = pd@dz a, (p = constant)
“ds = dzdp a, (O = constant)
ds = pdpd® a, (z = constant)

Differential Volume: dv = pdpd@dz
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21.

22.

23.

24,

What are the differential elements in spherical coordinate system?
(Dec 2015)
Differential length: dl = dr a, + rdf ag + rsin8d0 a;

Differential Areas are:

ds = r? sin@d@#do a, (r = constant)

ds = rsin® drd® ag (8 = constant)

ds = rdrd® a; (O= constant)

Differential Volume: dv = r? sin8 drdads

Determine the electric flux density at a distance of 20cm due to an
infinite sheet of uniform charge 20 L C/m? lying on the z = 0 plane.

(Dec 2014)
D= %an independent of distance from sheet

= 20~ - 2 o
D 2 a; =10, uC/m an =a, for z=_0plane.

Define vector product of two vectors.

The vector product also known as cross product of two vectors says
A and Bwritten as AxBis a vector quantity whose magnitude in
the area of the parallelepiped formed by A and B in the direction of

advanced of a right handed screw as A is termed into the B. Thus

AxB= |A||]§| sin®,,

Defined scalar product of two vectors.

The scalar product of two vectors says A andB also known as dot
product, written as A-B is a scalar quantity which defined as the
product of the magnitude of A and Bthe cosine of the angle between
them. Thus

AB =|A||]§|COSGAB
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25. Write down the expression for x, y, z in terms of cylindrical co
ordination and spherical co ordinations.
Using cylindrical co ordinates (e, ¢, z )

X =p coso, y=psinp and z=z
Using spherical coordination (r, 6, ¢)

x =rsinfBcos¢d, y=rsinBsing z=rcosO

26. Write down the expression for cylindrical and spherical co
ordination in terms of cartesian co ordination.
Cylinder coordinates Spherical coordinates

p=Ax"+y’ r=4x"+y’ +7°
2 2
o tan™ (z) o tan” [_Vy
V4
¢=tan™ (

X

1

7=z =tan” (y/x)

27. Defined scalar and vector triple product.
Scalar triple product is given by

A(BxC)=B-(CxA)=C(AxB)

Vector triple product is given by

Ax(BxC)=B(A-C)-C(A-B)

28. Define Unit vector.
The unit vector of a vector say A is denoted by 4, , whose magnitude
|a,|=1and the direction along A . Thus

29. Give the dot product of unit vector.

a) Cartesian co ordinates 4, -4, =4 -4

Il
&>
©>

Il
—

y z z

a_-a,=a,-a =a -a_=0

»
«
<

N

N

»

b) Cylindrical co ordinates 4 -4, =4, -a

=
Il
o>
N
>
N
Il
—_—

o>

>
Il
]

a-a,=a,-a,=
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c) Spherical co ordinates 4, -a, =4,-a, =3, -3, =1

a,-a,=

T

g, =2a,-a,=0

Qo>
Il
>
Il

30. Write down the expression for vector differential operator ‘V’ in

31.

32.

33.

Cartesian, cylindrical and spherical coordinates.

V:iéX +i€1 +iéZ (cartesian)
ox dy 7 oz
_ %ép +%aa_¢é , +%az (cylindrical)
d. 190, 1 d . .
V= =4 +;£ae m£a¢ (spherical )

Define Gradient scalar.
The Gradient of a scalar feild V is a vector that represented both mag-
nitude and the direction of the maximum space rate of increase of V,
denoted by VV,. Thus

d

=VV=—a, +i€1 +iéz (cartesian)
ox dy * oz

G

rad

State Divergence theorem.

Divergence theorem state that the total outward flux of a vector field
A through the closed surface ‘S’ in the same as the volume integral of
the divergence of A Thus

H VA dv= CﬁK ds
v S

Define Curl of a vector.

The Curl of A vector is an axial or rotational vector whose magnitude
is the maximum circulation of A per unit area as the area tends to zero
and whose direction is the normal direction of the area when the area
is oriented So as to make the circulation maximum. Thus

$A-d
A=VxA=|limt A,
As—0  AS

max
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34. Write the expression for Divergence of a vector field A in
Cartesian, cylindrical and spherical co ordinates.

V-K:iA +iA 9

, (catesian)
vz oX dy oz

13 19 3 o
(Vp(pzA)_B%( Ap)"'E%(A‘p)"‘g(A,) (cylindrical)
Via=o—(rA 0A,)+———A herical
(r0.0) 1 ar(r ) p— ae(s1n o)t rsin0 30 (spherical)

35. Write the expression for curl of a vector field A in Cartesian,
cylindrical and spherical co ordinates.

a, a, a, a, pa, a,
veasld 2 2l Txalll 2 2
X,¥,Z ax ay aZ (p.9.2) ap a(b aZ

Ax Ay Az AP A‘D AZ

éir ée A¢
V><A=i 9 9
1.0 |dr 00 00

A, A, A,

36. Define Laplace of a scalar function ‘V’ and a vector field ‘A’.
Laplacian of a scalar function ‘V’ is defined as the divergence of the
gradient of “V’. It is denoted by V>V
ViV=V.(VV)= iax+i€1 +ié A X+a—véy+a—vé7

a x dy oz *

o’V 9’V 9’V
+ +

ox> 9y’ oz

ViV = (cartesian)

37. Any two null identities in vector analysis
a) The curl of gradient of any scalar field is identically zero

Vx(VV)=0
b) The divergence of curl any vector field is identically zero

V. (VV)=0
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38.

39.

40.

41.

42.

Give the properties of Gradient of a scalar field ‘V°.
a) VV point in the direction of the maximum rate of change in ‘V’.

b) If A=VV, then ‘V’is said to be the scalar potential of A .
Define directional derivative (dV/dt)
The projection of VV in the direction of unit vector a,is VV - a,and

is called the directional derivatives of V along 4, . This is the rate of
change of “V’ in the direction of a, .

Give the properties of Divergence of vector field A.

a) The resultant of VA is a scalar.

b) The vector field whose divergence is zero is called a solenoidal
feild. (V-A)

¢) V(A+B)=V.A+VB

d) Divergence of a scalar makes no sense.

Give the properties of curl of a vector field ‘A’.

a) The curl of a vector field is another vector field.

b) The vector field whose curl is zero is called irrotational i.e VxA =0
or conservative field.

¢) V-(VxA)=0
d) Vx(VV)=0
e) Curl of a scalar field makes no sense.

State coulomb’s law.
Coulomb’s law states that the force ‘F” between two charges Q, and

Q,is
% Along the line joining them
% Directly proportional to the product Q Q, of charges

% Inversely proportional to the square of the distance ‘r’ between
them.
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Mathematically
£ QQ L 5 Q0
T T
Where
1
4ne  4me €,

e =1 for free space. (for air, k=9x10°m/F)
£,=8.854x10" F/m permittivity

In vector form:

F21
CH
r
r, 12
origin M N
2 F
12
Here ;12 2;2 —;1
;21 Z;l _;2

E QQ, o

2= ——an
4mee, |1, |

- T ~ T
Fi :&% where a;, =—12 .
4me €, |t | |1, |
m Fy=— 2% 2

4-TCSOE:r | a |2 .

T2 =12 —11

21 =1, —12
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43. State the conclusions from coulomb’s law.

* Fio =—F2 ; ann=—au

#* Like charges repel each other and unlike charges attract
* Q, and Q, must be at rest(static)

* Sign of Q, and Q, must be taken into account.

* If we have more then two point charges say Q,,Q,......Q, then
applying principle of superposition

]_:—‘: =ﬁ1 +i:‘:2 +i:‘:3 +..... ﬁn
_QQ(r—rl)+QQ2(r—r2)+ +QQn(r—rn)

‘3 ..... — |3

_4Tcs|r—r1 P 4me|r-r,

Lo QN Qu(r—5)

4me & dne|r—r1, |

44. Define various charge distributions and charge elements.
Apart from point charge, the charges considered can be uniformly dis-

tributed as given below.

dQ=p,dt - Q =J.pL dl (linecharge) ———> ++++++++
L

+Ht

dQ=pydS—>Q =_[ps dS (surface charge) ——————»| .14

S
dQ=p,dv - Q=p, dv (Volume charge) ——
L
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45.

Where dQ is the charge element, Q is the total charge and P, -line
charge density (c/m), pg-surface charge density (c/m?*) and p, -vol-
ume charge density (c¢/m?). The Electric field intensity for charge dis-
tributions are given by

E=[-92 4 o [P0 g (2 L jRdvy (X
4mer v 4mer” g 4mer” | 4mer

m

Define electric flux and flux density.

Electric flux is the lines of force which originate from the positive
charge and terminate either on a negative charger at infinity. Denoted
by ‘y’ and measured in coulombs.

‘D’ — Electric flex density is defined as electric flux percent area.

|D=Q/A=y/A|or w:'[ﬁ& = |dy =D.ds|and|D =¢E

[ — — —

S

Q
AR

sp=—2 Qp

4mR* D

.’.B:SE(c/mz) :>D:}f

46. State the conditions for a field to be a) solenoidal b) irrotational.

#* Divergence of the field has to be zero.
#* Curl of the field has to be zero.
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PART - B
1. If A=10a -44a +6a, and B=2a +2a, Find

a) the components of A along 5;
b) the magnitude of 3A-B

¢) a unit vector along A+2B
a) Components of A along ayis, -4
b) Magnitude of 3A-B = 3.(10§x —4a, +6§11)—(25x +§y)

=30ay —12a, +18a, —2a, —a, = 28a, —13a, +18a,

A A+2B
c)let ac =——
‘A+2B‘
_ 10a, —4a, +6a, +4a, +2a, 14a, —2a, +6a,
142 +(_2)2 +62 15.36
=0.9114a, —0.13a, +0.399a,
also éc =1.

2. Given A =3a, +42A1y +£z, B= 2£y —5a,.Find the angle between A
and B.

Let the angle between A and B be 0,; also we know that

A-B= ‘KHE‘COSGAB =co0s0,, =%

0, =cos™ % =cos™' [%} =83.72°
Alternatively
We know that

Kxﬁz‘KHE‘sinGABan =sinf,,a. :W
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| AxB i_l[\/222x152x62]

0,5 =sin W:SD W

27.29

0,. =sin!| =—"2—
AB [J%\/E

3. Point P and Q are located at (0, 2, 4) and (-3, 1, 5) calculate

]: 83.72°

a) The position vector ‘p’

b) The distance vector from ‘P’ to ‘Q’

¢) The distance between ‘P’ and Q.

d) A vector parallel to PQ with magnitude of 10.

Solution:

a) Let the position vector g =2a, +4a,

b) distance vector TP =Tq —TIp
rrg = (=3-0)ax +(1-2)ay +(5-4)a,
:—3éx —éy +éz.

=3 +1+1=3.317

¢) distance between P and Q = [req

A T
d) aprQ = 9 =

~3a, —ay +a,
3.317

o
vector parallel to PQ with magnitude 10 is

0 (; )_ 10(—3ax —ay +az) B —30a, —10a, +10a,
" 3317 3317
=-9.04a, —3.015a, +3.015a,

Therefore Vector parallel to PQ can be 10- arg or10-agp

ie i(—9.04éx ~3.015a, +3.01552)
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4. Three field Quantities are given by
P =2a, —éz,Q =2a, —éy +2£12, R =2a, —3':1y +a, determine
a) (13+6)><(13—(_j) b)Q-RxP ¢)P-QxR d)sin Oor ©) ?x(éxﬁ)
) Aq unit vector perpendicular to both Q and R g) The component
of P along Q.

Solution:

2) (13+6) ( Q) P+Q 4ax—ay+az

p Q 0+ay_3az

a_ a, a,
(P+Q)x(P-Q)=4 o =2a +12a, +4a,
0 1 -3

b) 6-(ﬁx§) note : The only which make sense is G(ﬁxﬁ)

~ ~ ~

ax ay a,
RxP=[2 -3 1|=3a,+4a,+6a,
2 0 -1

Q-(3,4,6)=(2,-1,2)-(3,4,6)=6-4+12=14

Alternatively
2 -1 2
Q-(RxP)=2 -3 1|=6-4+12=14
2 0 -1
2 0 -1
¢) P-(RxQ)=[2 -1 2|=2(-14+6)0-1(-6+2)=10+4=14
2 -3 1
QxR
d) sinBy, = Q ‘ 524 =0.5976
‘ HR‘ 212230
ac ay A

e) ﬁx(éxﬁ):(2,0,—1)><(5,2,—4)=2 0 -1
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= 2ax + 3ay + 4az

Alternatively
Px(GxR) =G (P-§)-R (F-9)
f) unit vector a. L to Q and R

A GXE _(5,2,—4)

o “[oxR]

=0.7452, +0.298a, —0.596a,

g) Component of P along Q

Pq = ‘P‘cos 0520

=(§'£Q)£Q
|5.Q g:(f’ﬁ)é
Ao o
((2.0,-1)(2-1,2)(2.-1.2))
(2.-1.2)

_(4-0-2)(2,-1,2)
T (4+1+4) .
2(2’_3152) ~ ~ R [P cos6 Q aqQ
==y = 0444, 0.2, +0.44a,

5. Transform the vector §=y§x—xéy+zéz into cylindrical co
ordinates.

~

Given that, B= yéx - xéy +za,
A=Y, A =X A, =2

Above we know that for B in cylindrical co ordinates

B=A,ac+A,2 +A,a,

And
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A cos¢p sing Of A, cos¢p sing O y

p

A, |=|-sin¢ cos¢ O]l A, [=[-sind cosd¢ 0| -x

A o 0 1fA 0o 0 1] z

z z

A, =ycosd—xsin¢
A, =-ysindp—xcosd
A =z

B= (ycos(])—xsin(l))glp +(—ysin¢—xcos¢)é¢ +7a,
Also X =pcoso, y=psin¢

B=(p sinq)cosd)—pcosd)sinq))';p + (—psinq)sinq)—pcosq)cos(]));q, +7a,
=p (sinfe= )£p+—p(sin2¢+cosz¢)é¢ +za,
=— p;l¢ + Z;:
6. Transform to cylindrical coordinates F=10a, —8:3y +6a, at point
P (10,-8,6)

It is well known that,

E cos¢p sin¢ O] 10
F, [=|-sin¢ cosd 0| -8
E 0 0 1f6
= F =10cos¢—8sin¢

F, =—10sin¢—8sin¢

F =6

F= (10003¢—8sin¢)€1p +(—IOsin¢—8cos¢)é¢ +6a,

Also p=+/x>+y’ =/10° +8> =12.81, ¢=tan"' y/x =—38.65°

F = (10cos(~38.65°) ~8sin (-38.65°))a. +(~10sin (~38.65°) )~ (8cos (~38.65°) )as +6a.
=12.8062, —0a, + 63, =12.81a, + 6,
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7. Find the rectangular components of vector H = 20?1‘, —10§¢ +3a, at
P(x=5, y=2, z=-1)
It is well known that,
A cos¢p —sing Ol A,
A |=|sind cosd O] A,

A, 0 0 1| A,
aly a2
also ¢ =tan (—J:tan (—):21.80O
X 5
cos$ =0.928
sin¢p=0.371

~H, =cos¢H, —sin¢pH,, H =sin¢H +cos¢H,, H,=H

z z

~H= (2005(1)+105inq));1X +(20$in¢—IOcos¢)aAly +3a,
=(20cos(21.8)+10sin(21.8))a, +(20sin (21.8) ~10cos (21.8))ay +3a.
=22.27a, —1.86a, +3a,

8. Give the points A(x=2, y=3, z=1) and B(r=4, 6=25°, ¢=120°) find
the direction from A to B.

A — Cartesian coordinates B — spherical co ordinates

~Bin(x,y,z) = x=rsinb cos ¢ =-0.854, y=1.464, z=r cos® =3.625

T —ﬂ = \/(—0.845 —2)" +(1.464-3)" +(3.625+1)" =5.64

el =

9. Transform the vector A =da, —25y —4a, at P(x=2, y=3, z=4) to
spherical co ordinate.

Given

A=da, — 2;1y —4a, in the spherical A = Arar + Aeée +A, ;.¢

A, =Aa, =4a, —a, —2a,a, —4a,a,
=4(sinBcosh)—2(sinBsinp)—4cos 6

A, = Ado =4a,.20 —2a,20 — 42,2,

=4(cosBcosd)—2(cosBsind)—4(sinH)
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A, =Aay =4as.a, —2ayay —4a. a4

=4(-sin¢)—2(cosp)—4(0)=—4sindp—2cosd

A=(4 sinecos(])—2sin9sin(1)—4cos9);1r +(4cosecos¢—2cosesin¢+4sin6)z;e
+(—4sin¢—2005¢)§¢

Also at P(x=2, y=3, z=4) in spherical is

2+ 2
r= 4y 472 =538 0=tan” oY —4203°, ¢=tanl(l)=56.3°
X

z

<. A(5.38,42.03°,56.3%) = 2.59a, +3.11as — 4.43a,

10. Let A =5a, and B = 4a, +B, a,.find B such that angle between A
and Bis 45°. If Balso has a term Bzéz,what relationship must

exist between B_ and B, (May 2006)
We know that A-B= ‘KHﬁ‘cosG

6 =cos™ —é? =45°
4]l

~ Also
A-B=AB +AB +AB, =(500)(4B,,0)=20
20 =/5* x\[4 + B? xcos45°
32=16+B]

2 _ —
B =16 =B, =+4
If B, also exit then

\5%[42 + B2 + B2 xc0s 45° = 20

B2 +B =16
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11. Given the point A(-2, 6,3). Find the spherical coordinates of point
A.

Given, x=-2,y=0, z=3,
2 2

+
r=yxX+y’+7’ =7,0=tan" [u} tan™! (2.108) = 0 = 64.6°

z

X

0=tan"! (l): ~71.56°
A(7, 64.6°, -71.56°)
12. Given the two points A(2,3,-1) and B(4,25°,120°). Find the spherical
coordinates of A and Cartesian coordinates of B. (May 2010).
Solution:
A(2,3,-1)=>1=+2"+3*+1> =3.74
2 2

+
O=tan" Yo ¥ = _74.49°L A (3.74,-74.5°,56.3°)
z

0=tan"' ¥ =56.3°
X

B(4,25°,120°) = x =rsinOcos ¢ =—0.854
y =rsinOsin ¢ =1.463 B(—O.854, 1.465, 3.625)
z=rcos® =3.625

13. A vector field is given by the expression

a)F= [l )ﬁr (in cylindrical co ordination )
r
- 1)~ .. . .
b) F= (E )u, (inspherical co ordination)

Determine F in Cartesian form at a point with x=1 y=1 and z=1

unit. (Dec 2009)
Solution:

a) Given

f:=(la, but F= F,i +F, iy +E. i,

== 1-=- 1
F, =Fux =-u;ux =—cos¢
r r
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~F =lcos¢ﬁx +lsin(1)1a1y at (1,1,1)
r r

1 1

2
r= x2+y2=\/12+12=\/§, coshp=—=—, sinp=—=
I r V2

5

1 - -
—Ux +Euy

Nt
1

=—Ux+—
2

11 -
+—=—F—=1u
22

—=Ux

sl
Il

I
NG

1

esl}

b) Given,

- 1)~ - - - -

F=]— [ur but F=F ux+Fuy,+F u,
R X y z

~F =Fu. :lﬁrﬁx =lsinecos¢
R R

v F. = sinOsin o, F, —Lcoso
¥ R R

1 . ~ 1 . Lo 1 ~ .
. F=—sin6cosu, +—sinBsin du, + —cosOu,  at (L,11)in
R R R

2 2
R 1y +7 =5, e—\/y% /; 0056 =
Z

oo Y1

o

cosf =

oox b
X2 +y? 2’
21 -

f\ffffff

ﬁ Z—UX +—Uy +—UZ
3 3 3

z
R
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14. Transform the vector A =4a, —2§y —4da, at P(x=2, y=3, z=4) to

spherical co ordinates (Dec 2010)
Given
A =4a, —2a, —4a, FindA = A a: +A,a0 +A, 2

A, =RAa, =(da, 22,42, )a, (r =ty iz = 5.385)
=day -2, —2a, -2 — 44, -ar («/x2+y2:\/1_3.)

A =4sinBcosd—2sinOsinp—4cosO

f22ﬁ34£
F\/—\/»\/»

8

:E_E_

Ay =A ap =4.axae—2ayao —4a,ae

3=-3.234

=4cosBcosdp—2cosOsinO+4sinO

4 2 43\/E

+4 =1.648—1.236+2.678
J—13 J—13 J29

=3.09

A¢=Ké¢=4.éxé¢—2£yé¢—3%

2

NEREeT

=—4sin¢p—2cosp=—-4Xx—

——332-1.109 = 4.42
A =-3.234 2, +3.09 26 +4.42 a,

15. Given that F =xa, —xza, —y’a, "

Calculate the circulation of F around the closed path shown in fig
Circulation of Faround the closed path in

?Fdﬁ:“iiﬂ ]ﬁa

— for segment 1: x=1,y=0, z=0 and F =x%a, di=dxax
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For the segment 2: x=0, y=1,z=0 and F=-y’a , di=dya,

79

~ [Fdi=o0 ie,a,-a,=0

X

For the segment 3: x=0, y=1, z=0 and

- ~

) ~ - ~ n
F=x"a —xzay—-y“a,, dl=dxax+dza,

3. 3

For the segment A

- ~

x=1,F=ay —zeAly —yzeAlz, El:dyéy +dzeA1Z

F-di= J.(—zdy— yzdz) = —j-zdy— j.yzdz
4

1 1

> —

0 0

RENHE

2 3

y
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16. Determine the gradient of the following scalar fields
a) V= p™”sin 2x cos hy
b) U= p*zcos 20
¢) W=10 r sin’0 cos ¢
Solution:
a) V = p*sin 2x cos hy - Cartesian
Vv :a—Véx +a—V£y +a—V§,
X dy dz
VV =2p~*cos 2¢éx —2p~"sin 2(]);1y —2p~*sin2x cos hy'cAlZ

b)) U=p?zcos2d - cylindrical

VU :a—Uép +la—Ué¢ +a—Uéz
ap p dd 0z

=2pz cos2¢ a, —2pzsin20as +p’ cos20a,
¢) W=10rsin’0 cos ¢ - spherical

VW:aﬂéﬁlaﬂéw .1 aﬂéq,
or r do rsin® Jdo

=10sin’ Ocos har +10cos §sin 20as —10sin Osin das

17. Give W =x’y” +xyz, compute VW and the directional derivative

dW/dl in the direction 3a, +4a, +12a, at (2,-1,0)

Solution

ox y 0z
= (2xyZ + yz)aAlX +(2x2y+xz)£1y +xy':1Z

=(2(2)(-1")+(-1)0)a. +(2(2)" (-1)+0)a, +(2)(-1)a,

=+4a, —8ay —2a,

i~ (sai s, ) 125
! V3 +47 412"

_TH
13
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18. Given ¢ =xy+yz+xz Find the gradient at point (1,2,3) and the
directional derivatives of ¢ at the same point in the direction to-
wards point (3,4,4)

Given that,

Grad 6=V = ¢;X+a_¢;y %
ox dy E)z
=(Y+Z)£x+(x+z)§y+(x+y)éz
¢at(l,2,3) = Séx +4£1y +3£13.

Directional derivatives

%:(3& +4a, +4a, )~ (a, +2a, +3a,)

di = 2a, +2a, +a, =(2,2,1)

dq) (Zax +2ay +ax)
= =Vo-a=(5a, +4a, +32, ) e/

i (s0: +40, +32.). NEESE
_(10+8+3)_2_7

NG) 3

19. Determine the divergence of the following vector field and evaluate
them at the points.

Solution:
a) A= yzglx +4xyaA1y + y?lZ at(1,-2,3)

— 0A
V-A:aA*+ y+aAZ:O+4x+O:4x.
ox dy 0z

V-Aat(1,-2,3)=4(1)=4

b) B= (pzsm(j))ap (3pz2 cosq));q, at (5,m/2,1)

= 10 0
V-B ———(po)+E£(B¢)+E(BZ)

—g(pzz sin ¢) +%aa—¢(3pz2 cos ) +0



28 Unit WISE SOLVED QUESTION PAPERS

=l(2pzsin¢) +32’ (-sin¢) = zsin¢(2-3z)
p

V- Bugwny = (1)sin(n/2)(2-3(1)) =-1

_ A~ L T T
c) C=2rcosOcosdar +ray at(l,g,g)

V~6:Li(r2Cr)+ ! i(sinGCe)+ ! a(cq,)

r’or rsin 0 00 rsinﬁa_(l)
19 1 o3
:r_zg(Zr3 cosecosq)) +0+ rsinea_(]){rz ]

=6cos0cosO+0=6cosOcos

\% -am(l,ﬁ,ij = 6cos[£)cos(£)= 2.598
63 6 3
20. Verify divergence theorem for each of the following cases

a) A =xy’a, +y'a, +y'a.and S in the surface of the cubic defined
by 0< x< 1, 0< y<1, 0<z<I.

Solution:
gSK ds :J.V-K dv here
S v

N

"
: IR

L.H.S gSK dgz—” Xy’ dydz+”xy2 dydz} -1
S

x=0 x=1

= —H y’dxdz + J-J. y3dxdz} —II
y=0 y=1
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=— H y zdxdy + _U y’ zdxdy} —1II
2=0 z=1

Forl = |[ (o)y2dydz+jljy2dydz = _1[|:y§:|ldz = j[%dz = %jdz =%
x=0 00 0 0

0

For Il = —H(o)3dxdz+ﬁdxdz :j[xﬁ) dz=1z| =11=1
00 00 0

11 11 1 3
For Il = — [ [(0)y?dxd 2ldxdz = [y? (x)| dy=2 ==
or Il = }’)“0[( )y dx z+!£y xdz !y (x)|0 =13 73
¢K£=1+1+1=§=1.667.
! R
R.H.S .[K dv. given A =xy’a, +y’'ay +y’za,
v
x_[9: J - dJ - 27 37 2
V'A—[gax +$ay +£az ).(xy ax+yayty zaz)

—ix 2+i 3+i ’z
ox Y 8yy azy
=y’ +3y’ +y’ =5y’
111
J.V-K dv= JJISyZdX dydz

= S‘Idx‘IYZdyIdz = 5(1)[%}(1) =§

=§ =1.667.
3

b) A= pzép +3zsin ¢é¢ —4pcos q>éz and ‘S’ in the surface of the Wedge 0 <
p<2,0<$p<45°,0<z<S5.

Solution:

L.H.S @K&:ﬁzpzpdq)dz} I
S 00

5 2
3zsingdpdz+ [ [ 3zsinodpdz 11

00
=0 ¢=45

5
gl
0

O C—
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4pcosdpdpdd+ | | 4pcosdpdpdd —III

‘c‘o'—"’;‘:
ot

N

&O'—.-&-\\:ﬂ

2
|
0

25

5
-, for 1—>jz( 4dz—2n? =251=78.53

0

for—>o+—jp| dz=+2-3(z), = 3 (25)=53.03

V2

(—4(:05(]))[p3 ] do=—- (sm(]))m4 %%: 7.542

for —

(—4cosd)p dpdd =—7.542

St— b |a otemm na

9€K£ =78.53+53.03+7.542—7.542=131.56

R.H.s.jv.K dv=>V-A= [
v Jp p do

e pa p+lia¢+§ }(szép+3zsin¢—4pcos¢£z)
Z

:7—(2pzz)+%;—¢—§4pcos¢

3zcosd

=4z+i3zcos¢=4z+
p p

m'(4z+ 32(;08(1) ]pdpdq)dz
= [[[(4z)pdpdodz~+ [[] 3Z§S¢]ﬂdpd¢dz

=4 _[pdpxnjﬁdq)xj‘zdz +3(jdpxnj4cos¢d¢xfzdz)

23
20J

2

n/4 Z
X —

0 2

n/4

2

5
]+3 p| xsin¢|,

0

2><£><2 +3 2><L><2
4 2 202
:25n+£:131.57

2

Il
N
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c) A=r’a, +rsinecos¢ée and ‘S’ in the surface of a Quarter of a sphere
definedby 0 <r<3,0<¢<m22and0< 0 <m/2

Divergence theorem
§A-&=[Vv-A av.
S v

L.H.S

n/2w/2

j j 51n6d9d¢+J. J-r4 sin® @cos pdrdd+0
0 0
[r=

wteﬂ
II

0

surface—1] 6=m/2 surface—II

Surface -1

n/2m/2 /2 y

j J r*sin0d0do =r* j (—cos6); 2do
0 0 0

Z

X

/2 /2

=r J- (—c0s90+cos0)dp =r* j do=r* g
0 0
=3.Logl
2 2
n/23
Surface-11 = _[Jrz sin” Ocosdpdrdd
00
For 6=n/2
w23 3
= f— coshdrdo
0 3 0
"2 27 o 27
= ?cosq)d(b:—( 0), 5 9
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Surface — III

T - T
=0for =—sin¢p=0 PA-ds=81—-+9=136.23
0= sn0=0 fR-d =8

R.H.S
/2 2
J‘V.AdV:>VA=L28—rAr+ .1 i in Ae"';i A
’ r’ or rsin® 90 rsin® d¢
:%ai(r )+r511n688 (sin®rsinOcos§)+0
3
L9 (r )+rcés¢isin29:4%+Cos¢251necose
o rsin6 00 r°  sin
=4r+2cosBcosd
. 3m/2m/2
jV.Adsz(4r+200secos¢ j.[ J‘ (4r+2cosBcosd)r’ sin Odrdodo
\% v
/2 /2 /2

/2

4r dr.[ smed(;).[ d¢+_[r er‘ 20056s1n9d9j cosodd

2 | (—cos26 NZ
l ot o 5 5] oot
=81(1)(1/2)+9(1)(1) = (811/2)+9 =136.23

H.S hence divergence theorem proved

S —_—y

/2
—cos 9

LHS=

21. Determine Curl of the vector field given below:

a)}3 =x"yzax +xza,

b)Q = psin ¢a, +p>zas +zcosda,

C)T =—-cosBa: +rsinBcos dae + cos Oay
r

Solution:

a)P =x"yzax +xza.,
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ax ay a,

Curlof P=VxP = 9 9 9
0x dy oz

x’yz 0 xz
a(’ay(xy)aX (;Z(xzyz)—%xz]éy+(aa—yx2yz}zz
= O+(x y—z)ay —x’za, = VxP z(xzy—z);y +x’za,

b)Q = psinda, +p>zae +zcos da,

ap a¢ az

d a9 0
Curl of \Y% T3 3. o,
url of Q=VxQ > ap 3 oz
QP pQ(p Qz

! J z—i sm¢a
NS ‘

|20 ool L[ -peosel

VxQ =—l|:p3 +zsin¢]§1p +[3zp—coso]a,
p

~ 1 N ) R A
c)T =—-cos0Oa: +rsinOcospaes +cosOay
a. rae  rsin ;1¢
L oo @
r’sin@|or 00 0
A, 1A, r1s8inbA,

T

curl T=VxXT =

VXT = ;_[i(rsine-cos(ﬂ)—ir2 sinGcos(I)]aAlr
a0 or

r? sin
- 1 i coje —irsin&cose rée
r’sin®| do or

! [ir smecosq)—i Cofe:|rsin9£1¢

r’sin 0| dr 00 r
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r ~ 1 ~
—c0s20-2+1’sinOsind |a, + 0—sinOsind|ra
1’ sin® |:2 (1)] r sinG[ ¢] ’

+

. sin®
— 2rsin@cosp+—;
r-sin® r

fo=>|:00§29+sin¢]ér—[Cose]ae+|: ne]éq,
rsin 0 r

22. Evaluate both sides of the strokes theorem for the field

:|rsin6a¢

F =3y’za +6x’ya, +9xz°a, and the rectangular path around the

edge of the region 0< x<2, -2<y <1, z=1. Assume ds = dsa, .
Stokes theorem states

2 x=0
z=1

3y zdx + j 6x’ydy+ | 3y’zdx+ J- 6x’ydy

x=0

S}
N
I \‘I

y= x=-2
z=1

N
o

$E-di=3(=2)(1)(x)] +0+3(x) +6(2)y’

=30 0)(2)+3(2) ro(4) 2L

=424—6+12(—4+1)=-18

R.H.S
a. a, a,
- la a8
!(VXF)dSiVXF= g g g

3y’z 6x’y 9xz’ &zdsgl,_:dxdyé,

= VxF= i9xz2 —i6x2y ax +[i3yzz—i9xzz]£y + i6xzy—i3y2Z a,
dy 0z 0z ox ox dy
Considering a,alone = VxF = (12xy — 6yz)ai

" J(VXF)d? = J.(12xy—6yz)glz dx dya,

s S
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ol—.w

Jl-12xy 6yz)dxdy = jjl2xydydx—JJ6ydydx
-2

1 , 2 2! 122 2
=12[x dxy’ /2 -6[dx | =[x dx(1-4)-3[dx(1-4)
-2 ? 0 2 -2 2 0 0

=—16[x* /2]2 +9[x]. =-18[2]+9[2] =-36+18 =18
L.H.S = R.H.S hence stokes theorem is verified.
b) Given F= 2pz§1p +3zsin ¢§¢ —4pcos ¢§z verify the stroke’s theorem

for the open surface defined by z=1,0 <p <2,0< ¢ <45°
Let

B-ssi §F a:{Hq ]Fdl

Also

= dpa, +pddas +dza,

/2

qSF di =.2[ 2zdp + _[ 3zs1n¢pd¢+_[2pzdp
L 0

2|2

2
$Fdi=22 +3p(-coso)l* +22- !
L

0 =4—3(2)($—1J—4=1.757

2, 2
RHS
a pas  a
_S[(Vxl:“)-ds:>V><F—E$ 8a_¢ %
A, pA, A,

= é[;—q)(—4pcos¢) —;—Zp3zsin¢]§e +é{agzz _9 —4gpcos(|)];¢

;B(phsmd)) a¢(2PZ)}

[4p sin§—3psin§]a, +[2p +4cos]as +— [3zs1n oa.
P p
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/42

j(VxF)I_j3ZZ“¢ pdpdo = H3zsm¢dpd¢

S S

n/4 2 n/4

= szsmq) p| do= J3zsm¢d¢ 2=06z(- cosq))m4

= 6(1)(—cos§+cos(0))= 6(%“):1.757

-r

r

¢) Given A = (p Jée in the spherical co ordination. Verify both sides

of stroke theorem for the curve bounded by the area shown fig

= [(9A) &

1

LHS 9SKEI=[J+J+J JK&i heredﬁ=dr£h+rd6£19+rsind¢::1¢
n/2 -t

= J0+jp rd0+0

0=0 r=1

In segment II r=1, but for =0 we cannot evaluate, hence assumed =9
(very small § — 0)

/2

jp-fde+ j p°de=p e[ =p- §+p-6 (E)

/2 2
r=§

r=1

gﬁA di==(p™"-1) —-—>LHS

A

RHS
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~ ~

ar rae rsinBa,

J(VXA) ds also VXA =—— I |0 i i
. rsin|dr 00 a

A, 1A, rsinBA;

1 irsmGA —i(rA ) |ar 1 iAr J —(rsin6A, ) ra
rsin®| 06 a0 rs1n9 a0 a0

+_; irAe—i(Ar) rsinfa,
rsin0| 00 a0
A =is alongas = A =A,=0

= VxA= 21. i[rp }sineéq,

= VXA =

r’sin@odr| r

—I

p a4
r

- J(xR)- I(P ];$.rdrd¢;¢
i

j j pdrdo
/2 /2

=—[p(-1)],do= Jp ~1)do=(p 1)

:lp’r (~1)ae = VXA =-
T

0
I
RHS —2(p 1)

LHS =RHS hencestrokes theoremis proved.

23. Verify whether the vector field E = yzéx + xza?ny + xyz;, is both sole-

noidal and irrotational

(Dec -2011)
For solenoidal V-E=0
: V-E:(aixéx i, }(yzaﬁxzaﬁxy;z)
d J = .
—(yz)+—(xz)+—(yx)=0= V.E =0 (hence Solenoidal).
T ox dy 0z

For irrotational VXE =0
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ax ay, a,
ox dy oz

yZ Xz Xy

= 093200 i =5t o+ ) )

(X—X)éX +(y—y)zA1y +(z—z)zA1Z =0= VXE=0 (henceirrotetional)

24. Give A =pcos6a,+p’a, Compute VxA and f(VxA).ds over the
S

area S as shown in figure below (Dec 2011)

Solution:
To find VxA
y
1
X
1
a, a, a,
vxa=| L 99
Jx dy oz
A, pA, A,
_1 iAz—ipAq> ho+1 iAZ—iA hott iAZ—iA a,
p| oo 0z p| op oz ° p|op a °

- A =0 A =p?
here A) =pcos¢; A, =0; A, =p

— 1|9 d ~ 0 d ~ 1] 9 J R
A VxA == Zp? =2 5(0) [ap -| —p2 -~ 9 00-2
" p[acbp azp( )}a,, L’%)p 8¢pcos¢]a¢+p[8pp() 8¢pms¢}a

= [0]a, ~[2p]as +[sino]a, = [ VXA =-2pa, +sinoa, |
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To find

f(VxK).& hereds = pdp dq)éz (say from fig)

S

I(VXA) f(—Zpa¢ +s1naz) (pdpdq)a )

S S

_jsmq)pdpd(]) nfj[sm(])dd) fsm(i)d(b[ :|1

S 0
n/2

== J sinpddp=— 1

Sloosol}* ==~[o-(+1)] =3

o |

I(VXK).& =—

S

2

~

ar J is given in spherical co ordinates.

25. Give the vector field D = [5;
Evaluate both sides of the divergence theorem for volume enclosed

between r=1 and r=2 (June 2010) (May 2017)
Divergence theorem

2nm

$D.ds = “Eir“ sinededq)—”ir“ sin 6d0 d
S 00 4 00 4
r=2

r=1

¢ s—zoj—cose| do+= j—cose| do = —2ojd¢ %qu)(—z)

gSK-?=75n LHS
S
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* RHS[V-D dv SV.A-vD=L9
\

25 . o :
e (r Zr (..ae anda¢dotproductlszer0.)

2nm 2

JV D= J”Srr sinBdrd6dd

001

T ) 2n 5
- Hsmededq{ l “smededq)(z()—z)
=18.75(—cos 6)0 (2m)=37.57(-2)=75n

jv-ﬁ dv=75t =RHS
v

LHS = RHS hence divergence theorem is proved.

26. State and verify Divergence theorem for the vector
A = 4xax —2y2.§1y +7°a, taken over the cube bounded by x=0, x=1,

y=0, y=1, z=0, z=1 (Dec 2009)

Divergence theorem states,

—
'—-
>l

11

" LHS(ﬁK-d—s:j‘ j‘ 4xdydz—J J. 4xdydz +j.j.—2y2dxdz
S 0 00

_ — 9 0 d
- RHSJVA dV:V.A:a—x(4x)+g(—2y2)+a—z(zz)

V-A=4—-4y+2z
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IVK dV:j.j‘j‘4—4y+Zz dxdydz
v 000

2|t 2|t
=4-4Y | 122 —4-241=3
2 2

0

0

[V-Adv=3 RHS
A\
Hence LHS = RHS —Divergence theorem is proved.

27. Using Divergence theorem evaluate ‘U_A'Es where
S
A= 2xy£x + yzéy +4yzé7 and S is the surface of the cube bounded

by x=0, x=1, y=0, y=1, z=0, z=1 (Dec 2009)
Given,

A= 2xy£x +y’ éy + 4yZ;-z

JJ—.Es=jj2xydydz—W+jjyz dxdz- Hyz xdz +H4yzdxdy—M
N 00 00 00

x=0 x=1 y=1 y=0 z=1 z=0
— oy 2|
o f[Rds=ZH 41442 =1+1+2=4
: 2, 2
~[[Ads=4

28. Given A= 2pcos q)ép + p§1¢ in cylindrical co ordinates. For the
contour shown verify strokes theorem (AU- May/June 2006)

Solution:
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According to Stoke’s theorem

L a

LS 9sx.a:[j+j+j JKEI 1= dpiy + pdod + dzh,
b ¢

1 /2
= _[ 2p cos odp + J p’do+
0 1

0
z=0,0=0 z=0,p=1

1 n/2 2 o
.'.95K.El=dep+ '[ dq)zi‘ +
L 0 0 2 0

RHS

A

ap p;q) a;
[(vxA)Sovxa-1L L 2
: plox dy oz
A pA, A

p 0 z

— 1] 9 d ~ 1] d d ~ 1| d d A
" UXA=—|—A, ——pA, |ap+—| —A, ——A, |pas +—| —pA, ——A_ |a,
p[acb T “’]a" p[az P Z]pa“’ p[app P P}a
= 110 0], +0-0]a +[20+ 2psin6]a,
p p

VXA =(2+2sin0)a,

I( VxX).ds here @:pdpd(béz

N

1m/2 n/2

:>J j 2pdpd¢+-1[ J 2psin¢dpd¢=£.£
00 00 22

1 1

/2

(=cos0),

2
2
2

0 0

Af(TxRE=24-2E R

S

LHS =RHS hence strokes theorem proved.



ELECTROMAGNETIC THEORY 43

29. Find the rate at which the scalar function V=p’ sin 2¢, in cylindrical
co ordinates increase in the direction of vector A =a, +a, +at the
point (2, t /4,0).

Gradient if a scalar field is given by

dV~ 19V~ IV~
= ——ay+—a,

VV=—a,+
ap p 90 op

1= 2psin 208p+1-p” €05 202,44 +0
p
VV =2psin 2¢£p +2pcos 2¢£¢
The directional derivatives along
Ais VV-an
5 _ VV-A _ 2psin2¢+2pcos2¢
A [A V2
4(1)+0 4
N

30. State and prove Divergence theorem (May 2012, 2011, Dec 2011,
2009, 2008, 2007) (May 2016)(Dec 2016, Dec 2014)

=V

Divergence Theorem:
Divergence theorem state that the total outward flux of a vector field A
through the closed surface ‘S’ in the same as the volume integral of the
divergence of A . Thus

wvx dv:quK.ds

0A,  0A, 0A

—+ T4 .
Jx dy oz

Taking volume integration on both sides

z

Proof: V.-A=

J.(V-K)dv=J.aA" +aAy +aAZ dv
v

vox  dy 9z
— 0A
J(V-A)dv: ai+ : +% dx dydz.
i v Ox dy 0z

Considering elemental volume in ‘X’ is
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J.%Axdxdydz = “.J.[%Axdx ]dydz
v

=A

x1 X

butJ%Axdx =A,-A

~[[Adydz=[Ads,
S
111%for y and z, It can be written as

JA,ds, and[ A, ds,
S S

< RHS=[(Ads,)+[A,ds, +[A,ds,
S S S

If A=A ds, +A,ds, ++A,ds, and
ds = dsa, +dseA1y +dsa,
then RHS=§ A-ds
S
.'.I(V~K)dv=9§§~&
S

v
hence proved

31. State and prove Stoke’s theorem.
(AU -2012, 2011, 2009, 2008, 2007 )

Stoke’s theorem state that the circulation of a vector field A around a
closed path ‘L’ is equal to the surface integral of the curl of A over the
open surface ‘S’ bounded by ‘L’ provided that A and VXA are continues
on ‘S’. Thus
$A-di=[(VxA)ds

S

L

Proof:

~N

AA7
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Consider an arbitrary surface ‘S’ as shown below fig a. Divide S into small
segment and for a small AS as shown fig. b

If A=A a, +Ay':1y +A a, then

fK.d‘I—(_l[+'z|'+3[+3[ Jm

Using Taylor’s series expansion at point P and neighbouring higher order
terms we can write for x, y and z components as

o 0A oA
$A-dl = A, 94, dydz + AL A, \ixdz+| L2y _9AL dy dx
: dy oz dz  ox Jx dy

Also the curl A is

VXA = 9 9 9
Jx dy o0z
A A, A

B (AN AN Y (2GR Y BN A
ady “ oz ” dz * ox ox ' ady *
If ds = dsa, +ds21y +dsa,

Then
j(VXK)~£=(aAL—aA ]£x+(iAx—iAz )£y+(aA N }iz
X dy dz Jz ox ox ' dy
~ LHS =RHS
$A-di=[(VxA)-ds

Hence proved.

32. Transform 4 4a -2a -4a, at (2, 3, 5) to cylindrical co ordinates
)] (Dec 2016)

Given:
A=44 -24 -4a,
To find:

A=Aa +A,a,+A,a,
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~A, =Ad, =(44,-24,-44,)a,
For Point (2, 3, 5)

p=~22+3" =413

2
Cosp=—=
¢ V13

. 3
Sing=—=
V13

Adp=Aa ¢=(4ax -23, —452) ,
=4éx.é¢—2é a,—-44,4,
=4(-s (])) 2cosp—4x0
2 -16
-2x =-4.438

TR T

A,=AA4,=(44,-2a -44,)a4,
~A=0.5554,-4.4384, 44,

33. Explain divergence and curl of a vector (May 2015)

The divergence of A at a given point P in the outward flux per unit volume
as the volume shrinks about P. Hence
§Ads

divA=V-A=Lim-=
AV —0 AV

where Av is the volume enclosed by the closed surface S in which P in
calculated. Physically the divergence of a vector field A is at a given point
is a measure of how much the field diverges or emanates from that point.
Figure (a) shows that the divergence of a vector field at point P is positive
because the vector diverges (or spreads out) at P. In figure (b) the vector
field has negative divergence (or convergence ) at P and fig (c) a vector
field has zsero divergence at P
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N\

«— — e — b 444
(a) Positive divergence (b) Negative divergence (c) Zero divergence

The divergence of A at a point in cartesian system is given by

dA, OA, LA,

V.A= +
dx dy 0z

In cylindrical system

19(pA;) | 1049, 0A,
p de e 0 0oz

V-A=

In spherical system

_ia(rzAr)+ 1 B(Sin9A9)+ 1 0dA,
r* o rsin® 00 rsin® 00

>|

V.

Curl:  The count of A is an axial (or rotational) vector whose area as the
area tender to zero and whose direction in the normal direction of the area
when the area is oriented as the male the circulation maximum

_ ¢ Adi
curlA =VxA =| Lim~+ a,
2850 AS

ax

When AS is bounded by the curve L and a_is the unit vector normal to the
surface As and in determined by the right hand rule.

Physically the cart provides the maximum value of the circulation of the
field per unit area (or circulation density) and indicates the direction along
which tubes maximum value occurs. The curve of a vector field in at a
point P may be regarded as a measure of the circulation or low much the
field curls around P.
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4 \

~_,

(a) Curve at pin positive
In Cartesian co ordinates the curl of A is given by

(b) Curve at P is zero

ox dy 0z
A, A, A,

In cylindrical co-ordinates system

a, pa, 4,
plap 9 0,
A, pAd A,

In spherical co ordinate system
a, ra, rsin6a,
B LI
r’sin®fdr 00 o)
A, 1A, rsinfA,

34. Verify the Divergence theorem for a vector field D=3 x*> 4 @y
+2z) a +(3z-x) &, in the system bounded by x* + y*=9 and the

plane x =0,y =0,zc =0,and z=z (Dec 2015)

Divergence Theorem
:D.ds = [V.Ddv
v

To find: L.H.S 9513.ds



ELECTROMAGNETIC THEORY

49

(1) Surface y =0
ds = dxdz(—éy)

-(3y+z)dydz=x
—zdxdz

Iﬁ.ds = —joz szdx dz= —J:Z[Xro dz
2

2
= —3J02 zdz=-3 [Z?:| =-6
0

(ii) surface z=0 ds=dxdy(-a)

gl Ol

ds =
ds=

D.ds=—(3z—x)dxdyz=0
D.ds = xdx dy
J_,as= ’ J‘()J;xdxdy x*+y’ =
X = 9—y2
9—y2
EES 13 5
_J‘O(Tl dy—EJ.O(9—y )dy
| y33 1
=—{9(y) - |==[27-9
2{ (¥), O] 5127-9]
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= 6_3"1/9—y2dy—9
0

/2

=6.j9cos29de—9
0

m./2

=54 j cos’0d06—9
0

—s4 g 01[/2+ sin 20
2 9

Omz}_9

=54[E+0}—9=2n—9
4 2
=33411
(v) Surface x> +y*=9  (or) p>=9 p =3

Da, =3x’ cos¢+(3y+z)sin¢
=3¢’ cos’ ¢+ (3esin+z)sind
p=3,
]_).aP =27cos’ ¢+9sin’ ¢ +zsin o
ds=pdodz 4,

D.ds = (27cos’ ¢+9sin’ ¢+zsin o) pd ¢ dz
2 /2
[Dds=] [ (81cos’ ¢+27sin’ o+3zsin¢)dddz
7=0 ¢=0
/2

= [ (162c0s’ §+54sin’ o+ 6sin ¢)do

3 —_—
3cos O+ cos ¢andsin2q):1 cos2¢

3
usecos” ¢ =
2

_[D.ds =156.406
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(f;ﬁﬁs =—6+0+9+33.411+156.406

=192.817
RHS: J‘ V.D.dv
_ dD
V.D=aDX+ y+aDZ=6x+3+3=6x+6
ox dy oz

V.D converting to cylindrical co-ordinates

V.D=6pcos @ +6 dv=pdpdodz
'[V.I_)dv ='2[ "j} '3[ (6e2 cos¢+6e)ded¢dz

220 ¢=0 e=0

=192.27 unit Vertified

35. State and prove Gauss law (May 2015)
Solution:-

Gauss’s law of constitutes one of the fundamental laws of Electromagnetism.

Gauss law states that the total electric flux through any closed surface is
equal to the total charge enclosed by the surface.

(p = Qene
Thatis ¢= Cﬁd(p = Cj)ﬁ.as
= The total charge enclosed Q = Jpv dv

Q= 4)]3.55 = '[pvdv
Applying divergence theorem

<ﬁ]3.as = JV.]S.dV
Comparing the two volume integrals

p,=V-D

This is the first Maxwell’s equation.

Gauss law provides an easy means of finding Eor D for symmetrical
charge distributions such as point change, infinite line change, cylindrical
surface change and spherical distribution of change.
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Proof of Gauss law:

Let a point change Q be located at the origin. To determine D and to apply
Gauss law, consider a spherical surface around Q with center as origin. This
spherical surface is Gaussian surface and it satisfies required conditions.
The Dis always directed radically outwards along a which is normal to
the spherical surface at any point on the surface as shown in fig.

In spherical co-ordinate system r = constant is defined as, ds =1*sin 8 d
0do a,

Now D due to point charge in given by

D= Qzér= Q2érr=a
4nr 4ma
~D-ds=—2 # sin0dodo
47tﬁ’2/
I_)-ds=gsin6d6d¢
47
jpa-f o
¢=|D-ds= —sin0d0dd
y 0=0 9:047'5
Q 27[[
=—= | [-cosB]" do
415(1;:[0
Q 2 0 25
:—2 = —
47 JO Zn[q)]o Q
9=Q

Thus proves Gauss law that Q coulombs of flux crosses the surface is Q
coulombs of charge that is enclosed by that surface.
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36. Show that over the closed surface for a sphere of radius b, 95d§ =0

(May 2015)
The sphere is shown in Fig. The radius is b and the unit vector normal to
the surface is 4,

d, =r’sin0dedoa,

2n T
Jds= [ [ 6 sin0dodoa,
0=0 6=0
But a, vector with such 6 and [ hence it is necessary to the sphere unit
vector a. in rectangle co-ordinates
a,.a_=sinBcoso
a,a, =sinBsing
a.a, =cos0

-4, =sinBcosOa, +sinBsinda, +cos 04,

Using in above integration
R n n i1 2n b1 n
¢dS=b* [ sin* 06 [ cosoddd, +b° [ sin’ 00 [ singdod, +b* [ sinbeosddd [ do d,

0=0 =0 0=0 0=0 0=0 =0

1—cos20

Use sin’ 0= ,2sin@cosO =sin’ O

< [0 sin20] oo 0 sin20] 2w b [-cos20] [ pr
dS=b2[—} [sino] ax+b2[+} X[-cos¢] av+[ ] [0]" 4,
{ S P PR T [

2
:b2£><0£1x+b2 [n](—lH)é +b[—l+l}éz
2 2 2122
=0
37. Show that the vector E=(6xy+2')a, +(3x* —z)a, +(3x2" —y)4, is
irrotational and find its scalar potential (May 2015)

Solution;-

For irrotational vector VXE =0
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VXE =

Plo

|
¥o o
Sl =

(6xy+z3) (3){2 —z) (3><z2 —y)
~=4 [-1+1]-4,[32" -32" |+4, (6x—6x) =0

AsVxE=0 the vector Eis irrotational.
V? =—[Edi where dl =dxa, +dyd, +dz4,

= —J.(6xy+z3)dx+(3x2 —Z)dy+(3»><z2 —y)dz

x Sy axly z_

= —|:67y+ Xz" +3x"y —zy+3x 3 yz:|

V = —6x’y —2x2z° +2yz
38. If B=y 4, +(x +2) 4 and a point Q is located at (-2, 6, 3). Express

(1) The point Q in cylindrical and spherical co-ordinates and (2)

Bin spherical co-ordinates. (Dec 2014)
(1) Given, Q (-2,6,3) x=-2, y=6, z=3

d=tan"'y/x =tan"' % =—-4.565

In cylindrical , p=+/x* +y’ =v/4+36 =6.3245

¢=tan' (1 )= tan”' (%): ~71.565
x J—

X 1s negative, hence @ must be in the second quadrant hence
@ =-4.565+180=108.435, and z=3
~ Q(6.3245, 108.435, 3)

In spherical

r:\/r2+y2+z2 =\J4+x+9=7

0= cos(sz cos™ (z)z 64.625
r r

0 =108.435
Q(7,64.323,108.435)
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(2) Bin spherical co-ordinates, given that x=rsinBcos®, y=r
sin 0 sin @ and z=r cos 6

B,=B4, =ya_ 4, +(x+z)a,a,
B, = ysin9c0s¢+(x+z)sin9sin¢

B, = 2rsin’ Osincos ¢ +rsin®cos 6 sin

B, =Ba4, =y(4, 4, )+(x+2)(a,4,)

B, = y(cosBcosd)+(x +z)cosOsing

B, = 2rcos0cos0sin ¢ cos ¢ +rcos’ Osin

B, =Ba, =y(4, 4,)+(x+2)(,4,)

B, = y(-sin¢)+(x+z)cos¢

B, = -rsin6cos26+rsin® cos’ B+rcosOcosd
B, =rsin6 cos20+rcos6 cosd

~B=Ba, +Bj,+B,i,
r=7,0=64.623,0 =108.435, hence B at Q is
B=-0.85714, —0.40644, —6a,

39. A change Q =100 mC in located at P, = (- 0.03, 0.01, 0.04) m. Find
the force on Q, due to (i) Q,=120 nC at P, (0.03, 0.08, 0.02) m (ii)
Q, =123 puC at P, (-0.09, -0.06 — 0.10) m (iii) Q, and Q,

(i) F due to Q,

Q]Qz A _ Q1Q2 (fl _f)

a =
2 “R21
4ne R, 4me,

F4: A A3
rl_r2|

~R,, =f —1, = (=0.03,0.01,0.04)— (0.03,-0.08,~0.02)
= (~0.06,0.07,0.06)

R,[=(-0.06" +(~0.07)" +0.06’ )“2 =(0.0121)"

_ 100x107 x120x10°* (=0.064, —0.074, +0.064, )
' 4me, (0.0121)"

F, =81.03(-0.064,—0.074, +0.064, )

F, =—4.8624, —5.6724,+4.8624,
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(ii) F due to Q,
= _ QQ _QQ(5-%)
U 4me Ry’ 4me, f_?3|3
R, =T-% = (-0.03,0.01,0.04) - (—0.09,—0.06,0.10)
=(0.06,0.07,-0.06)
2

IRy [ =(0.06"+0.07" +(~0.06) )”2 =(0.0121)"”

_ 100x107x120x10° (0.064, +0.074, —0.064, )
" 4me, (0.012)"
F, =81.03(0.064, +0.074,-0.064, )
=4.8624, +5.6724, —4.8624,N
(iii) Q, and Q:
F=FE, +E,

= —AR62 A, 56774 + 48624, +4867a +5670a — 4867 a,

F=0

40. A positive point charge 100 x 102 C is located in air at x =0,y =0.1
m and another such that charge at x =0,y =-0.1 m. What is
the magnitude and direction of E at x = 0.2 m, y = 0 m (May 2015)

4

(z={1.2)
X Q=100% 10420
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The charges are shown in the fig

E, =Ei+E:

E: = 2 arl
4me

I, = arl

1 2
4me, 1,

r =02a, —0.la,
|11 |=40.2> +0.1> = 0.2236

~ i 0.2ax—-0ay

Ay =——=
L] 02236
= 1001072 0.2a, —0.1a,
1 =
4mx8.854x10"2x0.22367 | 0.2236
=16.08a, —8a,
E:=—>—a, 1 =02a,+0.la,
4me,r,
|12 |=0.2236
3 100107 0.2a, +0.1a,
2 =
4mx8.854x10"2x0.2236> | 0.2236

=16.08a, +8a,
E=E +E. =32.16a, V/M
Here the magnitude of e is 32.16 V/M and direction as .
41. Point charges 1mc and -2mc are located at (3, 2, -1) and (-1, -1, 4),

respectively. Calculate the electric force on a 10nc charge located
at (0, 3, 1) and the electric field intensity at that point.

Solution: According to Coulomb’s law, the force due to several point
charges is given by,
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a_ Q¢ QL(;—;k)

dme S |r-n [

r=3ay+a,,r =3ax+2ay—a,,r. =—ax —ay+4a,

F=Q [Ql(?-ﬁ)+Q2(¥-a)]

Cdme| |t-nf  |t-raf
10x107°
4mtx8.854x107"2

T
I

1107 (-3a +a, +2a,) (-2x107")(+ax +4a, —3a3)

(N =07+

: ionc(0,3,1)
mc¢
ar - P
321 N\ 2mc //
/
\\ Q2 // r
t'\1r 1:\4) /
oz s
rm>
A
A\ 7
v
origin

=—5.147x107a, +1.7156x10a, +3.431x10a,
—1.355%107ay —5.421x107a, +4.065x10 2,

~|F=—6.502a, —3.705a, +7.496a, [x 10> N

_ § (-6.502a,-3.705a, +7.496a, |x10”
alsoE=— = =
10x10

—|E =-6.502a, —3.705a, +7.496a, N /¢ orv/m.
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42. Find the force on a charge Q, given by 20pc due to charge Q, given

by 300puc, where Q, is at (0,1,2) in and Q, at (2,0,0) m.
Nov 2010, May 2011) (Dec 2016)

Solution:

Let F21 be the force on Q, due Q, as shown in Fig

Q,(2,0,0}

Q,(0,1,2)

Y

origin

Fa
Using coulomb’s law

= QQ, m

F2 3
4me |1, |

P =(a§y +2£Z)—(25x) ——Da,+a, +2a,
= 20x10°x300x10°  —2a,+a, +2a,
o 4><n><8.854><10-12><1'((_2)z+(1)2+(2)2)3/2

Fa =1.99(—25x +a, +2£Z)

—|F2 =—3.99a, +1.992, +3.99,

(AU
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43. Three point charges q,=10*c, q,=-10% and q,=0.5x10*c are lo-
cated in air at the corners of an equilateral triangle of S0cm side.
Determine the magnitude and direction of the force on q,.

c--->F
4, 50em 9. x"°°

= |
Fna

Solution:
Location of q,: V 50 —25* =43.3cm along y
- q,(25,43.3,0)cm

Similarly, q,(0,0,0) cm and q,(50,0,0) cm.

L qq Tt (-1x10)(0.5x10) (0.52. )
C4me, |tn [ 4Xxmx8.854x1072 (0.52)3/2

; (0.5 )
Fi3s =—4.49x107° ——L
(0.52)3/2
L qq, e (-1x10°)(0.5x10°) (0252, -0.433a,)

P 3/2

47‘580 |;13 |3 B 4XTCX8.854X10712 ((025)2+(_0433) )

(o.zséx —0.433?1y)
0.1249

Fis =4.49%107 =0.0089a, —0.0155a,
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. F=Fa +Fi3 =—0.009ax —0.0155a,

. |F =-0.009ax —0.0155a, |(N)

| F| magnitude=1/(-0.009)’ +(~0.0155)" =0.179N

. - F -0.009ax —0.0155a,
Directionar = —=
| F| 0.179

Therefore the direction is along the line joining q, and q,

b
F
q,
.J’A'\.
E s
. s
£ s
I N
i A q
r A
q, < L B—
3 s II:
s 1143
[ . 4
F

44. Point charges of 3x10° micro-micro coulomb are placed at each
of the three corners of a square whose side is 0.2m. Find the
magnitude and direction of electric field at the vacant corner point
of the square.

YA =
| .f"lEH E‘
0
(0;‘«3 ; 0.2, .._ﬁn
" Q4
U,Z: . (02,02, 0)
I F.
! o 0.2
@ e e
0,00
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Solution:

Eo 1 QJI‘U; erz: 4 (g31‘3;1
Ane| |ra [ |t |raa

Here, 114 =0.2ax T2 =0.2ax+0.2a, 134 =0.2a,

[ 3%10° %107 x10° (02xa, )

((02)2 )3/2

] 3><103><10-6><10-6(0.2><£X+0.2£y)
+
4mx8.854x107" (022 +0.22 )3/2

~E=

3x10°x10° 107 (0.2><£1y)
((0'2)2 )3/2

E :26.96(255X +8.8382, +8.838a, +255y)

= 674a, +238.27a, +238.27a, + 674a,

-|E =912.27a, +912.27a,

Magnitude of | E [=1290.14N/C or V/m

Direction % =0.707a, +0.707a,

45. Find the electric field intensity at any arbitrary point p(x,y,z) due
to a uniformly charged wire with p, (¢/m) extending from ‘A’ to ‘B’
and placed along ‘Z.’ axis. (May 2017) (Dec 2015) (May 2015)

Solution :

Consider a line charge with uniform charge density p, (c/m) exdending
from ‘A’ to ‘B’ along Z axis.

The charge element associated with dI is

Zy
dQ=p,d¢=p,dz' Q= | p,dz'

Zy
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Zz
ry
0,0,2

B
(0,0, z) d

Zg

— dz' ~
Also we know that E = j 4pTE8R2 ar

hereR =xa, +yay + (z- )
(or)Rzpap (z—- )az,]Rl =p’+(z— z)
~ R pap+(z—z')aZ
ar = R = TP
IR (p2+(z—z') )

CEoPu % pa, +(z-2')a,
.o -_ /2
47tSZA (p2+(Z—Z')2)1

d '

— To evaluate let us define a, a, and a, as shown in figure.

:[p2 +(z—z’)2:|1/2 =cos0=p/R=R =pseca
z':OT—(z—z') =0T -ptana, .. dz'=—psec’ o.doL.

- R pap (z Z')aAlz Rcosocz;p +Rsinoa,
R =
K| R] R

~E :Ij—&.%[cos océp + sin(xéz]

=cos0a, +sinola;,
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)

=E =P J [cosocae +sin ocaz]doc
4mep o
_ P [—(sin% —sina, )a, +(cosa, —cosocl)az]
4mep

= P [ : : ~ ~ ]
S~ E=—|—(sinca, —sinq, )a, +(cosa, —cosq, )a, [(v/m
4Tl'£p ( 2 1) P ( 2 1) ( )
Casel : For an infinite line charge placed along Z axis. The point ‘A’
is at (0,0,-a)) and B at (0,0,a) .Therefore a =-n/2, a,=n/2 . Therefore ‘z’
component vanishes. i.e

.-_E=f—1;[—((sin(n/2)—sin(n/2))£p+(cos i s n/2)))52]
T_ P N T
E_4nsp[ ( - lap} /(nap Zap_znspap
AE=LPea,
2mep

Case2 : For an semi infinite line charge placed along Z axis. The point ‘A’
is at (0,0,0) and B at (0,0,a) .Therefore a, =0, o,=n/2. Therefore

:%[—((sin(n/Z)—M)ép +( cos 2) —cos(O)))z:lz]
E-Pii]

Case 3: For a finite length line charge from ‘A’ to ‘B’ placed along Z axis.
The point ‘P’ ifitisa L" bisector of AB.
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A

Here a,=-a, a,=a, azcomponent vanishes since it is equal and opposite
from A and B. (clockwise measurement)

Therefore

— _p_L _ . _ o A
E_47t8p[ (sm( oc) sin oc)ap]
];10 =

E—sinola,

- 4mep

If the conductor is infinite a=m/2, E= P a, (same as case 1)

4mep

e
i

el
X "
-z

Alternate for case3: ‘E’ at (0,y,0) conductor length “+z’ to ‘-z’
, alsoz'=ytano
5] pLdZ' ; ' 2
~“E= J S—cosay dz'=ysec” ado
Ame(y’ +(z")) s
((Z') +y2) =y’ /cos’ o,

J‘PL)’/Se/{(XdO‘ cosoLay
0 4TCEy /(;0/[

o
=p—chosaay =E =Lsin0cay
2mey 5 2ney
If z’— infinite then a=n/2
=E= Py ay sameascaselandcase3
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46. A sheet of charge having uniform charge density p_(c/m?) extends
over the entire x-y plane. Find the electric field intensity due to this
infinite sheet charge at point p(0,0,h). (Apr 2011)

Solution: Consider an infinite sheet of charge in the x-y plane with uniform

charge density p (c/m?) .

dE

Consider an elemental surface dS at A. Due to which the electric field at
point p(0,0,h) is shown in fig.

A ds ~ . o .
~dE, = dQ > AR = P, 52 ar = usin gcylindrical coordinates
4meR 4meR

ds=pdpdo
p=0—-0,0=0—>2x
'.dEA pdp (jq).AR
4meR

For the surface charge present at ‘A’ there is diametrically an opposite point
‘B’ as shown in fig. Therefore the resultant E at point ‘P’ will have only z
component where as the ‘p’ component cancels each other.

~dE= p.pdp q)cosaaz eAlp=cos0ceAlz(eAlp:0).
4meR’
herecosazh/R:>—>(a)
o 27
B= [ [222 P cosara, = tano=Ls[p=hiano] - (b)
4me

p=0 0
|

’ ~.|dp =hsec’ audo| > (c)
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jp;$;$“ —Q&::E:SejﬁﬂgﬁﬁA-am)

Substituting (a), (b) and (c) in (d)

_E_P "j-z )(tan(x}()se/[(xdoc cosa -
W sec o

and changing the limits o = 0—m/2

/2

~E=X J sinaa, :E:&(COSTE/Z—COSO)EAIZ = E—&az
2 2 2¢

0=0

~E=P; Pa, ith>0lYE= P, ( az) if h <0. Thereforein general E :&én
2¢ 2¢

47. A circular disk of radius ‘a’ in uniformly charged with p C/m’.
The disk lies on the z = 0 plane with its axis along z-axis. (Dec 2016)

a) Show that at point (0,0,h)

PP R N

28 (h2 +a2 )1/2

b) From this derive the E field due to an infinite sheet of charge on
the z=o plane.
Solution:

Fy
>M
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d—EA: deS2 X
4meR
~ A~~~ R
hereR =—pa, +ha,,ar =—
IR

at point ‘p’ there is an Electric field due to surface dS at ‘B’ which is
diametrically opposite to ‘A’. This charge cancels the horizontal (ap)
component. The resultant has only a, component. Also dS = pdpde

- dE = PP AP dd dpdd
4meR?

p=htanc| ..|dp=hsec’ ado

E- | jpp P o5 0ia,
omoomo 4MER
B T“ P, )(tanoc}(}e/foccosow
o0 g0 HTE %/)SCA/OC

h
cosocaZ c0s0c=E:> R =hseco

s1nocd(l)
E- [ pesinods,
a=0 ¢6=0
I p;smodo s1n0cd J smocd(xaz
d Ame
2
= o’
..E—Z[—cosoc]0 a,
Z&[COSOH-COSO]gh :&[l—cosa]éz
2¢e 2¢€
Ez&[—cosa] a, herecosoc=L
2¢ h?+a’

E =&|:1—L :|':12 Hence proved.
h2 2
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(b) If the sheet is infinity long then a=mn/2

E :&[l—cos7t/2]£1Z S[E=L3,
2e

2¢

48. A circular ring of radius ‘a’ carries a uniform charge ‘p,’ ¢/m and
is placed on the x-y plane with axis the same as the z axis. Find E
at (0,0,h). What values of h gives the maximum value of ¢ E’if the
total charge on the ring is ‘Q’ find E as a—0. (AU May 2012)

fo,0,h

oY

dl

Solution:

Electric field at point p(0,0,h) due to the elemental charge in dl is
— di ~
dE :pL—zaR
4meR
~.d0 =pdo=add,R =—aa, +ha,
a _ ﬁ __aglp +haz
p=—=
IR|  +a*+h?
— ad ~ A
~dE = P, 240 - (—aap +haz)
4ne(a’ +h’)

_ _2ﬂ o, (—aép +hé\,z)

T e ()

add
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For every a, element of d/ there is diametrically opposite element (-ap )
which cancels it. Therefore in E, a, add up to zero leaving a, element

alone.

2n

o pLahéz
~E=
ame(a’ +h)" !

p, ah a,

= 32 27{
Zt’ns(az +h’)

= E :%.52
28(3.2 +h2)

To find maximum E alongs ‘h’, is d‘E’=O
dh
3/2 3 1/2
4IE]_pya (h*+a’) (1)—h.Z(h2+a2) Zh )
T dh 2e (hz+az)3

pa(h*+a) =puah’ (h*+a%) oo (h+a) =3h° = b -3h’ +a> =0

=a’-2h'=0=a’ =2’ = i’ :%aQ h=+a/2|maxE

If total chargeQ ie p, :2&(c/m)
Ta

_ h o~ _ Oh a, ~
...E:%az asa—>0E:Q a3 d;
2£(h +a ) 4meh ¥
E= Q > a,| in general E= Q 22111 same as Eduetoapointcharge
4meh 4meR
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49. Determine B at (4, 0, 3) if there is a point charge -5Stmc at (4, 0, 0)
and a line charge 37 mC/m along the y-axis.

Solution:

Let D ZBQ + Dy where BQ and ﬁL are flux densities due to the point
charge and line charge respectively as shown in fig.

D=¢E= D=¢E

= _ .3 Q - Q - Q =
~.Dq =€Eq =¢ ar = ar = R
T T e R Y T 4nRE Y 4nR°
~Do=—L R
41| R |
final

initial

(-5mx107)x] (4,0,3)—(4,0,0)

41:[(4,0,3)—(4,0,0)2]3/2

—5nx107)| 3a, X
:BQ=%:—0.1389x103a1(c/m2)
4r[9]

Z
M

— ~ ~ 4,0,3)-(0,0,0
1" b, =P a, here p, =3mmc/m,a, =M
2mp 4,0,3 0,0,0
=(4a.+3a,)/5

p=4/(4,0,3)-(0,0,0) =5
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. 3Tl',><1073 (4ax +3az)
~DL= .
27X5 5
~|B=Do+Di = 0.24x10%a, +0.18x10"a, C/m’

=0.24x1072a, +0.18x10a, C/m>

50. A point charge ‘Q’ is located at the origin. Find the electric flux
density at a point p using Gauss law.

Solution: Gauss’s law is integral form is

(JS Dds = J. p.dv=total charge enclosed =Q

enclosed

Let us consider a spherical surface (Gaussian surface) enclosing the charge
as shown in figure. Therefore Gauss’s law in

z
Dy ;11

gauslan surface
X

Q.. =§BE = Q=¢BF
hereD =D, ar ds =R’ sin0d0dpar

g

2n
~Q=| [ DR’sin0d6do =D, 47R> = D, 4nR’ =Q

8=0 =0
Q _[5_ 9 1.5
= = D= ar|=D,a
R T 4nR> ARz | R

Which is same as

_ B )

E=—= Q 2 ar
€ 4meR
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51. Find the electric flux density at a point ‘p’ due to infinite line of
charge p, (C/m) placed along z axis using Gauss’s law.
(AU NOYV 2011)

Solution: Let the line of charge p, (c/m) be placed along the z axis. Let D
be the electric flux density at point p’.

v

[
o
=1}

\

>0 (%)

Fr————f-d=—=—=—t-t#n

Choose a cylindrical Gaussian surface containing ‘p’ and satisfying
symmetry. Applying Gauss’s law

¢E£ = ancloscd Here ancloscd = pL E - RHS

LHS RHS

2n o/
~forLHS=D, j j pdodz . Sinceﬁ=Dpap, &zpd(bdzap

$=027=0

also(ds =pdpdq)':12 and pdpdd)(—;lz )is Zero)

2n L
~Dyl [ d¢ [ dz=pD,2n/ = D,2mp¢ —LHS

$=0 z=0

For top and bottom surface, ¢ﬁ£ =0, Since B is tangential to those

surfaces. Thus making LHS=RHS

PL N P 2
D 2w = =D =—— = D=Da,= a
o p// pL/ » 2mp pap 2mp P

—[D=LL 3,| Therefore E=2:> E=_tu ?Alp
27p € 2mep

©
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52. Find the electric flux density at a point ‘P’ due to an infinite sheet

of charge p_(C/m?) lying on z=0 plane using Gauss’s law.
(AU-April 2010, Nov 2011)

Solution:

Let an infinite sheet of charge be placed along z axis as shown. Consider a
Gaussian pill box rectangular box which encloses the charge and also has

symmetry. According to Gauss’s law

@B& zQenclosed Here Qenclosed ZpL‘A _>RHS
LHS RHS
Here LHS is
QSBES = D=D,a,, Cﬁ£= J- ds+ I ds )J./d/ =D, (A+A)
s s top bottom de

$Dds=2D,A| —LHS = LHS=RHS 2D, X =p K
S

~D =P ﬁzﬁéz also Ezgzﬁéz
2 2

€ €

53. Find the Electric flux density ﬁeverywhere due to uniform
charged sphere p,C/m’ with radius ‘a’. (AU Nov 2010)

Solution:
Consider a sphere with p, C/m’ charge distribution with radius ‘a’. It is
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appropriate to consider a sphere of radius ‘r’ as a Gaussian surface. There
are two cases here i.e case (a)r<a case(b)r>a

oo 5
\

gausian surface

Case (a) r<a According to gauss’s law.

¢ Dds= Qenctosed

. RHS Q.. :jpvdv = Volume of sphere with radius'r’

rm?2

:pognﬁ - ie”
00
rs

E]

r’ sin 0drdOdd

R =L

2n

LHS ¢ Dds :D,j [ 1 sin6d6d¢ = D, .4mr’
00

~LHS=RHS =D, 4fr’ =p0§;{r3 =D, :p3_0r

g 5:§p0§r O<r<a

Case(b) r=a gSBd—s = Qenctosed

RHSQ,,. = j p,dv = volume of sphere with radius r
v21t T 4
= r’sin0d0do = p,—ma’
po [ | 0 =P

=0 6=0
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&

5 P

I
!
I
I
I
I
I
!
I
I
I
:
a

~¥

2n

LHS §D.ds =D, [ [ r*sin 0d6do = D, 47’
0

O —

3
~.LHS=RHS =D _4fir* =p, é;{aS =D, =p30_a2
T

3
| D=—p,a: r=a
0
3r’

54. Evaluate D and E in all regions for a concentric spherical shell con-
taining change Q unit frame the change distribution one infinite in
equivalent (May 2017)

Solution:-

Consider a sphere of radius ‘a’ change is uniformly distributed on its
surface with a density p_c/m’. To find Dand E everywhere, we construct
a Gaussian surface for cases r < a and r > a separately. Since charge has
spherical symmetry, it is obvious that a spherical surface is an appropriate
Gaussian surface

Case 1: Point P outside the shell (r > a ). The charge enclosed by the
surface is the entire charge in this case that is
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r>a Spherical
Q... = p, % surface area of the shell
=p,X4ra’ = p Ara’
Y= Cj)ﬁ-&z Dr(ﬁds
2n T
=Dr [ [ +’sin6d0do

=0 6=0

Hence by Gauss’s law,  =Q,

D1r4,7{1r2 = p54,7(a2

pa
Dr -z
2
D= P, a—zér C/m?
r

And D=¢E

n 2
~E b psaz a.C/m

€, €T

Case 2: Point P on the shell (r = a). The Gaussian surface in same as the
shell itself.

Qenc = pS X4”a2
w =D 4ra’

W = Qenc



78 Unit WISE SOLVED QUESTION PAPERS

D, 4na’ =p 4na’
D, =p,

T

D=pa, C/m’

and E= 3ér V/m
E0
Case 3: Point P inside the shell (r < a)

It can be seen that the entire charge is on surface and no charge in enclosed
by the spherical shell. Hence the charge enclosed is zero. (O, . =0

Qene:\ljzéﬁ.aszo
~D=0and E=0

Thus the electric flux density and electric field at any point inside a
spherical shell is zero.

A
E
eS
€, r>a
r>a
Variation of |E|against r
r>a E=0

r>a E=



UNIT - 2
ELECTROSTATICS - 11

PART-A

1. The electric potential near the origin of a system of co ordinates in
V = 5x? + 8y* + 10z% Find the electric field at (1, 2, 3). (May 2017)
Given, V = 5x%+ 8y? + 1022

AV~ IV~ V- }

E=-VVv=—|2ta, +—ay +—a,
ox ady 0z

—[10x£x +16ya, + 20zéz]

Eq.2 = [ (10x1)a, +(16x2)a, +(20x3)a, |
=—10a, —32a, —60a, V/m

2. What is a conservative field? (May 2017)
A field which satisfies the equation of the form, ggE.df =0

A closed line integral of a field in zero is called conservative field.
For such a field no work is done or no energy is conserved around
the closed path. Earth gravitational field and static electric field are
examples of conservative field.

3. Find the capacitance of an isolated spherical shell of radius a.

(Dec 2016)
The capacitance of isolated sphere of radius ‘a’. It forms a capacitance with
an outer plate which is infinitely large, hence,

if’ l=0 b=o

- C=4rnea F

4. What is a capacitor and capacitance (June 2016)
A capacitor is a passive component that stores energy in the form of
an electrostatic field. In its simplest form, a capacitor consists of two
conducting plates separated by an insulating material called dielectric.
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The property of a capacitor is to store charge on its plates in the form of
an electrostatic field is called capacitance of the capacitor. Capacitance
is also the property of a capacitor which resists the change of voltage
across it. Capacitance is the electrical property of a capacitor and is the
measure of a capacitor ability to store electrical charge on its plates and
the unit of capacitance is Farads (F).

Write Poisson’s equation in cylindrical co ordinates. (June 2016)
The Poisson’s equation is given by

VZV:_pv
€

In cylindrical coordinates

2 —_
V2V = 18p8_v+L28\2/ o’V _—P.
popl dp | p°| dd 0z’ €
Calculate the capacitance per km between a pair of parallel wires

each of diameter 1cm at a spacing of 50 cm. (Dec 2015)
The capacitance between a pair of conductors is given by,

TE,

fn(d r]

T
—12

C:TC><8.854><10 — 6.053pf

/n 50-0.5
0.5
What is the practical significance of Lorentz’s force? (May 2015)
(Dec 2015)
The force F acting a particle of charge q with an instantaneous ve-

locity v , due to an external electric field E and magnetic field B is
given by

C= d=500m,r=%cm

F=q(E+vxB)
The solution of Lorenz force equation in useful in determination of

electron orbit in magnetron, proton paths in a cyclotron and plasma
characteristics in magneto hydrodynamic (MHD) generator.
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8.

10.

Find the magnitude of D for a dielectric material in which E = 0.15
mV/m and e_= 5.25 (Dec 2015)
For a dielectric medium,

D=¢ge,E
D =8.854x10"2%5.25%0.15x10
D =6.9725x107% C/m?

Give the significant physical differences between poisson’s and
laplace equations. (Dec 2014)

The Poisson’s equation is given by V>V = Py

If in certain region, volume charge density is zero (p, = 0) which is true
for dielectric medium, then Poisson’s equation becomes

ViV =0

This special case of Poisson’s equation is called Laplace’s equation.

What is meant by work done?
Suppose we wish to more a point charge ‘Q’ from ‘A’ to ‘B’ in an elec-
tric field E as shown in fig. From coulombs law the force on

Qis F=QE
So workdone in displaying charge by dlis dw =—F.dl =— QE(_lz .
Therefore total workdone

W :—QjE.d?(J)
E

di
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11.

12.

13.

Define potential difference.
Potential difference is defined as work done per unit charge. It is
denoted by ‘v’.

W=
Vs =—=—_[E.d£ J/cor (volts)
Q 1

Here V , , if it is —ve, implies that work in being done by the field and
vice versa.

X

Define potential at a point.

Potential at any point is defined as the work done is transferring a test
charge from infinity to that point. Thus assuming zero potential at in-
finity, the potential at a distance ‘r’ from the point charge is

V:—jﬁ.&? (v)

T dl
test charge
a
Q

Define Electric potential due to point, line surface and volume
charge densities.

Q

4mer?

We know that E due to a point charge in E= 2,1:

and d/ =dra, +rd@ae +1’ sin Odq)eAlq,
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__feso .9 A
- JEM '[47581' ar= 471:8'[ 4ns|: /1 1,

Vzg[l_l]ﬁ V= Q (v) WY v, =V, =V,

ne|lr o 4mer

Zz

Q

|

>y

X
If the point ‘Q’ is not located at the origin, but at a point whose position

vector is r'. Therefore V' (x,y,z) or V'(r) at r' becomes.

Q

YO T

For ‘n’ point charge Q1, Q2, ..... Qn

l n Q
Vi)=—) —=
4me S ‘r—rk

For a line charge

vy L e
dmey -t

For a surface charge

)ds

_ Ps
V= 47t£j r— r|

For a volume charge

r')dv

pV
v = 47158'[ [r—r |
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14. Obtain the relationship between E and V.
The potential difference between points A and B is V, .=~V

VitV =0=¢Edl  ~|PEdI=0| —(@)

This is Maxwell's second equation in integral form

E along a closed path is zero (no work done to move a charge in a
closed path)

Applying stoke’s theorem to eqn(a) is

@E.@:j(VxE).&:o
L S

~lVXE=0] —(b) Thisis Maxwell's second equation in point form
E is a conservative field.

Also
v =—jE.d7:> dv=—E.dl = —E«dx—E dy-E,dz — (c)

In calculus total differentiation given by

dv :a—vd +ﬁdy+a—dz —(d)
ox ady 0z
Comparing (c) and (d)
E :—BV’E _ —BV’E _ —ov

The electric field intensity is the gradient of V. Negative sign indicates
that E is opposite to the direction of V.

15. Define Equipotential surface and Equipotential line.
Any surface on which the potential is the same throughout is known as
an equipotential surface. The intersection of an equipotential surface
and a plane results in a path or line known as equipotential line.
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16.

17.

18.

19.

Define current.
The current (in amperes) through a given area is the electric charge
passing through the area per unit time.

Y
di

Define current density.
The current density at a given point is the current through a unit normal
area at point (or) current/unit area. It is denoted by ‘J’

j=AL =Al=JAS :>I=jﬁs'
AS

Define convection and conduction current densities.

Convection current is the current which occurs when charges flow in
an insulating medium such as liquid, rarefied gas or vacuum. (e.g. A
beam of electron in vacuum to be is convention current, this does not
involve conductors and does not satisfy ohm’s law). If there is a flow

of charge p, with velocity ‘u’is an insulating medium then the con-
vection current density ‘J’is [J =p_ u

Conduction current is the current which occurs when charges (free
electrons in a conductor) flows in a conductor due to an impressed

electric field. If ‘6’ is the conductivity of the conductor a > the
applied electric field then the conduction current density is J= GE‘

.This is Ohm’s law in point form.

Brief about the properties of a conductor under the influence of
Electric field E.
#* A conductor has abundance of charge free to move ie(c>>1)

#* As shown in diagram if external field E . is applied on a conductor,
positive change move in direction of field and negative charges
in opposite direction. They accumulate on the surface producing
surface charge with internal electric field E, in opposite direction.
Thus the total electric field internally vanishes ie E =0 inside a
conductor.
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- ¥ - ¥
- +| Eo - +H S
” e
- _E + - +
& e =0 =
- -+ = -V T4+  Ee
- & + = E=0+ >
= T ]_3> - +
- + © _ +

#* Alternatively, J=cE, for a perfect n conductor c—a, hence J/=E
= E=J/0=0 inside a conductor.

#* Using Gauss law, p =0, . E =0 hence V,, =0.

¥ To conclude, A perfect conductor cannot contain an electrostatic
field within it, under static conditions. A conductor is called an
equipotential body.

20. Define polarization in Dielectrics.
#* Dielectric materials do not have charges which are free to move,
since they are bound by finite force.

% An atom with equal negative charge (electron) and positive charge
(nucleus) as shown in figure (a) when subjected to an electric field,
the positive charge is displaced from its equilibrium position in
direction of E and negative charge in opposite. This displacement
causes the formation of dipole as shown in fig(b) . Then, dielectric
is said to be polarized. This phenomenon is said to be polarization
in dielectric.
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21. Define Dielectric constant and Dielectric strength.
We know that D =¢E =g, (1+%, )E = g,¢,E

Here j, = electric susceptibility, a measure of how much sensitive a
given dielectric to electric fields.

€ , = permittivity of free space — 8.854x10"’F/m
€ = Relative permittivity or delectric constant.

The Dielectric constant € is the ratio of the permittivity of the dielec-
tric to that of free space.

The Dielectric strength is the maximum electric field that a dielectric
can tolerate without breakdown.

22. State continuity equation (i.e continuity of current equation)
We know that current coming out of a closed surface is

inn
dt

Using divergence theorem we write,

I, =plds=—

C'!Sj.& ='[V.j.dv, also% =;—? = !pvdv

.-.ﬂ:_ a&dv :).’.JV-]dVZI%dV.
? ot

dt T ot
B
ot
States that there can be no accumulation of charges for steady current
P, _

9 = V.J=0(chargeleaving= charge entering)

23. Derive poisson’s and Laplace’s equation.
Poisson’s equation can be derived from Gauss’s law.

V.D=p,=V-eE=p, alsoE=-Vyv
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~V-e(-Vv)=p,6 = Vv S ) N poisson 's equation

24,

25.

26.

27.

28.

If the region is charge free i.e p =0.Then the above equation reduces to
Viv=0 — Laplace's equation

State Uniqueness Theorem.

Uniqueness theorem states that, if a solution to laplace’s equation can
be found that satisfies the, boundary condition, then the solution is
unique.

What is Potential Gradient?

The rate of change of potential with respect to the distance is called

potential gradient.
dv. AV . .
a = J}[ETDH = Potential gradient

What is Gradient of V?

The maximum value of rate of change of potential with distance

dV/dL is called gradient of V. The mathematical operation on V by

which —E is obtained is called gradient and denoted as, E= —VV

Define dipole moment.

The term dipole is used for two equal and opposite point charges
seperated by a distance which is small compared to the distance of
point ‘P’ at which we desire the electric field and potential. Dipole is
also called doublet.

Dipole moment is denoted by P. If the vector directed from —Q to +Q
is d, then the dipole moment is defined as,
P=0d

What is drift current and convection current?
The current constituted due to the drifting of electrons in metallic con-
ductor is called drift current.

While in dielectrics, there can be flow of charges, under the influence
of electric field intensity. Such a current is called convection current.
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29.

30.

31.

32.

33.

34.

What is Polarization
The applied field E shifts the charges inside the dielectric to induce the
electric dipoles. This process is called Polarization.

What is Polarization of Dielectrics?

Polarization of dielectric means, when an electron cloud has a centre
separated from the nucleus. This forms an electric dipole. The dipole
gets aligned with the applied field.

State the point form of Ohm’s law.
The relationship between Jand E can also be expressed in terms of con-
ductivity of the material. Thus for metallic conductor,

] = oE
Where o = conductivity of material
This equation is called point form of Ohm’s law.
What do Boundary conditions mean?

The conditions existing at the boundary of the two media when field
passes from one medium to other are called boundary conditions.

State the boundary conditions for two different dielectric mediums.
The tangential components are continuous across the boundary o two
dielectrics.

The normal component is continuous across the charge free boundary
between two dielectrics.

Dy —Dypy =ps
D= Dalrorps =¢

State the boundary conditions at the interface of conductor and
dielectric medium.
The boundary conditions for conductor-dielectric interface

[Di=E,=0.__ D, =cE, = pg
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35.

36.

37.

38.

State the boundary conditions on a perfect conductor surface.
Under static conditions, the following conditions can be made about a
perfect conductor:

No electric field may exist within a conductor.

o, =0, E=0

Since E = —VV = 0, there can be no potential difference between any
two points in the conductor; that is the conductor is an equipotential
body.

State Laplace’s equation in Cartesian, cylindrical and spherical
coordinates.
Laplace equation in Cartesian coordinates

g*v  a'v 6:‘.?_
du? * gy d T gzt

Laplace equation in Cylindrical coordinates

lﬂ(ﬂ‘f] 18w 8w 0
pﬂppﬂp +p:ﬂl3:+ﬁz:_

Laplace equation in Spherical coordinates

14 ( _E“f) 1 i ( ﬂ‘f} 1 arv
+r': sin B 40

ar Smaﬁ +r:sin:EE_

ridr

State the applications of Poisson’s equation and Laplace’s equation.
#* To obtain potential distribution over the region.

#* To obtain E in the region.

#* To check whether given region is free of charge or not.

#* To obtain the charge induced on the surface of the region.
How is electric energy stored in a capacitor?

In a capacitor, the work done in charging a capacitor is stored in the
form of electric energy.

Wy = 2 CV?

:
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39.

40.

Distinguish between Dielectric constant and Dielectric Strength

(May 2015)
The dielectric constant is the ratio of the permittivity of a substance to
the permittivity of free space. It is an expression of the extent to which
a material concentrates electric flux, and is the electrical equivalent
of relative magnetic permeability. Whereas the minimum value of the
applied electric field at which the dielectric beaks down is called di-
electric strength of that dielectric.

Determine the electric field intensity at any point between two
infinite sheets of charge densities +rs C/m2. (May 2015)
The Electric field intensity due to a infinite sheet of charge is

T Ps
E==21
gg O

If two infinite sheets of charge densities with +ps C/m2 is present then
the Electric field intensity at the midpoint of the infinite sheets is

E= (El +Ex ) = (S—;Z+ 2p;; (—Z)J: 0(zero)
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PART - B

1. Two point charges -4pc and Spc are located at (2,-1,3) and (0,4,-2)
respectively. Find the potential at (1,0,1) assuming zero potential
at infinity. (Dec 2014)

13 Q

_4758 k=1 |;—;k |
SN
Ane| [r—n| |r—r2|

1 —4x107° 5%107°
= + R
4me |(1a031)_(2a_1’3) |(1’0:1)_(O’4a_2)|

Heree =¢,.1=8.854x10""F/m
V =-5.872kv

Q1 (21 -1 1 3)

—_

LF

. . Qz (ol 4I _2)
origin

2. Givenafield E :(—_62}1 )éx +(é ]éy + 5?12 (V/m).
X X

Calculate the potential difference V,, given A(-7,2,1) and B(4,2,1)
(May 2011)

Aﬁ_. A —6y" b" " n n R
Vs =—IE.dr :—J( ax+—ay +5a, ].(dxaX +dyay +dzaz)

2
B B\ X X

Let the path of integration be from

B(4,1,2) - (-7,1,2) —»(-7,22) >(-7,2,1)A

y,zconstant X,z constant X,y constant
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-7 —6 2 6 1
'.°VAB =—|:jx—2ydx+j;dy+j5dzi|
4 1 2

y=Lz=2 x=-7,z=2 x=-7,y=2

[6

10 .
3. Given the potential V =—-sinfcos¢,
r

_17

+§|y|f+s|z|;] =821V

4

= T
(a)Find the electric flux density D at(Z,E, 0)

(b) Calculate the work done in moving alQpc charge from point
A(1,30°,120°) to B(4,90°,60°).

(a) It is well known that

D=¢eE=¢,E also E:—VV:—[a—VaAlr+laVA L ova :|

—ae +— —a¢
or r 00 rsin 0 do

= . ~ 10 ~ 10 .~
= E =—-sin6cos pa: ——-cos 0cos hpaes +—sin da,
r r r

.-.Bat(z,g,o) =D :EOE:EO (%ér —Ogle —O§¢ )

= 5=2.580':1r(c/m2)

B
(b) Work done = w :—QJ.E.@ =QV,, = Q(V,~V, ), heredr =dra,
A

:[10(%sing.cos 60°—$sin30°005120° I|><10"6 (J)

w =28.125J
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4. Find the Electric field intensity E at a point ‘P’(r,0,9) due to a
dipole . (May 2017)

d
=r+cosd
B =T+ oo

d
L _r—imaﬁ

X

Let the potential at point ‘P’(r,0,9) be given by

vl 1
|1 1,

4me| rr,

Where, r,  distance between P and +Q

r,— distance between P and -Q

If >>d,r -r=dcosb ,rr=1",

_ Q dcos6
V_47r,€ r’ —>(a)

-.dcosO =a.£r, where d :deAlz

If we define f) =Qa as dipole moment, then
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p.a:
V= —(b
4mer’ (b)

(Note dipole moment is directed from —Q to +Q)

If the dipole centre is not at the origin, but at r’, then using (a)

T ()
4Tt£|r—r'|
E=—VV=- a—vér la—VaG Using equation (a)
or r 00
.'.Eszcoieér st1n36A9
2mer 4mer
—~ P ~ A
=E=— | 2cos0a, +sin6aa || (~11P|=Qld|)
Note

* A point charge is a monopole and its electric field varies inversely
asr’.

For a point charge potential varies inversely as ‘r’.
But E due to a dipole varies inversely as .

*

*

#* V due to a dipole varies inversely as 1>

#* For two dipole (Quadrapole) and so on E vary inversely as ,1°,. ..
»*

For two dipole (Quadrapole) and so on V vary inversely as r*,r%,..

5. Two dipoles with dipole moments -5a_nc/m and 9a,nc/m are
localed at points (0, 0, -2) and (0, 0, 3) respectively. Find the poten-
tial at the origin.

It is well known that potential due to multiple dipoles using superposition

principle can be written as

41t£]rk P

Here, P, =—5a, , 11=(0,0,0)—(0,0,-2)= 2a, ,| 11 |=2
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P, =9a, , 12=(0,0,0)—(0,0,3)= —3a, ,| 12 |=3

(—5£Z)><10*"(2£Z) (9éz)><10*9(—3éz)

V= 3 + 3
4me(2) 4me(3)
_ -10 3 27 10~
4dmex8 4dmex27
V =20.25V.

6. Derive the expression for energy density in electrostatic fields.
(May 2012)(Dec 2015)

To determine the energy present in an assembly of charges, we must first
determine the amount of work necessary to assemble them. Suppose we
wish to position three point charges Q, Q, and Q, in an initially empty
space as shown in figure. No work is required to transfer Q . For Q, work
done is product of Q, and potential at ‘2° due to charge Q, at ‘1’ . i.e
W=Q,V,, . For Q,, work done is product of Q, and sum of potential at ‘3’
due to Q, and Q, at P and P, respectively i.e W= Q,(V, +V.))

W =W +W+W, =0+ Q,V

HQ(V, V) — (@)

21

If the charges are placed in the reverse direction. Then
W= 0+Q,V,) +Q(V , +V ) — (b)

Adding (a) and (b)

2W =Q (V,tV ) + Q(V, +V,) +Q,(V, +V.,)

2W. =Q,V +Q,V.+Q.V,

W_=12Q,V+Q,V,+Q,V,
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Where V, V,, V, are potentials at P, P,,and P, respectively. Therefore if
there are ‘n’ charges then the total work done using superposition is

1 n
W, ZEE(QKVK) (J)
k=1
Similarly,

fora line charge W, =%J.pLV de(J)
L
for a surface charge W, = % J‘ p,vds(J)
L

for a volume charge W, = % J p,vdv(J)

~p,=V:-D

v

from Gauss’s law. For volume charge distribution
1 1 =

W, = ElpVVdV=5_V[(V.D)V.dV
From vector identity
VVA=AVV+V(VA)
~(VA)V=VVA-AVV

1 = = 1 = l (=
W, == [(V.VD-DVV)dv==[V.VDdv—— [DVVdv

25 2y 25
Applying Divergence theorem for I term

1 =—— 1=
~W, ==¢pVDds——PpD-VVdv

SEE A

In the above equation “V’ varies as 1/r D as 1/ and ds as 12

, 11, 1 .
If surface is too large —.—Xr" ===01if r - o
rr r
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The first term vanishes hence W 2_71'[5.VV dv
v
l r== 1l == 1 =
W, == [DEdv=—[eEEdv=—[e|E|dv
25 2% 25

1 .
“We=> j g,E’dv (ifE, =1)

Electrostatic energy density,

_dw, 1

WE av ESOEZ
"W, =é€OE2 (J/m’)=|W, :g (1/m’)
0

7. Derive the expressions for boundary condition at an interface of
Dielectric (er)) — Dielectric (¢r,) medium. (Dec 2014)(Dec 2015)

(May 2017)
Ei
€ =&)€y
En
a b .
e interface
!
!
E d=~-<_ /AR
' pTTRRS
En
€, =88y
Fig. (a)

—

Consider the E field existing in a region that consists of two different
dielectrics ie &, and €, as shown in figure (a) with E2 and Eifields .

Ez and El can be decomposed as Ei =Ei +Ewn and E2 =Ea + Eon.

If we apply Maxwell’s equation qSE@ =0 to the closed path abcda
assuming the path is very small with respect to spatial variation of E , then.
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0 =EnAw — Ein Azh —Eon A2h —ExAwW + En Ah +Em Ah
L ———— 5. b
-'-OZ(Elt—EZt)AW = |Ei =Ex|= 2
81 82

Note : Ei(tangential component of E) undergoes no change, hence
continuous on both medium. But Diundergoes a change, hence
discontinuous.

Similarly we can find the relationship of D in the two mediums using
Maxwell’s equation (Gauss law) for the fig(b) shown.

é _D.d_S. = Qenc
D
Drn
D,
D
Fig. (b)

Assuming a Gaussian pill box (cylindrical) here Q__ = free charge enclosed

enc

by the surface. Assuming ‘p_’ in the free charge placed deliberately then.
AQ =p As , the contribution due to sides vanishes, since ‘p_’ is placed on
the surface of boundary. Hence

Ah —0 ~.AQ = p,As=DinAs — D2nAs

‘. Bln _ﬁZH =pS lf ps = O thel’l ﬁln zﬁZn

(no charge)

81 Eln 282 E2n
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Note: The normal component of D in continuous and that of E in
discontinuous at the boundary.

To find Refraction of electric field, consider Bl or E1 and [_52 or Ez
making angles 0, and 0, with the normal to the interface as shown in fig (c)

€
_ 8 Eon
E
Bx
b D
— 82
D2 v
Fig. (¢)
E, =E, = |E,sinf, =E,sin6, —(a)

also D, =D, = D, cos0,=D, cos9,

=g ,E, cosb, =¢,E2c0s0,| —(b)

_@ E;sin6  E,sin6, - tan0, tan6, - tanb, €

.o —_ %
(b) €E cosh, ¢,E,cos, g, g, tanf, e, Q

Equation (c) is the Law of refraction of Electric field at a boundary free of

charge.
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8. Derive the expression for boundary condition at an interface of

conductor-dielectric boundary. (May 2012)
E
A
E a b
/ ¢ A
5 d
Aw

In conductor-dielectric case, E =0 in conductor (since 6— o0 p —0)

For gﬁE&? Consider the closed loop abcda.

L
S 0=E Aw-E A~— -0/ -0A% +0.-.~+E =EAw=0=E =0
‘W/% ZAzK o %g/%« soR

Applying CJSB& =Q,,. - For the diagram shown results in

Aw
' / Dielectric
\:le
SO Conductor
- E=0
top bottom — — . .
AQ =D, .As—-0.As (D =¢eE=0 inside the conductor)
A
=D, =—Qsz or |D, =p,
As
.|D, =€E_ =p,

Note :

#* D=¢E =0 and D =eEn=p_i.e the tangential component is zero,
only the normal component exists.
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¥ Since E=0 inside a conductor, it can act as a shield.

* E=0 = E=-V V=0, i.e potential difference inside a conductor is
zero means conductor is an equipotential surface.

9. Give the boundary condition at a interface near conductor —free
space boundary.

\ Free space
£=g,

Conductor
E=0

The conditions are similar to Q.No.8 except that here e=¢, € =1. Therefore
to conclude

D, =¢,E, =0| and |D, =¢,E =p,

n

10. Two extensive homogeneous isotropic dielectrics meet on plane
z=0. For z>0, ¢ =4 and for z <0, ¢ =3. A uniform electric field
Ei =5ax —2ay +3a, kv / m exists for z>0. Find (a)E2 for z<0
(b)The angles E, and E, make with the interface (c)The energy
densities (in J/m?) in both dielectrics. (Dec 2011)

Refer to the fig. (a) Shown in Q.No.7 —Dielectric-Dielectric boundary.

(a) |Eln |=E1.2;.n :El,;z :3, = E]n :|E1n |glz = 3;.z :Eln

also Ei=Ei—Ei = (Séx —Zéy +3éz)—(3éz) =5a, —Zély

< |En =5ax —2éy using boundary condition Ei =Ex

. |E2c =5ax —2ay | alsoD2n =Din = &1, Ez2n =€, Ein

~Eon =ﬂE1n =i(,3/£lz) = |Ean =4a,

er, Z
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B2 =Ea +Enn =(5£lx _2£y)+(4éz)

~|E2 =5a, —2a, +4a, kv/m

(b) Let a, and o, be the angles made by E, and E, at the interface as

shown in fig.

-0, =90-0, and a,=90-0,
We have to find 0, and 0,

E, _V5'+4 29
Eln \/3—2 3

~.tan 0, =1.795= 0, =60.9°
o, =90-0,=|o, =29.1°

E, _V29

11" tan @, =—2- =¥=Z —1 346
E

2n

= 0,=534° .o, =90-6,
o, =36.6°

tan 0, =

also tan 6, =i=ﬂ=1.33=isatisﬁed
tan0, er, 1.346 3

c) Energy densities are given by
1 = o1 -12 2 2 2\ ’ 6
Wy, =g [Eif= x4x8.854x10™ x (5°+(-2)'+3°) "] x10

W, =672uJ /m’

1 - 1 112°\?
W, =2e | \2:5x3x8.854><10"2><((52+(—2)2+42) ) x10°

W, =597 /m’
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11. Derive the expression for capacitance for a parallel plate capacitor
with plate area ‘s’ seperated by a distance ‘d’ . The plates carry
+Q and =-Q charges respectively with dielectric ‘¢’ in between.

(Nov 2010)(May 2017)

Let the parallel plate capacitor be charged as shown in fig. Let p, = Q/s be

the surface charge density of each plate.The electric field intensity due to
plate ‘A’ is

Ea =S—;(—glx) and that of 'B'in Es :_2l38s (éx)

Also V:—JE.@ = _Iﬁax.dx 2y = J:%dx :S—:

-2
€s

thus

= |C =% =% (F) capacitance of a plate capacitor
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12. Derive the expression for energy stored in a parallel plate capacitor.

It is well known that

—Q- Q

€S eS

Also energy stored W, ——ngde = W, __J'ﬁ/Q dv 1 Q*d /&/

L )s? T 2gs?
2
w, =L Q4 ke 8
2 s vV d
> (cvy
W, :lQ_: lu_ lCVZ (J)
2C 2 C 2

13. Derive the capacitance for a coaxial capacitor having inner radius
‘a’ and outer radius ‘b’ separated by a dielectric ‘€’ of length ‘I’
(Nov-2011)

Let the coaxial cylindrical capacitor be as shown in figure. Let the inner
cylinder with radius ‘a’ carry +Q and that of the outer with radius ‘b’ carry
—Q, from Gauss’s law

:scﬁ Eds=¢E 2mpl
P
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_ a__ Qa, . ~
Here E isfroma —b .. V=—fE.d£ :—J—.dp a,
! v E2Tlp
.‘.V=&[£n ]a=i£ni= Q lnE
e2m/ b e2n/ b 2mel a
Av="Lrn )
2ne _ a

Also it is well known that the capacitance of coaxial cylinder is

CZQZZTE_Stf (F)
v In—
a

14. Derive the capacitance for a spherical capacitor with two concen-

tric spherical conductors of radius ‘a’ (+Q) and radius ‘b’ (-Q).

Assume b>a (May 2011) (Dec 2015)

Solution:
Gausian

surafece

Applying Gauss’s law to an arbitrary Gaussian surface with radius ‘r’
(a<r<b) in

Q =sgﬁ E.ds =¢E_4nr’
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Therefore the potential difference between the conductors is

ve-fEa— ][ i i,

b

—

SYCREIL I VY EE

4e’ r' b “4mela b

Thus capacitance of the spherical capacitor is

_g_ 4me
C_V_l_l(F)
a b

15. Determine the capacitance of each of the capacitors shown in be-
low fig. Take er =4, er,=6, d=5mm, s=30cm’.
(May-2012) (May 2016)

‘ 7 7777
g /)
z //

erz
——>

w w

2 2

Fig (a)

In fig (a) two parallel plate capacitors say C, and C, are connected in series.
Since D and E are normal to the interface surface.

€s C _&&y8 _&8,8
Yd/2’ 7t d/2
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2e,e.,5 2€,€,8

LCco%C _ d  d
series C + c, 2£0€rls n 28081_25
d d

2;/ eozsrlerzsz
dz

i 2 g Ken ver,)
A

co 2e,5(€,€,,)  2x8.854x107° x30x107* x4x6
d(e, +¢,) 5%107 (4+6)

C =25.46pF

In fig. (b) D and E are parallel to the interface surface hence C, and C, are
in parallel.

2 2
Czﬁ, -C, :SOSrIS/ C, :30%5/
d d d
g,s(e, +¢€
. C =C,+C, ="~ 17 (80 +e,)
parallel 2d
C_8.854><10*12><30><10*‘*(4+6)
B 2x5%107°

. [c=55

16. A dielectric slab of flat surface with e = 4 is disposed with its sur-
face normal to a uniform field with flux density 1.5 ¢/m2. The slab
occupies a volume of 0.08 m* and is uniformly polarized. Determine

i) Polarization in the slab
ii) Total dipole moment of slab (Dec 2014)
Given, e, =4 |B |=1.5 ¢/m? v=10.08 m’

a) Polarization is given by

D]

0™r

|P|=Xe£0|E|=Xe£’O
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=X |D| where e, =y, +1
€

T

1)~ (4-1
Pl pl y ) a1.521.125C /
€

T

b) The total dipole moment is

P =|P| " total volume of slab
=1.125"0.08 =0.09 cm

17. A capacitor consists of two parallel metal plates 30 cm x 30 cm
surface area separated by S mm in air. Determine its capacitance.
Find the total energy stored by the capacitor and the energy density
if the capacitor is charged to a potential difference of 500V?

(Dec 2014)

Given that,

A=30x30=900 cm?,
V=500V,

d=5mm,e =1

_gEA  8.854x1072x1x900x107*

C -3
d 5x10

=159.372PF

1 1
W, = CV? =—x159.372x10™* x500°

=19.92 mJ.

— v _ 500 ;
Elr—=———=100x10"",
IE| d 5x107 A/I

Energy density = %eoe, |E[

= %x8.854x10‘12 x1x(100x10*)’

=44.27x107 J/m’ =44.27mJ/ m’®
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18. Calculate the potential at point P(0,0) in due to point charges Q,
and Q,. Q, = 10"*C in located at (0.5,0) and Q, =-10"" C is located
at (-0.5,0) m. (May 2016)

The potential at point P due to Q, and Q, is given by,

Q Q,

= +
4me, |r—1,| 4me,|r-r, |

|t—11 |=[(0,0) = (0.5,0)|=| (<0.5,0) |= V—0.5% + 0> = 0.5

p

|12 =[(0,0)=(-0.5,0)|=/(0.5,0) |=v/0.5* +0% = 0.5

1 1072 (-10")
VP = —12 +
ATx8.854x1072| 0.5 0.5
=—0.162V

19. Find the potential at r, = 5 m with respect to r, = 15 m due to
a point charge Q = 500 p C at the origin and zero reference at
infinity. (Dec 2016)

The potential at A with reference to B.

Q

4mer

A
Vi =—J —a, .dra,
g

Q1 1
Via el | Via =Vi=Vg
A B
. 500x107" [LL]
4mx8.854x107* |5 15
V,, =0.599V
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20. In spherical coordinates V = -25 V on a conductor at r = 2 cm
and V=150 V at r = 35 cm. The space between the conductor is
a dielectric of e, = 3.12 . Find the surface charge densities on the
conductor. (Dec 2016)

V depends only r. Hence the Laplace equation becomes,

ViV=0
VV = lzi[rz d_v:| =0
r°dr dr
since r #0, i|:r2 Q] =0
dvl dr
. , dv
Integrating rr—=A
dr
dv_A
dr 1’

. A
IntegratingV =——+B
r

Applying the boundary condition, when r=2,V=-25V
-A
-25=—+B ... 1
! ()
When r=35,V=150
150="24B . (2)
35

Solving eqn (1) and (2)
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175=Af1-L
2 35

A=371.21
B=—25+3702 _ 160,61
v=27121 6061
r
E=-VV =#ar
T

E= -371.21 av%n

2
r

D=¢,¢ E=-8854x10" ><3.12><(371'21 Jér y ,
m

2
r

_10'2254 a. nC/m>
r

Surface charge densities, p, =D, = D- a, atr=2m,

10254

s 22

nC/m’ =2.564nC/m’

atr=35m, an =a,

p, = _1;);54 nC/m’ =-8.371PC/m’

adn = —ar



UNIT - 3
MAGNETOSTATICS

PART - A

1. State Biot-Savart’s law. (May 2017)
Biot-Savart’s law states that the differential magnetic field intensity
dH produced at a point ‘p’ by the differential current element Id/ is
proportional to the product Id¢ and the since of angle ‘o’ between the
element and the line joining ‘p’ to the current element and is inverse-
ly proportional to the square of the distance ‘R’ between ‘p’ and the
element.

d, (in ward)

JH o Id/sin o or dH =k Id/sin o

ie., % Ul

where ‘k’ is the constant of proportionality,

k=— (in SI units). -~ dH = m
41 4R

From the diagram, using cross product rule the about equation in
vector form as

dd = Id(xe;R = Id(x? where R :‘ﬁ‘,ék =5
4nR 4R |R|
2. State Ampere’s circuital law (Dec 2016) (May 2015)

Ampere’s circuit law states that the line integral of H around a closed path

is the same as the net current Ienc enclosed by the path i.e., CﬁLﬁ dl=T,, .
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Note:
Further, applying stoke’s theorem to LHS of Ampere’s law

By comparing equation (1) and (2) we get

This is Maxwell’s third equation in point from and in Integral form.

$H-di =1,
L

3. Aconductor 4m long lies along the y — axis with the current of 10A
in a, direction, if the field B = 0.05a, Tesla. Calculate the force on

the conductor. (Dec 2016)
F=ILxB
=10x(4a, x0.05a )
=2(-a, )N
4. Write Magnetic boundary conditions. (May 2015)

The conditions of the magnetic field existing at the boundary of the
two media when the magnetic field passes from one medium to other
are called boundary conditions.

1) The normal component of magnetic flux density B is continuous at
boundarybetweentwomagneticmediaie B =Baa (or) w,Hin =, Hon

i1) The tangential component of magnetic field intensity H is continu-
ous at the boundary between two magnetic media.

— Bi _ B
Hi. =H,, (or) =2
L
tan 6 . . .
Also, W% — M s the law of refraction for magnetic flux at the
tan®, LU,

boundary with no surface current.



ELECTROMAGNETIC THEORY 115

5.

What is the mutual inductance of the two inductively coupled coil
with self inductance of 25 mH and 100 mH. (Dec 2015)
The mutual inductance is given by,

M=K\LL, =K,/(25x107)(100x10°)
=(50x107)K H
Assuming the two coils tightly coupled ie K =1
M=50mH
Find the characteristic impedance of the medium whose relative

permittivity is 3 and relative permeability is 1. (Dec 2015)
The characteristic impedance of a medium is given by

- o]

n=217.66Q n =le =3

Find the maximum Torque on an 100 turns rectangular coil of 0.2
m by 0.3 m carrying a current of 2A in the shield of flux density 5
wb/m?, (May 2015)
Area of single turn of rectangular
S’=(0.2) x (0.3) = 0.06 m?
For 100 turns rectangular coil
S=NS’=100x0.06 =6 m?
The magnitude of magnetic dipole moment is given by
m=IS=2x6=12AM?
*. The magnitude of maximum Torque is

T  =mB=12Xx5=60Nm
Determine the value of magnetic field intensity at the centre of a
circular loop carrying a current of 10A. The radius of the loop is
2m. (Dec 2014)
Given, [=10A,R=2m
I ~ 10~

H=—an=—ax =25ax A/m
2R 4
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9. State ohm’s law for magnetic circuits. (Dec 2014)
For magnetic circuits, ohm’s law is given by,

m.m.f = magnetomotive force = ¢fR

Where ¢ is total flux and R is reluctance of circuit.

10. Give the expression for Biot savart’s law in terms of distributed
current sources.

184

k (A/m)

] (m 2) Jdv

We define the distributed current source elements as 1d¢ = kds = Jdv

j 1dex a;R (line current)
4nR
K
J dsx ? £ (Surface current)
4nR

S

H= JM (volume current)
\%

4nR’
11. Define magnetic flux and magnetic flux density.
The magnetic flux ‘¢’ through a surface‘s’ is given by ¢ = Jﬁds .

S
The unit for ‘¢’ in ‘ob’. These are flux lines which exist between North
and South poles.

The magnetic flux density ‘B’ is defined as flux per unit area.

i.e., B=¢/A (ob/m?) or (Tesla).
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12.

13.

The magnetic flux density B is related to magnetic field intensity H
as shown below

Befim[Bout]
Where p = p, p,
u_ — relatively permeability.

1, — permeability of free space = 4m x 107 H/m.

Define law of conservation of magnetic flux or Gauss’s law for
magneto static filed.

An isolated magnetic charge does not exist, hence unlike electric flux
line, magnetic flux lines always close upon themselves. Therefore the
total flux (magnetic) through a closed surface in a magnetic field must
be zero i.e.

@E-&:o

S

This is the Gauss law for magneto statics and also Maxwell’s fourth
equation in integral form.

Applying divergence theorm (]SE& = I(V . E)dv =0.
S v

Maxwell’s fourth equation in differential form.

List of Maxwell’s Equation for static Electric and magnetic fields.
Differential Integral Remarks
VxD=p, 9SD ds=Q,, = jpvdv Gaus’s law
S \
= E-d/=0 -
VXE=0 (f Conservative E
VxH=]J @H'df:Ienc :JJ'dS Ampere’s law
L S
_ B. e — INo magnetic
4 VxB=0 SI)B ds=0 &
S monopole.

14. Give the force experienced by a charge ‘Q’ in magnetic field.
A magnetic field can exert force only on a moving charge. From exper-

iments it is found that the magnetic force Fam experienced by a charge
‘Q” moving with velocity u in magnetic field B is .
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Note: For a moving charge ‘Q’ in the presence of both electric and
magnetic fields, the total force on charge is F = Fe + Fn

=>F=QE+Qu><B=>F=Q(E+u><B)

15. Give the force on a current element due to magnetic field.
It is well known that, Id 7 =KdS = Jdv

dQ

Also 1d/=—= m de= dQ—= dQu

~.dF=dQuxB=1d/xB= |F=§Id/xB

. The magnetic flux density B is defined as the force per unit current
element.

16. Give the expression for force between two current elements.
Let I,d _l;l be the current element in loop 1 which carries current I, and
1,d ?2 be the current element in loop 2 which carries current I,
The differential force d(dFl) on element /,d ?1 due to the field dB,
produced by element sz?z is d(@l) =1,d/; xdB,. From Biot-
Savart’s law

E l.ll2 déz X aRZI

2 =

4T|:‘E21‘2
.._, MII (ﬁ(ﬁdflx‘(?ljgmm)
LiL2 R

Note: F, dueto B, can be found by interchanging subscripts F, .
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17. Define magnetic Torque and moment.

If a current carrying loop is placed parallel to a magnetic field, it expe-
riences a force and tends to rotate it. Therefore “The torque T on the
loop is the vector product of the force F and the moment arm r (ie.)

T=rxF
Let us consider the current loop shown in figure (a) d¢ is parallel to B

along AB and CD and no force in exented on those sides. Thus

C A
F= Ij@xﬁﬂj@xﬁ
B D
:dezé,xﬁnjdzézxﬁ '."Fo‘=BI£
o 1

F = Fo —Fo = 0. Thus no force is exerted on the loop as a whole. How-
ever Fo and —F, act at different points on the loop, there by creating a
couple as shown in figure (b). Therefore Torque on the loop is

m = ‘ﬁo‘wsina
m =Bllwsina , if s=/® (area), then m =BISsina.
We define as magnetic dlpole moment (Am?) of the loop.

(an — direction — thumb along a. and fingers along direction of
current).

The magnetic dipole moment is the product of current and area of
loop; its direction is normal to the loop. .

v

\L—‘
B
w Vv

—
o]
E\
>
v

v

Fig(b)
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18. Define Magnetisation or Magnetic polarization.
Magnetisation (M ) is defined as the amount of magnetic moment per
unit volume.

N

2 m,

S M = lim £
Au—0 Au

Further if

Jb=VxM —

Magnetic dipole moment Magnetic dipole moment

in vA withowt B i;nvAwiﬂlﬁ
Magnetisation volume current density (A/m?) or bound volume current
density.

ko =MXxa. = Magnetisation surface current density (A/m).

In a free space M = 0, - VXH=Jr where It in free volume cur-
rent density.

In a material medium M # 0, VXH=Jr +Jy =J

Vxﬁ=Vx(§/u0)=Vxﬁ+Vxﬁ

E:uo(ﬁ+ﬁ):§:u0(l+xm)ﬁ ~H=y, H

m

Where Y, is magnetic susceptibility of the medium
B=pH = B=puH = u =0+x,)=u/y,

19. Define self and mutual inductance (May 2015)

An electric current (I) flowing around a circuit produces a magnetic
field (B) and hence a magnetic flux given by ¢ = J.B -ds through each
term. s

If the circuit has N identical turns, then the flux linkage is A = N¢.
Also this flux linkage is proportional to current i.e. Ao I or A = LI

N
~L=2\I= Tq)(H)
Therefore the ratio of the magnetic flux to the current is called the in-
ductance, or more accurately self inductance of the circuit.
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20.

21.

22.

23.

24.

25.

26.

Mutual inductance (M) is the ability of one inductor to induce an emf
across another inductor placed very close to it (i.e.) the magnetic flux
caused by current in one coil links with other coil and induces some
nollage in the second coil.

— N2¢21 M. = qu)lz

M I R |

21

1 2

What is Magnetostatics?

The study of steady magnetic field, existing in a given space, produced
due to the flow of direct current through a conductor is called Magne-
tostatics.

What is Magnetic Field?
The region around a magnet within which influence of the magnet can
be experienced is called Magnetic Field.

What are Magnetic Lines of Force?

The existence of Magnetic Field can be experienced with the help of
compass field. Such a field is represented by imaginary lines around
the magnet which are called Magnetic Lines of Force.

Define Magnetic flux density.

The total magnetic lines of force i.e. magnetic flux crossing a unit area
in a plane at right angles to the direction of flux is called magnetic flux
density. It is denoted as B and unit is wh/m?.

What is fringing effect?
If there is an air gap in between the path of the magnetic flux, it spreads
and bulges out. This effect is called fringing effect.

Define Reluctance.
Reluctance R is defined as the ratio of the magneto motive force to
the total flux and it is measured as Ampere-turn/Weber. F = WH

What is Lorentz force equation?

Lorentz force equation relates mechanical force to the electrical force.
It is given as the total force on a moving charge in the presence of both
electric and magnetic fields.
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217.

28.

29.

30.

31.

Give any two dissimilarities between electric and magnetic circuits.
(1) In electric circuit the current actually flows i.e. there is a move-
ment of electrons whereas in magnetic circuit, due to m.m.f, flux gets
established and doesn’t flow in the sense in which current flows.

(i1) The energy must be supplied to the electric circuit to maintain the
flow of current whereas in a magnetic circuit the energy is required to
create the magnetic flux, but is not required to maintain it.

(ii1) The electric lines of flux are not closed. They start from positive
charge and end on negative charge and the magnetic lines of flux are
closed lines.

Define current density.
Current density is defined as the current per unit normal area at that
point,

= Al
I=% Amp/m

What are the major classifications of magnetic materials?
The major classifications of magnetic materials are: Diamagnetic,
paramagnetic and ferromagnetic.

What is hysteresis?

In the case of ferromagnetic materials the relationship between B and
H is nonlinear and p for a given sample is not unique. The graphical re-
lation is called the B-H curve or hysteresis curve or simply hysteresis.

Determine the value of magnetic field intensity at the centre of a
circular loop carrying a current of 10A. The radius of the loop is
2m. (Nov/Dec 2104)

=t =0 _9s54
2a  2x2
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32.

33.

34.

Distinguish between magnetic scalar potential and magnetic vector
potential. (Nov/ Dec 2014)
Magnetic potential refers to either magnetic vector potential (A) or
magnetic scalar potential (€2). Both types of magnetic potential are al-
ternate ways to re-express the magnetic field (B) in a form that may be
more convenient for calculation or analysis. This is similar to how the
electric field (E) can be conveniently re-expressed in terms of electric
potential V. A is a type of vector potential related to BviaE = V= A
However, Q is a type of scalar potential related to B viaB = —uWVil,
but, unlike magnetic vector potential, its use is limited to cases such as
regions of zero free current density.

What is the total force acting on a moving charge Q in the presence
of both electric and magnetic fields (April/May 2015)
The total force is given by F = Q (E+ U % B)

A coil has a self inductance of 1 Henry and a resistance of 4 Q. If it
is connected to a 40V DC supply, estimate the energy stored in the
magnetic field when the current has attained the final steady value.
(April/May 2015)

-
s

LI

Energy =

B3|
B3|

(1) x {%)2 = 50 joules



124 Unit WISE SOLVED QUESTION PAPERS

PART - B
1. Determine magnetic field intensity H at a point ‘p’ due to a
straight current carrying filamentary conductor of finite length
‘AB’. (May 2015)(Dec 2016) (May 2017)

0 P

H (into the page)
Let us assume the conductor be placed along ‘z’ axis as shown with its
upper and lower ends respectively subtending angles o, and a, at ‘P’, the
point at which H to be determined.

G 1R e di = dZ0, R = pae — 72,
4mR’
~dIxR=pdza,  ~H= j Idea¢ -
n(p*+2°)

Let tan(xsz:>Z=ecot0c

s.dZ =—pcosec’o do

Sin 0c=pR=>R=pcosec o

——yz/,ws{focdoc
Yo

4n " p? cosec

2
_——jsina do

4r .

1

— ~

Or |[H= E(COS oL, —cos O, )ao

Case 1: If the conductor is semi infinite (with respect to p), so that point A
is at 0(0, 0, 0) while B is at (0, 0, ). Therefore o= 90° and o,,= 0°.
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— I A
~“|H=—a
4r ¢

Case 2: If the conductor is of infinite length, a,= 180° and o= 0°.

~H= 4—Tltp(cos 0°—cos180°)a, = ﬁ(l ~(~1))as
S
SH=—
2np oo

2. Determine the magnetic field intensity H at a point P along Z-axis
due to a circular current carrying loop with radius ‘a’ placed along

the x-y plane.

(Dec 2015)

Let the circular loop be placed on x-y plane as shown. The magnetic field
intensity dH at point p(0, 0, h) contributed by current element 1d/ in given

by Biot-Savart’s law:
ZA
/A dHz

R

dﬁ _ Idef{ i
4nR

~ ~

ar Ay a;

~dlxR=|0 add 0|=ahdda.+a’doa,

-a 0 h

d—fzp d(]);q) =a d(])2;¢

R =(0,0,h)—(x,y,0) =—aa, +ha,
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-
an(a+i)"
=dH ,a,+dH a,

cdH = (ahdga,+a’dga,)

By symmetry, the contributors along a , add up to zero because the radial

components produced by current element pairs 180 apart cancel. Therefore
H,=0.Hence

dH =dH a. = ! —-a’dga,
47[(512 +h2)
- 2 I 2 A
H= 261 32 -dga,
0 47[(61 +h )
— Ia’ A — Ia’ A
SJH=——— . rdz H= rdz A
2}"1’5/(32+h2)3/2 /2/’{ = 2(a2+h2)3/2 a ( /m)

Note: If h=0, i.e. at the center of the ring, H=

O

3. Asolenoid of length ¢ ¢’ and radius ‘a’ consists of ‘N’ turns of wire
carrying current ‘I’. Show that at point ‘p’ along its axis,

H =n?I(cose2 —cosﬂl)éz,

where nN//, 0, and 0, are the angles subtended at ‘p’ by the end
turns as illustrated in Figure Also show that if /> a, at the centre
of the solenoid H=nl a, .

X

le———>3)

N
N




ELECTROMAGNETIC THEORY 127

Consider the cross section of the solenoid as shown. Since the solenoid
consists of circular loops, the contribution to the magnetic field H at ‘p’ by
an element of the solenoid of length dz in
Id/a’ Ia’
aH, =— B 4r=ndz=n/tdz, -dH, =209
2(a2+zz) 2(a2+22)

Also tan®=a/z, ..z=acotf, = dz=—a cosec’0dO

sin = a == (a2 +7? )1/2 =acosec = (a2 +7? )3/2 =a’ cosec’ O
(a>+2°
I (= 29 do
~dH, = #'n-(-a cosec’® do) = dH, =-Dging do
2 ﬁ’{cosecle 2
~H, :——_[sme de = > (cose —cos9,)

nl A
Hence proved = |H = > —(cos @, —cos 6, )a,

.. — NI ~
. substituting n=N//=H= E(COS 0, —cos, )a,
.. At the centre of the solenoid

é/—2y=—cos61 =cos(180-6,)
(a2+(£/2)2) 2

= cos0, =

s.cos0, = Z/Z/(a2 +€2/4)1/2, cos0, = —E/Z/(at2 +€2/4)”2

goN g2 2 | N/
2 (@t r/a)” (22/a)” | 2L | (a2 02/4)"

If £>a, =0,=0,0 =180°

~

nI(1+1) :7(2)52 = H =nla, :N7az

~H=
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4. The conducting triangular loop shown in fig (a) carries a current

10A. Find H at (0, 0, 5) due to side 1 of the loop.
zZA

[ 33 ~ [+ 73 ~

Fig(a) 10A 2

The magnetic field intensity is given by

1 R
H=—(cosa, —cosal A
4mp (cosar, —cos o, )ag(A/m)

Redrawing fig (a) due to side (1) and carefully figuring out o, a,, p and ¢
as shown in Figure (b).

2 2
s.cos0, =c0s90°=0, cost, =———==—7

V22 +57 B V29

p=5 also a, =axxa, =-a,

— 10 2 ~
~Hi = n5) (cos (E]_ 0 J(—ay )

H, = —59.1a, (mA/m)|

5. A circular current loop located on x> + y*> = a, z=0 carries a direct
current of 10A along a,. Determine H at (0, 0, 4) and (0, 0, -4).

The magnetic field intensity for circular current loop

-
= la“a, -
2(a”+h?)
~H(0,0,4) = I=10A,h=4 a=3 (- x2+y>=2a% x*>+y>=32given)
— 103 - -
.'.H:¢yaZ =0.36 a, (A/m)
2(3 +47)7

Even at H (0, 0, -4)= 0.36 a, same as H (0, 0, 4)
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N

’_\i Amperian loop

I3 S

//\/ >y
de

1

6. Find magnetic field intensity at a point ‘p’ due to an infinitely long
filamentary current ‘I’ along z axis using Ampere’s law.

Current enclosed by the loopis =1 .

o1, =¢Hd/

L
s

ﬁ: Hq)glq), d_é = pdq)glq)

2n
- 1= H,pdo = Hyp [ do = 2mpH,
L 0

| — I -
.'.H¢ == H=—a¢
27p 2zp
ZA
amperian loop
—_ 4_
—_>_I>_ _12;7 = >y
= - b -
Ravy” [ 220

<

7. Derive the expression for magnetic field intensity H due to an
infinite current sheet in the z=0 plane. The current sheet has a
uniform current density 'K'=k, ay (A/m).

Let the current sheet be placed as shown in figure. By inspection we can

say H for path 1 — 4 — H, a, and for 2-3 is H, (_éx) and for path 1-2 and

3-4, H component cancels because of equal current element.



Unit WISE SOLVED QUESTION PAPERS

Jz. + j+j+j ]ﬁ'@ =0(=a) +(=H,)(=b) +0(a) + (H, )(b)

~2H, B =k 8 = H, =1/2k,

Alsol = kyb
T 12ky21x z>0
h %ky(—éx) z<0

A coaxial cable of inner conductor of radius ‘a’ carrying current
‘I’ and outer conductor of inner radius ‘b’ and thickness ‘t’ carries
a return current — ‘I’. Find H everywhere assuming that the cur-

rent is uniformly distributed in both conductors.

7 3
Z0), "™
AN

%

A
;/%

(O]

Z axis

Let the co axial cable be as shown in figure. Let as apply Ampere’s law for
each of the four possible paths (region)
Loop (L1):0<p<a
Loop (L2):a<p<b
Loop (L1) : b<p <b+t
Loop (L1) : p=b+t
(a) region 0 <p<a we apply Ampere’s law for the loop L,

,j = %&,& = pdpdq)fiz
Ta

7

fiidi=1, >1,=]i

L1
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] oo

also gSfI.a? =H,2mp .'.qSﬁ.az =L,.=H, 215}/ =
s L

(b) region a < p <b, Applying for Amperian loop L,
$Hdl =1, =1, =1, §Hdl=H,2mp
L2 L2

enc

~H2np=I=H, =—

(c) region b < p <b + t, for loop L,
o
x[ (b+1) - b |

. 2mp 2 _p?
~fids= ijpdpdq)— —IL"Z”bt]

$Hl =1, =1, =1+[]ds, == a,, ds =pdpdoa,
L3

. p2 _ bZ
also [Hd/=H2mp 1, =I/1-1
s t” +2bt

2 12
|Hp=—L|1-P =P
2np t*+2bt

(d) region p >b + t, for path L, g‘)ﬁ.d—f=lem=l—l=0
L4

. Ip -
—a 0<p<a
oma® P

N, o<p<b [ T
2mp

I p’—b’ |- .
—1- b<p<b+t @[ V-~ -
2Tcp|: t2+2bt:|a¢ P =
10 p=b+t

|
Il
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9. A toroid whose dimensions are shown in below fig has ‘N’ turn and
carries current I . Determine ‘H’ inside and outside the toroid.

We apply Ampere’s circuit law to the Amperian path with radius ‘p’ as
shown.

$H.di=1, =H2mp=NI
L

— NI ~
orH =2—ﬂ:paq,,pO —a<p,+a
Where p, in the mean radius as shown in fig
. — . .= NI~ NI
Approximate value of H withp is H=——ay=—.
2mp l

Outside the toroid, the current enclosed by an Amperian path is ‘0’. Hence

H =0.

10. Derive the expression for Magneto static boundary conditions.
(May 2017) (May 2015)

It is well known that,

$Bds=0- (a) and $HAI =1, — (b)
B L

Consider the boundary between two magnetic media 1 and 2 with p, and
u, as shown in fig.(a)
ol

@l

J-

@
B»Z;A P
L
w!

= oM

Fig (a)
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Applying equation (a) to the pill box in fig (a) and allowing
Ah — 0 = BinAs =BanAs

also H, Hi = u, Hzn

_ oy
_ H:
Huf = 7
| K
o, I al . b
Hu I Ah
ﬁl ﬁZn
—>
ﬁ Ao

Ha o

Fig (b)

S ﬁln :ﬁl__I'Zn

[

Note: Normal component of B is continuous and that of H is discontinuous.

Applying equation (b) to the closed path abcda of fig(b)

H, A®- H,~— — Hyy— —H, Ao+ H,e>— + H,/~— = kAo
2 2 2 2
~H, AG —H, Ao =k AG

.'.ﬁn - ﬁZt =k,

If the boundary is free of current then

= = B B
=] <[P

H W

Note: Tangential component of H is continuous and that of B is
discontinuous.

Further we can write B, cos6, =B,, =B,, =B, cos6, from fig (a)

B B
~.—sin®, =H, =H,, =—2sin6, fromfig(b)

1t

I, Ky
By, sin®, B,u,sin0, N tanO, tan0,
" B, cosH, B, cos6, u, W,
. [tan®, _p,

"ltan®, w,
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This is the law of refraction for magnetic flux lines at the boundary with
no surface current.

11. Compute the self inductance of a solenoid with turns N, length ‘I’
radius ‘R’ with a current ‘I’ flowing through each turn.

(May 2015)
Using Ampere’s law, we can write
////////ik 77777777777 T
v rrvruvr v vy
H=nla, =1,
l
= = NI ~ — NI
also Bzuonuo a,, \B|=H07
1 I
wkt ¢=BA BN ﬂ(nRz) Further, LN
l l 1
N N’I
.'.L=$=?Hoé /I/-A = L=“°T (H) self inductance of solenoid

12. Obtain an expression for the self inductance of a toroid of circular
cross section with ‘N’ closely spaced turns.

Let ‘p,’ be the mean radius of toroid

‘N’ be the number of turns refer (Q. 9)
‘a’ be the radius of coil
wkt H= NI éq; :>|ﬁ|: NI

2mp, 2mp,
Total flux 6 =BA = pHA = *NL A where A —7a?

0
2
=N_¢_E. UNI A = L=MN A (H)

I 1 2mp, 2mp,
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13. Determine the self inductance of a coaxial cable of inner radius ‘a’
and outer radius ‘b’.

Consider the cross section of cable as shown for region

HP
2ma’

0<p<a Bi= a, — fig(a)

a<p<b B, =“—I§¢ — fig(b)
27p

To find L, , —0<p<a

5o (Mp o~ Wp
dq),—Bl.ds—(zna )(dpdzm) S rdpdz

d¢, is the flux within radius ‘a’

The flux within radius ‘p’ is

2 2

:>d¢1 =do,

do, x

SIEN=L L, =fd%—fd¢l J uw

:j I ulp’ _dzdp= ulf J 3o =M A

o2, 2ma’ 2ma* 2 At 4
If p—length of the cable
<. Lim XI:H_M: Lim :u_w (A)
&n 8n

To find L, (a<p<b)

ul
dq)z = Bzdp dz = 2_1'[p dp dz

Here the total current ‘I’ is enclosed within the path enclosing the flux
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d b oroul
AL = j% oL, xlzpuoszdde

—

b
L xf = J. gﬁdp = M—/I/( nl H)
~. <P

2n  a

The total inductance

L :Lim + Lext :u_é[l-l-ln(k)](H)
2| 4

s a

14. Derive the expression for energy stored and Energy magnetic field.

If ‘e’ is the voltage developed across the inductor due to current ‘i’ then
energy stored

t
W =_[ei dt (W —sec) or joules

0

di ‘ 2|
alsoe=Ldi/dt = W=[L—idf =L[idi = LIz
0

A

0

- w:%uz (1)

Energy density: It is known that for a solenoid

2
A
p-HNA
l
2 2712
aw=dpp L A :lu NZI (A0) :lqu Al H=2L for a solenoid
2 2 l 2 l 2 l

W =%qu (A?)

W, ].Enei :EZLMHZ i}
unitvolume )| A¢ 2 m

2

R IR

3

m 2u

R
1’1’13.

2
- Wy :lqu :lB—(
u
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15. Determine the inductance per unit length of two —wire transmission
line with separation distance ‘d’. Each wire has radius ‘a’.

1) @

=] (9) 0.

d

N

-

Let the two wire transmission line be parallel as shown in fig. Consider first
wire (1) carrying current “I”” amps.

Thus for a region 0 < p < a the internal inductance or flux linkage A is

A =“—M[prob—p13 —L= &=M]
&n I 1

Foraregiona<p<d-a

_ ule  (d-a
IIZEpd pdz __nn( a J

p=az=0

-~ Totalk, =\, + A, MM Mwln(d_a)
a

for w1re(l) 8 2n

By symmetry same amount of A is produced by wire (2) hence the

TotalA, =2(A,)=2 W, e (d=a
for wire(1) &(2) 8 ZTI: a

vy =“7M[i+1n(d;a)]:> L= 71“ f[z—ln[d;a )} (H)
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16. Two narrow coils ‘A’ and ‘B’ have a common axis and are placed
10cm a part. Coils ‘A’ has 10 turns of radius 5 cm with a current of
1A passing through it. Coil B has a single turn of radius 7.5 cm. If
the magnetic field at the center of the coil ‘A’ is zero, what current
should be passed through B.

A
=14 7%
I

10cm |
|

B
—mwf 1

I
I
Magnetic field intensity H at the center of coil A is

(Tisclockwise) Za

and H at the center of coil ‘A’ due to current in ‘B’

2)\?2
ﬁB _ IZ\HBaz _ éz= IXIB X(27.5X10 ) — =1,44£1le
2(a’+h?) 2((7.5x10’2) +(10x107) )

|Ha |=| Hg | for field intensity at the center of coil ‘A’ to be zero

~100=1.441, =[I, = 69.44A]
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17. Find H at the center of an equilateral triangular loop of side 4m
carrying current of 5A.

H due to BC at point P is

. I N h

H=——_cosa, —cosa, )a, herel=h= tan30°=—
4mp 2

s h=1.54m

also ., = 30°, 0, =180°—30°,1 = 5A

— 5 AT
o H] (c0830°—c0s150°) =—————x1.732 =0.447 —

T amx154 4mx1.54 m

- AT
~.|H|dueto3sides=Hx3=10.447x3 =1.341—
m

18. Arectangular loop carrying 10A of current is placed on z=0 plane.
Find the field intensity at (4, 2, 0).
&

.~ |C
42 _ -
¥ . fl"{: _____

- 2, . . A
oy By o %‘f—\'lml
U’UA Cl Ca
4,0 8,0

B

Let us assume the point (4, 2, 0) be at the center of the loop. Hence the
dimensions of the loop are as shown in fig.
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(i) Hat point ‘P’ due to side AB-8m is

‘H‘ (cosa, —cosa, )
4np

=/{=2m, cosQ, = 4 =0.894 =—cos

N
10

7 Hyy = —(0.894+0.894) =0.71(AT/m)

(ii) H at point ‘P’ due to side BC — 4m is

2 =0.447 =—cos 0,

N

— 1
H=——(cosa —coso,) =1=4m, cosa, =
4mp

10

# Hye = —(0.447%2) =0.178(AT /m)

AlsoH,, H., H,=HAD, H, =2H, +2H,

CD? ’ Total

=2(0.71) + 2(0.178) = 1.776(AT/m).

T()tdl

AT . . .
H=1 776( )(az) *.* current is anticlockwise.
m

19. A solenoid with radius 2c¢m is wound with 20turns/cm and carries
10mA. Find H at the center of solenoid if the length is 10cm. If
all the turns of the solenoid were compressed into a ring of radius
2cm, what would be the magnetic field at the center of the ring.

It is well known that, H due to solenoid is
— NI N
H= 2_5(005 0, —cos6, )a,

= N =20turns/cm =20x10 =200 turns
5

—_ —_— P -2 —_— —_ = —_—

£=10cm, I =10mA =10x10 m.cosez—\/52+—22—0.928— cos 6,
— (200)%(10x107)x(2x0.928)

| H|= =18.57(AT/m)

2x(10x107)

If all turns are compressed to form a ring of N turn, then radius a=2x102m.

-3
‘H|:M:200x10x1_(2) —50AT/m
2a 2x2x10
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20. If the vector potential ‘A’ is given as A :S(X2 +y +z ) . Find the

flux density.
It is well known that,

ax ay a,
B-vxi-| 2 9 9
ox dy 0z

5(x2+y2+zz) 0 0

ai(S/(x2 +y° +22))£y —%(5/(X2 +y° +Zz))EAlZ

:Ez%(5x2+5y2+522)5y —aiy(Sx2+5y +5z ) .

|§ =1022A1y _loyéz

21. What is the maximum torque on a square loop of 1000 turns is a
field of flux density B’=IT. The loop has 10 cm side and carries a
current of 3A. What is the magnetic moment of the loop

It is well known that,
| T |=BIAXN (N-m) = (1)x(3)x(10x107>x10x107>)(1000)

=|T|=30N-m
Also magnetic moment | m |= Ix(A) = 3x(10x107?)
|m|=30(mA—m?)
22. A solenoid with N =1000, r =1 cm, 1, =50 cm is concentric within
a second coil of N,=2000, r,=2cm and 1,=50cm. Find the mutual

inductance assuming free space conditions.

2cm N =2000

T

g

r=1cm
NI= 1000 7, = 50cm
£, =50cm

[

It is well known that,
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M= N2¢2]

L,

¢,,— flux linking in ‘2’ due to flux in *1°.
also ¢ =B x A = (pH)xA,
C N, 10001,
L 50107

MOXIOOOXII( > z)
.o, =————|x(1x10
o 50%107 ( )

0,, =¢, ieall flux of ¢, linking coil 2
W, X1000X 1, X1x107* x 1t
_ ( 50x107
Il

)(2000)

=M, =

~M,, =15.79mH

23. A toroid is wound with 300 turns in a ebonite ring having a cross
sectional area of 4cm2 and a mean circumference of 35cm. (i) cal-
culate the inductance of the coil (ii) emf induced when the current
is reduced at the rate of 200A/s. If the toroid has secondary wind-
ing of 80turns wound over the ebonite ring and inside the first
winding, (iii) calculate the mutual inductance (iv) what will be the
induced emf in the secondary winding when the current of 10A in
the first winding is reversed in 1 sec.

Given, N =300turns, N,=80turns, A=4x10*m? (=2nr=35x10"m, p=1

. . N’A 7 B
(i) For a toroid Lzuz1 _4mx10 ;<51x13(§)_(2><4><10 =|L, =0.129mH
x

r

. di, _odip 3 —
(i1) Ifa_zooA/s € _Lla =0.129x107 %200 =|e, =0.0258v
A -7 —4
M:HNlNz :4n><10 ><1><300>_<280><4><10 — M =0.0344mi
(iii) 35x10

2nr

(iv) EMF induced in second coil if %2 =10A/s
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e, =M%2=0.0344><10’3><10 = e, =0.344mV

24. A solenoid has 2000 turns of copper wire wound on a former of
length 1m and diameter of 4cm. It is placed co axially with in an-
other solenoid with same length and number of turns but with a
diameter of 7cm. Determine the mutual inductance between two
solenoids and also co-efficient of coupling.

Given, N =2000, N,=2000, ¢, =/,=1m, r=2x10"m, r,=3.5x10"m
p=1

4 ><10‘7><1><2000><2000><( x(2x1072 2)
M ZINNA T nx( )

g 1 - (=63

4mx107 x1x 2000)" x(mx(2x107))

N’A
L = s 1 =L, =63ImH

-7 2 -2\’
A 4107 x1x(2000) x(nx(3.5><10 ))
2

; 1 - =S

M=K,/L L, = coefficientof couplingK =
Also,

K= o =

J6.31x107 x19.34x10~

LL,

25. Two coils are connected in series and their self inductance is
4.4mH. When one coil is reversed, total self inductance is 1.6mH.
All the flux in the first coil links with second coil. But only 40% of
the second coil flux links with first coil. Find the self inductance of
each coil and the mutual inductance between the two.

The inductance of two coils connected in series and aiding is given by
L +L,+2M=4.4mH—(a)

Now when the current in one coil is reversed, L +L -2M= 1.6mH—(b)
k=1, k,=0.4 (40%) given = k k =k*=0.4.
(a)y+(b) gives 2(L +L))= 6 mH = L +L,=3mH = L =3-L,

(a)-(b) gives 4M=2.8 mH =
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M=K,LL, =M =K>L,L,=(0.7)" =(0.4)(L,)(3-L,)
=1.1225=3L, -1} = L -3L, +1.225=0
~|L, =2.5mH (or) 0.487mH|

~L,=3-L,=|L, =0.5mH(or)2.513mH

26. State and prove Ampere’s law.

In magnetostatics, the complex problems can be solved using Ampere’s
circuital law (or) Ampere’s work law. The Ampere’s circuital law states
that, “The line integral of magnitude field intensity H around a closed path
is exactly equal to the direct current enclosed by that path.”

The mathematical representation of Ampere’s circuital law is
$HAr=T

The law is very helpful to determine H when the current distribution is
symmetrical.

Proof: Consider a long straight conductor carrying direct current I placed
along z-axis as shown in fig. Consider a closed circular path of radius r
which encloses the straight conductor carrying direct current I. The point P
is at a perpendicular distance r from the conductor. Consider d/ at point P
which is in a  direction tangential to circular path at point P.

v

azrdq) ;.q;

while H obtained at point P, from Biot-Savart law due to infinitely long
conductor is
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H:L&

27 !

- 1, R | 1
Hdl=—a, rdpa, =——rddp=—-2d
2mr ¢ ¢ * 2mr ¢ 2n ¢

Integrating H d/ over the entire closed path,

= f1 oo
CﬁH.d£=¢;[02—nd¢ [0,

—— =1=current carried by the conductor.

26

This proves that the integral Hd¢ along the closed path given the direct

current enclosed by that closed path.

27. Determine H for a solid cylindrical conductor of radius ‘a’ where
the current I is uniformly distributed over the cross section.
(Dec 2014) (Dec 2015)
Let the cylindrical conductor of radius R, carries a uniform direct current
of T A. It is placed along z-axis and has infinite length. H is to be obtained
considering two regions.

Region 1: within the conductor, r <R

Consider the closed path of radius r within the conductor as shown in fig.
As current I flows uniformly, it flows across the cross-sectional area of TR?.
While the closed path encloses only part of the current which passes across
the cross-sectional area of r?. Hence current enclosed by the path.

Closed
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H has only as component and it is the function of r only.
Hence H=H ¢§¢ andd/ =r do aoin 214, direction

Hdl = H,ao.rdpa,=H, rd¢

According to Ampere’s circuital law.

G =1, e [ Hrap=1"

=0
r 1 r?
~Hr(2n)=1—=H, =—Xx—
[ ( ) Rz (4 omr Rz
_Ir
* 2nR>
— Ir
H= as A/m
2R /

On the surface r = R. Hence ﬁbecomes,

a, on the surface of conductor.

T
[

2nR

Region 2: Outside the conductor, r > R

The conductor is infinite length along z-axis carrying direct current I, hence
using earlier result.

— I ~
H=—a, forr>R
2mr

. — 1
So, outside the conductor, Ho— .
r

28. An air coaxial transmission line has a solid inner conductor of
radius ‘a’ and a very thin outer conductor of inner radius ‘b’.
Determine the inductance per unit length of the line.

Consider a co axial cable with inner conductor radius ‘a’ and outer

conductor b as shown in fig. Let the current through the coaxial cable be

I. For the co axial cable the field intensity at any point between inner and

outer conductors is given by
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H:L wherea <r<b
21r

ButB=pH=HL
27r

Now assume that the axis of the cable is along z-axis as shown in fig. The
magnetic flux density will be in radial plane intending fromr=ator="b
andz=0toz=¢.

Let B= “—Iglq, T
27r
The total magnetic flux is given by
o= j Bds
Now ds=drdza o

S0= Z].d r].b(%;.‘p ) (dr dz éq; )

z=0r=a
_uIy b
—g[Z]O [hl r]a

=—MldlnE
2w a

¢

The inductance of a co-axial cable is given by

uId1 b
_Totalthinlinkage 25 "a

Total current |
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L=u—dlnEH
2n a

The inductance of a co axial cable may be expressed per unit length as

L_u 1n(9J H/m

d 2n \a

29. A very long solenoid with 2x2 c¢m cross section has an iron core
(ur =1000) and 400 turns/m. If it carries a current of S00 mA find
i) its self inductance per meter ii) the energy per meter stored in
its field. (Dec 2014)

The inductance per unit length of a solenoid is given by
L=uN?A H/m, where A = area of cross section, N = Number of turns.

L’ = (i i) N2A = (1000 x 4 X 70 x 107) (4000)* (2 X 107 x 2 x 102) = 8.042
H/M

i1) The energy stored by inductor is given by

W, = 1L =1(3.042)(500x107 )
2 T2

W_=1.005 J/M.

30. Describe the classification of magnetic materials. (Dec 2014)

When a material medium is placed in a magnetic field, the medium is
magnetized. This magnetization is described by the magnetization vector
M, the dipole moment per unit volume. Since the magnetization is induced
by the field, we may assume that M is proportional to H. Thatis, M = y H

The proportionality constant y is known as the magnetic susceptibility of
the medium. The magnetic susceptibility y bears no physical relationship
to the electric susceptibility, although the same symbol is used for both.

Classification of materials

All magnetic materials may be grouped into three magnetic classes,
depending on the magnetic ordering and the sign, magnitude and
temperature dependence of the magnetic susceptibility. The five classes of
materials are: diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic
and ferrimagnetic. There is no magnetic order at any temperature in
diamagnetic and paramagnetic materials, whereas there is a magnetic order



ELECTROMAGNETIC THEORY 149

at low temperatures in ferromagnetic, antiferromagnetic and ferrimagnetic
materials.

In diamagnetic materials the magnetic susceptibility is negative. Its
magnitude is of the order of -10° to -10°. The negative value of the
susceptibility means that in an applied magnetic field diamagnetic materials
acquire the magnetization, which is pointed opposite to the applied field.
Ionic crystals and inert gas atoms are diamagnetic. These substances have
atoms or ions with complete shells, and their diamagnetic behavior is due
to the fact that a magnetic field acts to distort the orbital motion. Another
class of diamagnetic materials is noble metals.

All the other classes of materials have positive susceptibility. Within these
classes the magnitude of the susceptibility varies over a very wide range.
However, at sufficiently high temperatures the susceptibility decreases
with increasing temperature for all materials in these classes. It was found
experimentally that all these materials follow the relationship

C
T+T

Z:

more or less exactly for sufficiently high T. Here C and T are positive
constants independent of temperature and different for each material.

It was found that in some materials T =0 and this equation is obeyed down
to the lowest temperatures at which measurements have been made. This
class of materials is called paramagnetic. In paramagnetic materials y is
positive - that is, for which M is parallel to B. The susceptibility is however
is also very small: 10* to 107°. The best-known examples of paramagnetic
materials are the ions of transition and rare-earth ions. The fact that
these ions have incomplete atomic shells is what is responsible for their
paramagnetic behavior.

In all other materials above equation breaks down as temperature
decreases. They all have a critical temperature below which the variation
of susceptibility with temperature is very different from its variation above
this temperature.

In ferromagnetic materials the critical temperature is called the Curie
temperature. Above the Curie temperature the susceptibility follow
relationship above equation with a negative sign. When temperature
approaches T . the magnetic susceptibility tends to be infinite. An infinite
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susceptibility means that a finite magnetization can exist even in zero
applied field, which is the case in permanent magnets. The problem is that
the magnetization of ferromagnetic materials in zero field can have a range
of different values and consequently cannot be regarded as a property of
the material.

Ferrimagnetic materials have non-zero magnetization below the Curie
temperature whichissimilarto ferromagneticmaterials. However, significant
departures from above equation occur over a range of temperatures. This
behaviour is only followed at temperatures large compared with the Curie
temperature. Another difference between ferrimagnets and ferromagnets
is that in ferrimagnetic materials the saturation magnetization against
temperature behave in a more complicated way. For example, for some
ferrimagnets the magnetization can increase with increasing temperature
and then drops down.

Antiferromagnetic materials have small positive susceptibilities at all
temperatures. At high temperatures they follow above equation with
T, usually having a positive sign. A critical temperature in this case is
called Neel temperature. Below the Neel temperature the susceptibility
generally decreases with decreasing temperature. There is no spontaneous
magnetization in antiferromagnetic materials.



UNIT - 4
ELECTRODYNAMIC FIELDS

PART-A

Find the emf induced in a conductor of length 1m moving with a
velocity of 100 m/s perpendicular to a field of 1 Tesla.

(May 2017)
The magnitude induced e.m.f is given by e =B{lvsinf

As the field and direction of motion are perpendicular to each other, 6
=90°, sin 90° =

e=1x1x100=100V
Differentiate transformer and motional emf.
(May 2017)(May 2015)

Transformer e.m.f: It is generated when stationary path is placed in
time varying field B.

fEar--| 2

Motional e.m.f: It is generated when a closed path is moved or re-
volved in a constant and time variant field B

$E di=¢(vxB)ds
Moist soil has conductivity of 10~ s/m and g = 2.5, determine the
displacement current density if E=6.0x10"°sin9.0x10°t \%n
(Dec 2016)
The conduction current density is given by
J.=GE =107 (6 x 10°sin 9 x 10°t) = 6 x 10 sin 9 x 10° t A/m?
The displacement current density is given by

D I, = d, =
I =E=§(8E) =§(808rE)
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_9
ot

(8.854><10’12><2.5><6><10’° sin9><1o"t)

=1.3281 x 10 x 9 x 10° cos 9 x 10° t A/m?
=1.1953 x10° cos 9 x 10°t A/m?
4. State Faradays law. (Dec 2016) (May 2016)
The electromotive force (e.m.f) induced in a closed path (or circuit) is

proportional to rate of change of magnetic flux enclosed by the closed
path (or linked with the circuit).

Faradays law can be stated as,

o _h__ N@(VOHS).
dt dt
5. What is meant by displacement current? (May 2016)

The current that flows through dielectric is called displacement cur-
rent. The displacement current is associated with the time varying
electric fields. If always exists in all imperfect conductors which carry
time varying conduction current.

oD OE
J,=—=¢e—
ot ot

6. A parallel plate capacitor with plate area of 5 cm? and plate
separation of 3 mm has a voltage 50 sin 10t V applied to its plates.
Calculate the displacement current assuminge=2¢g,  (Dec 2016)

The displacement current of a parallel plate capacitor is given by
. dv (€A \dv
lD =C—=| — |—
dt d )dt

_ 8.854x107" x2x5x10™" d

3%x107° dt
=2.9513x10"2x50x 10> cos 10° t

[50sin103t]

=0.1476 cos 10° t A
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7. Compare equi-potential plots of uniform and non — uniform
fields (May 2015)
A uniform electric field is one whose magnitude and direction is same
at all points in space and it will exert the same force on a charge re-
gardless of the position of charge in space. It is represented by parallel
and evenly spaced lines.

8. Give two important equations that provide a connection between field
and circuit theory. (Dec 2014)
The equations which connect field theory and circuit theory:

dpaar-1e
dt dt

J_ I(ﬁ) R

(0} (0}

1
gva.dzzE j Idt.

9. State Neumann’s law
When a magnetic field linked with a coil or circuit is changed in any
manner, the emf induced in the circuit is proportional to the rate of
change of flux linkage with the circuit.

10. Static Lenz’s law.
Lenz’s law states that the direction of the induced emf is such that it
will oppose the change of flux producing it.

Note: Neumann’s law + Lenz’s law=Faradays law

11. State Electro magnetic potential. _
It is well known from Maxwell’s eqn VxE =—%—It3and B=VxA
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From vector identity Vx(-VV)=0 =-VV=E +aa—‘?

~E=-VV —aa—A is the potential gradient for time varying fields.
t

12. State Maxwell’s equation in integral and differential form.
Integral form Differential form Name

I Cf)ﬁa = _[(JC +aa—1t))£ VxH=J +aa_]t) Modified Ampher's law

L
I gﬁEdﬁ:—ja—B£ VXEz—a—B Faraday's law
! ot ot
I gﬁﬁ.ﬁszvdv V.-D=p, Gauss's law
S v
v iﬁ& =0 V-B=0 Gauss's law for magnetostatics
S

13. How does displacement current differ from conventional current?
(May 2015)
In electromagnetism, displacement current is a quantity appearing
in Maxwell’s equations that is defined in terms of the rate of change
of electric displacement field. Displacement current has the units of
electric current density, and it has an associated magnetic field just as
actual currents do. On the other hand conduction current is the current

in conductors due to flow of electron under applied electric potential.

14. What is displacement current density?

The term J; = 8D/8t is known as displacement current density.

Based on the displacement current density, we define the displacement
current as
- aD __
Iﬂ=J‘jd-d5= 5 &

15. Define Electric Gauss law.
It states that electric flux through any closed surface is equal to the
charge enclosed by the surface.
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16. Define Magnetic Gauss law.
According to the Gauss’s law for the magneto-static field, the magnetic
flux cannot reside in a closed surface due to the non existence of single
magnetic pole. It states that the total magnetic flux through any closed
surface is equal to zero.

17. Explainwhy V-BE=07?
There are no isolated magnetic poles hence the net magnetic flux
emerging through any closed surface is zero.

18. ExplainwhyV-D=07?
In a free space there is no charge enclosed by the medium .The volume
charge density is zero.

19. Write down the Maxwell’s Equations for free space in point form
and integral form.
Free space is a non conducting medium in which volume charge den-
sity is zero and conductivity is also zero.

V-D=0

V-B=0
a8
FXEZ_E
_ oD
FXH_E

Maxwell’s Equations for free space in integral form

§ .E:O
k)

]

—e—
oy
B
Il
=]
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20. Write Maxwell’s equations for good conductors in point form and
integral form.
A good conductor will not have any charge and the conduction current
is greater than displacement current
_ aD
la= E =0
Maxwell’s equations for good conductors in point form are:
v-D=0
vV-E=0

VxH=]

Maxwell’s equations for good conductors in integral form are:

f

=
&
Ll
1]

(=]

e,
]|
&
Il
=

21. Write down the Maxwell’s Equations in point phasor form and
integral phasor form.
Maxwell’s Equations in point phasor form

?'Eszpvs
":"'Eg:[l
VxE, = —jul,

VxH, =T, +jwd,

Maxwell’s Equations in integral phasor form.

p—i—,

ﬁg-_’S=J‘ pdv
L

B, d5 =0

p—i—,
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22.

23.

24,

25.

fﬁg-cTL:—jmj B, T

s

f ﬁg-m=f G, +jwD,) - T
L s

Write the expression for the e.m.f. induced in the moving loop in
static field.
The e.m.f induced in the moving loop in a static field is given by

?Eni:f @xB-a
L

Write the expression for the transformer e.m.f.

This emf is induced in a stationary conducting loop in a time varying
magnetic field.

Vs == [ 2.
emf — T s Ot

Write the emf equation a moving conducting loop is in a time
varying field.

In this case the magnetic field is changing as well as the conduction

loop is moving. Then by applying superposition for transformer and
motional emf,

8B __ _
vmf:—f E-dﬂf (@=xB)-d
5 L

State Ohm’s law for magnetic circuits. (Dec 2014)
Ohm’s law for magnetic circuit is defined as J = ¢ E. states that the
conduction current density is equal to the product of conductivity and
Electric field intensity.
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PART-B

1. Derive the expressions for induced Emf for time varying fields.
(or) Give the expressions for transformer and motional emf.

According to Faraday’s law, Emf can be induced in either of the three ways.

(a) Stationary loop in time varying magnetic field E (Transformer

emf)

emf

—d\ . .
\Y =?and7u:J.B.ds (-A=N¢, 0= [Bds)

~V, = d? Bds —(a)

Further, V - (b)

emf =

=
|
=3

Equating (a) and (b) = gSE@ 2;—? B.ds Faraday’s law in
L S

integral form

Applying stokes’s theorem to left part of above equation.

J(VxE)ds :—des

S

If the circuit is stationary and B is time varying then the above equa-
tion is

f(54) - r’—%

S

=|VXE=-—
ot

Faraday’s law in differential form in time varying fields VXE #0

(b) Moving loop is stationary magnetic field E (Motional EMF)

Force on a moving charge in stationary magnetic field is Fn = Qﬁ xB

Therefore motional emf E,, =& —uxB
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emf

N [ = (0B

Applying stokes’s theorem on both sides I (V XEm ) ds = I V x (fl X ﬁ) ds

N

. |VXEm :Vx(ﬁxﬁ)

(b) Moving loop in time varying field E (transformer + motional

emf).
Vg =B = %&@(ﬁ@)@
L s L
VxE:_a—B+Vx(ﬁxE)
ot

2. Explain about displacement current (or) inconsistency in Am-
pere’s law for time varying field (¢) Modified Ampere’s law.

According to Ampere’s critical law in differential form V x ﬁ = j

Taking divergence V - (V X ﬁ) =V.J

But the divergence of curl = 0 (vector identity)

. V-(VxH)=V-T=0-(a)

However, according to equation of continuity of current we have
V.J :% #0—(b)

Therefore we can see that Ampere’s law is not consistent for time varying
fields. Therefore the modification is done as given below

Let Vxﬁ :j+jd where jd is to be determined and defined.
"V (VxH) =V (J+14)=V-T+V T4 =0

VA PR T SR :Q(V-B):V-a—D
ot ot ot
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(From Gauss’s law for time varying E and D

-v.i,=v.D
ot

1))

Jo =22

‘ ot

‘J,” know as displacement current density, ‘J’ is conduction current density.

Vxﬁ =j+jd

Vxﬁ=j+a—D
ot

This is the modified Ampere’s law in point form.

@H di = _"(VXH)dS__"[J+88 )ds is the modified Ampere’s law in

1ntegral form.

3. Derive Maxwell’s equation for time varying fields. (or) Derive the
Maxwell’s equation in both point and integral forms from Am-
pere’s law and Faraday’s law of electro magnetic induction

(May 2017) (Dec 2016, 2014) (May 2016, 2015)

I. Maxwell’s equation from Modified Ampere’s law

It is well known from ampere’s law ggﬁ di= I
L

Cﬁﬁd?:ﬁas' where J=J.+Jq
L s

J. is the conduction current density and J;is the displacement current
density.

To derive J : It is well known that V=IR (ohm’s law in circuit theory)

VvV _V V. VoA

sI=— —— =—— where ¢ is conductivity.

R o, [
CA
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= VoA

,also V =JE.d€ =E/ ..E =%

hence 1= %O'A =EGA

~—oE
A

.1, conduction current =% =oE
This is the ohm’s law for field theory in point form.

Similarly, to derive J: Letl =t—?and Q=CV =1 =Cd—V

dt

c=44 :Izﬁﬂ,furtherwjﬁidi:,sz.d
d d dt

I:ﬁ.—dE'd :>1:8Ad—E
d dt dt

Also Displacement current density
I __OE -~ QE| |- 9D

J,=—=e— S|Ja=e—pr|Ja =—

A dt ot [

R[4 1,)65 = Gﬁﬁg_f]d:

Applying Stoke’s theorem !(Vxﬁ)& :;[[GE + %—?)&

Vxii=oE+ 22
ot

(- 3D
qSH { =J.((5E +aa—t]ds — Maxwell’s (I) equation integral form
L

Maxwell’s (I) equation in Differential or point form.
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(IT) — Maxwell’s equation from Farday’s law

According to faraday’s law v dr__d [Bas=-] B %
et dt o dtY ) ot

also v ~§E&  -|fEdi = 9B 1| Maxwell’s (II) equation integral form.

Applying Stoke’s theorem CﬁE@ =I(V X E) ds
L S

J‘ (VxE) - J‘i & = |VxE=- 9B Maxwell’s (II) equation in differential

s

or point form.

(IIT) Maxwell’s equation from Gauss’s law

Gauss’s law states that the total electric flux flowing out of a closed surface
enclosing a volume is equal to the total charge within the volume

gSB& =Que :Jpv dv

q-)Dds Ip\ dv

Maxwell’s III equation in integral form.

Applying divergence theorem
$Dds = J'(V_ﬁ)dvz [p.av :m Maxwell’s III equation in Differential or

point form.
(IV) Maxwell’s equation from Gauss’s law for magnetostatics

It is well known that, B=%:> 0=BA = q):_[ﬁ,&

If the surface is enclosed then 95}3 ds =
monopole.

There is no existence of magnetic

’

" Cf)ﬁ?s =0| Maxwell’s IV equation in integral form

Applying divergence theorem j(v.ﬁ)dv =0 =

Maxwell’s IV equation inn differential or point form.
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To summarize

Integral form

Differential form Name

I q.)ﬁ.@ = J[cﬁ + aalt)] ds VxH=0E+ aa—]t) Modified Ampher's circuital law
L s

VxE =a—B Faraday's law
ot

V-D=p, Gauss's law

V-B=0

Gauss's law for magnetostatics

4. Give the Maxwell’s equation for time Harmonic fields.
To transform the instantaneous Maxwell’s equation into time harmon-
ic forms, we replace all sources and field quantities by their phasor

equivalents and replace all time-derivatives of quantities with ‘jo’time
the phasor equivalent . i.e

Time harmonic fields are those fields that vary sinusoidally with time

re’® =re e

A :jmK, J‘Kdt:A

-0 =(wt+0)

jO

Harmonic equation for time harmonic fields.

Integral form

| T = [(i.+joD)E
L s

I $Ed/ = [ joBds
L

m §Dds = [p,dv
S v

v gS‘B’&:o
S

Differential form Name

VxH=J.+ joD Modified Ampher's law

VXE :—jcoE Faraday's law
V-D=p, Gauss's law
V-B=0

Gauss's law for magnetostatics
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5. An infinite straight wire carries a current ‘I’ is placed to the left of
a rectangular loop of wire with width ‘@’ and length ‘I’ as shown
in fig.

(a) Determine the magnetic flux through the rectangular loop due to
the current I.

(b) Suppose that the current in a function of time with I(t) = a+bt,
where ‘a’ and ‘b’ are positive constants. What is the induced emf in the
loop and the direction of the induced current.

(a) using Ampere’s law C']Sﬁa? =I.
L

~H =L£¢ =|H \:L -|B ‘_“_I
2np 2np 2np

g T L 22

S

(b)v:—@: ulf s+ :_—an s+ \dl
dt dt 2TI: s 2n s Jdt

.'.v=_—M€n(s+mJ-b = Vzﬂfn(erm)(v)

21 S 21 S

By lenz’s law, the induced current in the loop must be flowing counter
clockwise in order to produce a magnetic field out of the page to counter act
the increase in inward flux.
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6. The circular loop conductor having radius of 0.15m is placed in
the xy plane. The loop consists of a resistence of 202 as shown in

fig. If the magnetic flux density B=0.5sin10°ta, (T). Find the
current flowing through the loop.

A

%

200

It is well known that

_ @&:— 0551n103 az pdpdoa,
H ot

0.15 2n
V=-05x10"cos10°t | | pdpdo

p=0¢=0

2 0.15
V= —0.5x10°x21x10° coslo%(%l

V=-10"1c0os10°tx0.01125 =|V =—35.34cos10" [V

V. -35. }
sl= _T33.34c0s107t —1.767cos10°t (A)
R 20
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7. Derive the expression for voltage developed in a faraday’s disc

generator.
L |

A faraday’s disc generator is a homopolar DC electrical generator which
consists of an electrically conductive disc made of magnetic material
(flywheel) rotating in a uniform magnetic field with one electrical contact
near the axis and the other near the periphery.

Let @ — angular velocity of the disc (rad/s)

F
Q

B — uniform Magnetic field (T), a—radius of the disc (m)

E=—=uxB

At a distance ‘p’ m in the disc, consider a radial element, which has a

velocity
u=xXp = op :>ﬁ=u)p£1¢. also B=Ba,

- E =uxB =mpasxBa, =opBa,

a 2
also V :JE.dZ:prBap dpa, = J prdp:wb%|g
p=0

[vezem)
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8. A copper disc, 0.5m in diameter, is rotated at a constant speed of
2000rpm on a horizontal axis perpendicular to and through the
center of the disc, the axis lying in the magnetic meridian. Two
brushes make contact with the disc, one at the edge and other at
the center. If the horizontal component of the earth’s field B is 0.2
gauss (0.02mT), Calculate the emf induced between the brushes.

V. =%03Ba2 (v), B=0.02x10"(T) note: lob/m* = 10" gauss

emf

2mN 2% 2000
0=""rad /s = X0
60 60
2
oV, = 22000 (03] 65x10° 2 =22 (m)
27 60 2 2

V,.; =0.131mv

9. A conductor of length100cm moves at right angles to a a uniform
field of strength 10,000 lines/m2 with a velocity of 50m/s. Calculate
the emf induced in it. Find also the value of induced emf when the
conductor moves at an angle of 30° to the direction of the field.

Length of the conductor =100x10-m, lwb/m? = 10* times/m? or gauss
Velocity v = 50m/s.

B=10,000 lines/m? = 1ob/m*=1(T)

~ V. =Blvsin® = 1x100x107 x50 xsin 90° =50v

if0=30°,V_ =1x100x107x50xsin30° =25V

emf

10. A circular cross section of radius 2mm carries a current ic=2.5 s in
(5 x 10%)t pA. What is the amplitude of the displacement current
density if 6= 35 MS /in and er=1 ?

It is well known that,

JE,

ot

J.=0E and J, =¢

. E E
If E,=Esinwt , %=Emcoswt eaats =eEwcos ot

. oE,
Amplitude of 87 =¢eEw
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J._0E o _ o _ 35%x10°
"J, ¢Ew eo ogg, 5x10°x8.854x107x1
J

J—°=79.06><108

d
Also it is known,

6
1 =1 area = —=10 1089
n(2x107)
also J, =J_/79.06x10° =0.1989/79.06x10° =2.516x10™"

|71, =2.516x10" A/ m?

11. The conduction current flowing through a wire with conductiv-
ity 6=3 x 107 s/m and relative permittivity £ =1 is given by Ic¢=3
sinot(mA) . If ®=108 rad/s, find the displacement current.

It is well known that

J.=cE =>I—°=GE =>I—°=E
A

CA
-3
E, =%=(1x10‘°)m
X
-~ E =Esinot= - sin ot

9. (1x10™"x0)
St =—————"cosOt = J; =¢

JE, enlx107™"
S ot A

ot

Cos Wt

-10

I
also Jd:Xd = [, =IxA=enlx10™" cos ot

o1, =8.854x107? x1x10° x1x10™"" cos ot = |I, =8.854x10™ cos mt |(A)

12. A poor conductor is characterized by a conductivity 6=100(s/m)
and permittivity e=4¢0. At what angular frequency ‘®’ is the am-
plitude of the conduction current density Jc equal to the amplitude
of displacement current density Jd.

It is well known,
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J.=0E, J, =enE (only amplitude)
when J, =],; 6E=e0f = 0=0/e = 100/4x8.854x10"? =|0=2.82x10" rad / sec
13. State and prove the boundary condition using Maxwell’s equation.

Boundary conditions

H—>s
a Ex b
o, A i’
: TE;I\ Hy Y
g1, e V]
G d ——>E C
2 —_— HX X

(1) E, =E, — tangential component of electric field is continuous.

(2) H, =E, — tangential component of Magnetic field is continuous.

(3) D,,=D,, — Normal component of Electric flux density is continuous.
(4) B, =B, — Normal component of Magnetic flux density is continuous.

Using Maxwell’s II equation in fig (a) i.e.

fEdi=-| B_B&
L

For abeda E, Ao— 5/&—'{ - /(ﬁ( E, A0+ &/—K 1, A0 _9B Awan
JB

E, AG —E,, AG === AGAh

at the interface Ah=0 =

Using Maxwell’s | equation in fig. (a)
ie., CﬁH d/ = '[ J, +— S

For abcda,



170 Unit WISE SOLVED QUESTION PAPERS

Dy’ By
As
N AT
&M,
o, Ah
82“‘2
G, 2

H, Ao- 5/”—'{-/“/ H21Am+5/‘*—(+}/’—'{ [J +—jAmAh

H, AG —H,, AG = (J +—JAcoAh
at theinterface Ah - 0 =

Using Maxwell’s III equation in fig (b), i.e.
Sf)D ds= jp dv

Dln/A/ DZn/A/ p /A/ Ah

at the interface Ah - 0 =

Using Maxwell’s IV equation in fig (b)

$Bds=0= B,,As-B,,As=0=[B,, =B, ]

14. An AC voltage source v =V sinqar is connected across a parallel
plate capacitor C. Verify that the displacement current in the ca-
pacitor is same as the conduction current in the wires.

Let the conduction current,

. dv d .
=Cc—=C.—V,Sint
dt

s.|1, =cm.v, cos ot

also ¢ =%and E =Xand D=¢E =eX
d d d
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€ oD 9 (ev,sinot) em
=D=—v sinot ."J; =—=—| ———— |=—Vv, cos ot
d ot ot d

EOA €A
V, COs Ot =—- ®- V, cos ot

andi; =J,-A =

sl =cwv,cosmt| . hence proved.

15. A parallel plate capacitor with plate area of Scm2 and plate seper-

ation of 3mm has a voltage of 50 sin 10°t V applied to its plates.
Calculate the displacement current assuming € =2 g,
(Dec 2014)

The displacement current density is given by

d 0 0 ofv
JD =a—]‘)=§(SE) =a(£08rE) =E\E, a(a)
8.54x107" %2
ey _ )3(50sin103t)
d ot 3x10 ot

8.54x107 x2x50x10° 3
= = cos10’t
3x10
=0.2957x107 cos10° tw/ m*

w1y =(A)T, =(5%107)(0.291x107 cos10’t)
=0.1476x107° cos10°t A
=0.1476cos10’ tuA

16. The magnetic circuit of an iron ring with mean radius of 10cm has
a uniform cross section of 10*m? The ring is wand with two coils.
If the circuit is energized by a current G(t) = 3 sin 1007t A in the

first coil with 200 turns, find the induced emf in the second coil
with 100 turns. Assume that p =500 p,. (Dec 2014)
For toroid 1:

UNFA _ (5004, )(200)" (mr? )

L=
2nR 2nR
L = 500x4mx1077 x200* %107
‘ 2mx10x1072
N A -7 2 -3
L= n 500><4n><10 xl({(z) x10 — 100uH
2nR 2nx10x10

Assuming K =1
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M =kL L, =+100x107 x40x10~ = 63.245mH

Here emf induced in Coil 2 is

di(t)
: dt

d (3sin100mt) = 59.61cos (1007t ) v

L, = 63.245x107 =
dt

17. Explain law the circuit equation for a given RLC circuit is derived

from the field relation. (Dec 2014) (May 2016) (May 2017)
In general, total electric field related to the emfs. (E ) and the electric field
due to charge and currents (E)

Etotal = Ee + E

E,=Ewi—E (1)
Now the total electric field is the ratio of current density of the conductivity

ie.,

= J
Eiotal =— 2
o= (2)

Also, we can write, using general field relation for the varying fields
Eo-vy_24 3)
ot

Substituting equation (2) and (3) in equation (1) we get

E. :1_{_vv_ﬂ

c ot
E. :1+VV +8_A
c ot

Let us consider as circuit consisting relation inductive and capacitor driven
by a generator Vg as shown in fig its equivalent representation is an shown
in fig.
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w® 1
_| 3

a) simple RLC circuit

b) Representation of circuits element
in terms of field quantity

Integrating all the term in equation around circuit in clockwise direction
we get.

gﬁEe dl= g@ d1+<_|SVVd1+gS— dl

Now the integration of LHS terms is generated voltage Vg, so we can write

3
Vv, = - Ed+—<ﬁAdl

Now consider the last term,

Shadi=S[(Vxa)ds=[Bas
_dQ_, dI
dtdt

Hence equation becomes

V, :l ﬁ Dd Lg WhereJ—l E:2
€ dt a €

Now,

L:R, D:g hence
ac A

V=44 oA

A/ d
Vv, = IR+—j1dt+LdI
dt
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18. Compare in detail conduction and displacement currents.
(Dec 2015) (May 2015)

For the static electromagnetic field according to Amperes circuit law, we
can write

VxH=1]
Taking divergence on both the sides
V.(VxH)=V-J
But according to vector identity, divergence of the curl of any vector field
is zero, Hence we write,
V.(VxH)=V-T=0 )
But equation of conductivity is given by

- de
vi=—% @
5 2)

For equation it is clear that when, a(;v =0, then only equation becomes
true. Thus equation (1) and (2) are not compatible for time varying fields.

We must modify equation by adding one unknown term say J .
VxH=J+] d
Again taking divergence on both sides

V.(VxH)=V-J+V-J, =0

- d . .
As V- J=- 8etv , To get correct conditions we must write

vV.] =2y
S

Burt according to Gauss law
e, =V D

Thus the replacing e by V ‘D

d /o = oD
V-szg(v-D)ﬂ-E

Comparing two sides of equation
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D

J ===
¢ ot

Now we write Amperes circuit law is point terms as

VxH=J0+a—D
ot

The first term in equation is conduction current density denoted by J .
The current is due to the moving charges. The second term in equation
represents current density expressed in ampere per square meter. As this
quantity is obtained from the varying electric flux density, this is also called
Displacement density. The displacement current density is denoted by J .

S~ VxH=J +]J,

19. A circular loop of wire is placed in a uniform magnetic field of flux
density 0.5 wb/m2. The wire has 200 turn and frequency of rota-
tion of 1000 rev/min. If the radius of the coil of 0.2m, determine (1)
the induced emf, when the plane of the coil is 60° to the flux lines
and 2) the induced emf, when the plane of the coil is perpendicular
to the field.

The velocity of circular loop is given by
V= %(ZRr)m/s = %(2nx0.2) =20.944m/s

1) Now the angle made by plane of coil to the flux line is 60° ie., 6 = 60.
Hence induced emf'is given by

e=Plvsin®= B[(an)N]vsinG
=0.5[(21x0.2)(200) ] (20.944)sin 60°
e=2.2793kV
i1) When plane of coil is perpendicular to flux they 6 = 90.
e =P/sin® = B/vsin90°
= (0.5x21x0.2%200)(20.944)
e=2.632kV
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20. In a material for which 6= 5.0 S/m and ¢ = 1 with E = 250 sin 10"t
V/m. Find the J_ and J and also the frequency at which they are
equal in magnitude. (Dec 2016)

The conduction current density is given by
Jo =0E =5(250sin10"t) =1250sin10""t A/ m
The displacement current density is given by

_dba
P ot ot

=%|:8.854><10’12><1><250sin101°t]

(2E) = [e,e ]

=22.135c0s10"t A / m?

For the two densities, the condition for magnitudes to be equal is,

Je|_o _,

I, e

0o 2 _5647x10"
€ 8.854x10 " xl1

But o = 2=nf
11

po @ _SOATXI0 o006y

21 21

21. Acircular loop conductor having a radius of 0.15m is placed in x —
y plane. This loop consists of a resistance of 202, If the magnetic
flux density is B = 0.5 sin 10°t a_ Tesla. Find the current through
the loop.

Given: r=0.15m, B=0.5sin10°a,Tesla

A conducting loop is in z = 0 plane and B is in z — direction which is
perpendicular the loop. Hence B is perpendicular to the loop.

¢=I§.&=T 0;1[5 (O.SXsin103t az).(rdr do az)

r=0 r=0

|5 [osxsmo]

0.15%

=27 x0.5xsin10°t
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=35.34sin10’t wb

Now the emf induced is given by

e=-30_ _—d[35.34sin103t]
dt  dt

=-35.34x10" cos 10’ t
=-35.34x10’ cos10’t

The current through the loop

_ 3 3
=& _T33xX107cosI0t oo 03 cos 0%t A
R 20




UNIT - 5§
ELECTRO MAGNETIC WAVES

PART - A

Find the velocity of a plane wave in a lossless medium having a
relative permittivity 2 and relative permeability of unity.
(May 2017)
For a given medium, the velocity of propagation is given by
1

I
JMe \/(MOM,)(%&)
V= ! v
J(1x4mx107) (2x8.854x102)

V =2.12x10° m/s

V= u=1¢e =2

Define Skin depth or depth of penetration. (or) What is skin
depth? (May 2017) (May 2016) (Dec 2015)

It is defined a the depth in which the magnitude of the wave is attenu-
ation to 37% (e™') of its original value. It is denoted by

gol_1_ 1
o B frfuc
N D
ON L 1+(£J -1
2 e
Define standing wave ratio. (Dec 2016)
The standing wave ratio (S) is defined as the ratio of maximum to
minimum amplitudes of voltage.

_ EISmax _ 1+ | F |
EISmin 1_ | r |
State the properties of uniform plane wave. (Dec 2016)

It is a function of time and space. It shows an electric field and mag-
netic field vector both in same plane. It travels with high velocity. It
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radiates outwards from source in all direction. In space, at every point
electric field and magnetic field are perpendicular to each other.

Write Poynting vector (Dec 2016)
If Eand H are the time Varylng electric and magnetic field respec-
tively, then the cross product of E and H is called Poynting vector P
. Mathematically the Poynting vector is defined as,

P=ExH
A plane wave travelling in air is normally incident on a block of
paraffin’s with ¢ = 2.3. Find the reflection coefficient. (Dec 2015)
Medium, 1: Airn, =n,=377 Q

Medium 2 : paraffin .. n, =n, R 377 f%
\ & .

=248.59 Q
The reflection coefficient is given by

n,—M, _248.59-377
n, +n, 377424859

I'= -0.2053

What is the wavelength and frequency of a wave propagation in

free space when f = 2? (May 2015)
B =2, Medium free space
Wavelength A = 2Bn = 2; =3.142M

8
Frequency A=l f=Ss 3x10
q A

=95.5MHz
T

The capacitance and inductance of an overhead transmission line
are 0.0075 pF/km and 0.8 mH/km respectively. Determine the
characteristic impedance of the line. (Dec 2014)

0.8x107°
0.0075x107¢

Z,=326.59 Q

Characteristic impedance Z; =
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10.

11.

12.

If a plane wave is incident normally from medium 1 to medium 2,
write the reflection and transmission coefficients. (Dec 2014)

The transmission coefficient is denoted by 7 and it is given by

E_
E; m+n,
The reflection coefficient is denoted by I" and it is given by
F — ﬂ — 772 _771
E  m+n,

The terms 1, and M, indicates the intrinsic impedances of dielectric 1
and dielectric 2 is medium 1 and medium 2 respectively.

Calculate the depth of penetration of copper at 2MHz given the
conductivity of coppersc =5.8 x 107 S/M and its permeability 1.26
pH/m. (May 14)
The depth of penetration of copper is given by

1 1

e Jrx2x10°x1.26%10° x5.8x107
— 46.667um

Define wave.

If a physical phenomenon that occur at one place a given time is re-
produced at other places at later times. The time delay being propor-
tional to the space separation from the first location, then the group of
phenomena constitutes a wave. A wave is a function of both space and
time.

Define plane wave?
A wave is said to be plane wave if

a) The electric field E and magnetic field H lie in a plane perpendicular
to the direction of wave propagation.

b) The field EandH are perpendicular to each other.
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13.

14.

15.

Defined uniform plane waves?
A wave is said to be plane wave if

a) The electric field E and magnetic field H lie in a plane perpendicular
to the direction of wave propagation.

b) The field EandH are perpendicular to each other.
¢) Eand H are uniform in the plane perpendicular to the direction of

propagation.(i.e., E andH vary only in the direction of propagation).

Define phase velocity?

The phase velocity of a wave is the rate at which the phase of the wave
propagates is space. This is the speed at which the phase of any one
frequency components of the waves travels.

In general, let a wave gives by f(t, x) = F, cos(wt —x)

2f 242 £
The solution is a—— (E) 8_ =0 also (ot —Bx) = constant

’x \o) 9t
d_ng unit for o is @ and B is @
a B sec m
® .. m
So—unit 18 —
s
. . .. . (0] 1 v
which is velocity i.e phase velocity v, =— =k =——= -~ A=—
B Jue f

Define group velocity?
The velocity with which the overall shape of a wave amplitude, known
as the modulation or envelope of the wave, propagates through a

medium is known as the group velocity, given by v, _Ao_do

AR~ dB
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Group velocity

M
\/v \Qj \/

Phase velocity

16. Obtain the relationship between phase velocity and group velocity
c

T e

Where c is the speed of light, n_is the refractive index of the medium.

Ao do d dv
Al —2
SR A
Wkt[3—27c .'.d—B:—z—?:E
A dr AA
dr
dB=-p—
B=-p<
B. de
.'.Vg=Vp+ ax
_[37
dV
v, =V, A=
dr

17. Define and derive the expression for intrinsic impedance
The intrinsic impedance of a wave is defined as the ratio of the electric

field to magnetic field phasors (complex amplitudes)

i.e for a given electric field E, =E,e™ by Maxwell’ equation

Vxﬁzuaa—il:—jmuﬁ
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18.

19.

20.

~ ~ ~

ax  ay a,

0 0 0 L=

— =  Z |=—jouH

ox dy 0z Jou

0 0 Ege™

i(E e’w)é =—jcou[H a ] vE=E,=0
ox '’ i o H,=H, =0

—yEOe’Wéx = —jmuHxéx
’YEZ = jmuHX

E, jou

: _ jou _ |_jou
R L. — = =y
Ho v  jou(c+joe) Vo+joe

is the intrinsic impedance.

Define skin effect

Skin effect is the tendency of an alternating electric current (AC)
to distribute itself within a conductor in such a way that the current
density is the largest near the surface of the conductor while decreas-
ing at greater depths

Define surface impedance (Z)
The surface impedance is defined as the ratio of the tangential com-
ponents of the electric field to the tangential component of magnetic

. E N j
field. Givenby Z =—= T _NJOMO _ IO n
H, o o
Define loss tangent (tan 0) (May 2015)

Loss tangent is the ratio of the magnitude of conduction current density
to displacement current density of the medium.

For harmonically varying fields
V xH, = (GES +jmsﬁs) =(o+ joe)Es = jcos[l—jc}ﬁs = joe, E,
WE

wheree, = 8(1 - _]) =¢ = je = complex permitivity
e

Jconduction

= |J =tan0

c _|6Es

.
1 oe |(1)8Es

€

The ratio

dispalcement
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21

22.

23.

24.

25.

26.

. State Snell’s law
When a waves is travelling from one medium to another medium, the
sinB,  [g,

angle of incidence is related to angle of transmitted i.e, Sin6. e
t 1

is termed as snell’s law.

What is Brewster angle?
Brewster angle is an angle at which there is no reflected waves when
_ . . . €
the incident wave is parallel polarized. Given by tan6, = N _ &
n g

State Slepian vector

Slepian vector is a vector which is defined at every point such that is
flux coming out of any volume is zero (V.S = 0) also $=Vx(VH) where
v is the electric potential, H is the magnetic field

Define polarization

Polarization of a uniform plane wave refers to the time varying
behaviour of electric field at some points in space i.e orientation of E
at a given instant of time in space

Define types of polarization.
a) Linear polarization: Tip of E traces a straight line as times varies.
b) Circular polarization: Tip of E traces a circle as time varies.
c) Eliptical polarization: Tip of E traces an Elipes as time varies.
Define propagation constant.
Propagation constant represents the properties of the medium through
which then wave is travelling. In general, the propagation constant can
be expressed as

Y = Vjou(o + jwe)

Propagation constant y is a complex quantity made up of real and
imaginary terms.

Y = o+ jByjou(o + joe)
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27.

28.

29.

30.

31.

32.

What is called attenuation constant?

When a wave propagates in the medium, it gets attenuated. The am-
plitude of the signal reduces. This is represented by attenuation con-
stant. It is represented as the real part of propagation constant (o). It is
measured in neper per meter (NP/m). But practically it is expressed in
decibel (dB).

What is phase constant?

When a wave propagates, phase change also takes place. Such a phase
change is expressed by an imaginary part of the propagation constant
(B). It is called as phase shift constant or simply phase constant. It is
measured in radian per meter (rad/m).

State Poynting’s Theorem

Poynting’s theorem states that the net power flowing out of a given
volume is equal to the time rate of decrease in the energy stored within
the volume minus the conduction losses.

What will happen when the wave is incident obliquely over dielec-
tric—dielectric boundary?

When a plane wave is incident obliquely on the surface of a perfect di-
electric part of the energy is transmitted and part of it is reflected. But
in this case the transmitted wave will be refracted, that is the direction
of propagation is altered.

What is the fundamental difference between static electric and
magnetic field lines?

There is a fundamental difference between static electric and magnetic
field lines. The tubes of electric flux originate and terminate on charg-
es, whereas magnetic flux tubes are continuous.

What are uniform plane waves?

Electromagnetic waves which consist of electric and magnetic fields
that are perpendicular to each other and to the direction of propagation
and are uniform in plane perpendicular to the direction of propagation
are known as uniform plane waves.
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33

34.

35.

36.

37.

38.

. What is the significant feature of wave propagation in an imperfect
dielectric?
The only significant feature of wave propagation in an imperfect
dielectric compared to that in a perfect dielectric is the attenuation
undergone by the wave.

What is called wave velocity?
The velocity of propagation is called as wave velocity. It is denoted as

1
VO—E

Velocity of electromagnetic wave in free space is 3 x 10% m/s

Why dielectric medium is lossless dielectric.
For perfect dielectric medium, both the fields of E and H are in phase.
Hence there is no attenuation. Hence there is no loss.

What is mean by lossy dielectric?
The presence of attenuation indicates there is a loss in the medium.
Hence such medium is called as lossy dielectric.

What is Normal Incidence?
When a uniform plane wave incidences normally to the boundary be-
tween the media, then it is known as normal incidence.

What is the condition for practical dielectric?

For practical dielectric, there is some conductivity, that is its value
is not zero and hence there is some loss in practical dielectric but its
value is very small.
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PART - B

1. Derive the generalized expression for wave equation.
(Dec 2015, May 2016)
Assumption:

#* We consider the medium to be linear, homogenous (i.e quantities
wec are constant through out the medium) and isotropic (i.e e
is a scalar constant so that Dand E have every where the same
direction).

#* We consider a source —free region of the medium.

— 9D _ = QE
By Maxwell's equation VXH=1J T GE+ e
- 0B 9OH
VXE=——=—-— ..b
also o l»lat
taking curl on both sides of b
= d(oum =\ o= 0| = OE
VxVxE_—ug(VxH)ﬁv.(v.E)-v E——uat[GE+sat]
J oE[-VE=1v.5=P-0asp=0
-V?E=—6——pe—; €
d ot .
change free region
= _
rearranging V°E — e %t]j - uc%—]f =0 c

Equation c is the three dimensional vector wave equation or Helmholtz
equation in an absolutely or lossy dielectric medium.

VxH=0E+ 8%—15 taking curlon both sides
. A -
Vx(VxH):chE+e§(VxE)

v(v : ﬁ)—vzﬁ = —Guaﬁ+8a(—ua?)

Similarly o ot
_ - -
—VZH:—uca—H—usaI;I ~V.H=-Llv.B=0
ot ot U
. —~ 9°H _oH
V’H-pe —uo—=0 .d
rearranging u e uo o

Equation d is the Helmholtz equation in terms of magnetic field.
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Case (a): Wave equation for perfect dielectric medium

In this case, the conductivity is zero (6=0). Hence the wave equation and
d are
V2E =pe oO'H and V>H = e o'H

ot* ot’

Case (b): Wave equation for free space.

In this case |, and € =landc =0

2 277

= J0°E = J°H
~VE=p.s, o and V’H=p,¢, T

2 tZ
Note that the quantity 1/ Jue thus the dimension of velocity. In free space is

1 1
JHoE,  +48x107*x8.854x10™"

=3x10* m/s= velocity of light.

In an homogenous medium of permittivity € and permeabilityu, v = %
ue

Case (c): Wave equation for time harmonic fields

For time harmonic field, the instantaneous (time domain) vector A is
related to the phasor (frequency domain) vector A_ by
X:A—S:a—ﬁ:jw& :>82—‘?:(joo)2A—s
dA, ot
Using the above relationship wave equation ¢ and d are:
V’E, = o (jo)Es +ue(jo)’ Es = jop(c+ joe) Es and

V>H, = uo(jo) Hs +pe(jo)’ H = jou (o + joe) Hs

If welet jop (o + joe) =y then
VZEs—’YEs =0 .
Vzﬁs—Yﬁs =0 Wt
Where y — propagation constant = \/jop (o + joe) = o+ jp (m™)

o — real part of y- attenuation constant which define the rate at

hich the field PR
which the field waves propagate meter
B — imaginary of y — phase constant which define the rate at which

the phase changes as the wave propagation [@)
m
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Further, (o.+jB)’ = jop(c+ joe).

o =B’ + j20B = jouc — w’uc
o —B? = e

and 20 = ouc

also o +p* 4/ +(2ap) .l (ous coucs

—\/mus +o'p’e’ —o)u\/(os +0°

2
Solving gandi a:m\/%[ 1—%—1:|

5 de

wE

02
B:(D\/%l 1+@+1‘|

2. Derive the solution of wave equation for uniform plane waves

Let the uniform plane wave h only a z-component of electric field and
x-component of magnitude field, which are both function of only y. For this
uniform plane wave, the component wave equations for the only two field
components (E_, H ) are

E.=E,(y)a., Ho=H(y)as
0’E_. 0°E,. 0°E 2 \v4
= z oy = —v'E S 2]:_‘: - 2E =0
x> oy’ 0z 7 ’ ( SR )
°H. 0*H. 0o°H s H V?H —-+*H
axzxh + ayzxS * aZZK = YZ zs "'b ('.. ’ s s = 0)

In equations (a) and (b) E_and H__ are functions of y only. Therefore (a)
and (b) can be written as
2 2
98 yp,=0, ey -0
dy ‘ dy ’

The general solution to the reduced waves equation are

E,(y)=Ee” +E,e™ H,(y)=He” +H,e™
_ BB 4 oy — H, (Y 4 e (P
=E,e”e® +E,e e » =H,e"e®™ + H,e e ™

E, (y,t)=E, e ™ cos(ot— By)éz H, (y,t)=Hye ™ cos (ot —By)éx
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3. Derive the expression for propagation of uniform plane waves
through different media.
(May 2015, Dec 2014, May 2016, Dec 2016, May 2017)

We small consider the wave propagation along y- direction, so that the
electric field E has only x-complex H . The solution of wave equation gives

E, (y,t)=E. ™ cos(mt— By)a. H, (y,t)=Hge™ cos(ot— By)ax her e
H, =E /. We now consider the wave propagation through the following
medium.

a) Wave propagation through imperfect loss y dielectric medium.

. . . ... o
For a lossy dielectric medium, we have the condition, P <<l

€

*. Attenuation constant is
using binomial theorem

1 1+ (oe _1 —“’,/* ﬁ 1+x)" =1l+nx+—= ( )
{ con51der1ng first two terms)
- 2 2(;)21-:2
0ol JE
2\Ve

Also phase constant is
B=w L o o 22|14+ o +1
2 28’0’ 2 20’
Boo 28|24+ 0| e 14—
2 20¢’ 40’¢’

. j— 02
..B—w\/ﬁ(H—gngz J

Here o\ue is the phase shift for a perfect dielectric. The effect of a small

amount of loss is to add the term u)\/— ~as a small correction factor.

1

o
B c’
Juel 1+
W 8w’e’

- velocity of propagation V=

el (o Y_ (.
Jue|  8we Jue|  8w'e
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Here % is the velocity of the wave propagation is perfect dielectric
o = 0. The effect of a small amount of loss is to reduce slightly the velocity
of wave propagation.
Intrinsic imped fi 1 dielectric is M= Jou
ntrinsic impedance for me lossy dielectric is o+ jue
1+ 9

_ E(1+L]:JE[1_L]
o JoE € j2me
Joe |

.'.nz\/E l+_i =|n|46n
€ joe

O e B ):Hﬁ
1+ <

1, (o o
6n=5tanl(&) (0<8, <45°)

Here two, the effect of loss is to add a small reactive component to the

intrinsic impedance. Hence if electric field is

 cos (ot —Py)ax = E—O‘e’“y cos (ot —Py)ax
n

E=E, ™ cos(mt— [Sy);lZ thenH =H,e"

b) Wave propagation through perfect dielectric medium.

In this case 6=0, .. Attunuation constant ot =0
1

Phase constant B = Q)\/E 5 Velocity of wave propagation v=wm/ B = ﬁ
Intrinsic impedance N=+/u/¢€ . Therefore if

E=E, cos(u)t—By)aAlz then H=H, cos(wt—By)eAlx =&cos(wt—ﬁy)5x.
ul

Thus, we that for perfect dielectric medium, the wave propagates
without any attenuation and the electric and magnetic field are in phase

with each other.



192 Unit WISE SOLVED QUESTION PAPERS

¢) Wave propagation through free space:

In this case 0=0,e=¢,, L=,

~ attenuation constant a =0, phase constant = ®\/lL,g, =®/c¢

1 g
Velocity of wave propagation V=®/P= Ny =c=3x10"m/s

4nx107
=377Q
Intrinsic impedance N= 4/ ‘/8 854%10

Ifthe E=E, cos(wt—[}y)éz,then H=H, cos((ot—By)éx

ieH= &cos((ﬂt _By)éx.
n
d) Wave propagation through conducting medium.

; . . c
It is well known that for conducting medium P >>1
. : . . . O
Propagation constant Y= _](ng((5+ ]0)€) = Jmuc(l + JGJ

Y =1/JOUC = OuUC L45°
.. 1 .1
oY =4/ OUC (c0s45°+ jsin45°) = \Jouc| —=+ j—
Y=y ouo ( j )Ju[ﬁjﬁ)

also Y=o+ jB La=PB= 0)“6

. . o 20
. velocity of waves propagationv =—= |— and
B Vuo

Intrinsic impedancen = L Qu = ’ Jmlft = \/ﬂ
G+ joe \/G(ije) G
c

am= 2R 450
(0}

o _ ~ - E, _ A
thusif E=E e ™ cos(wt—Py)a, then H=—2¢"* cos (ot — By —45°)ax

|

i.e, the magnetic field lags Eby45°.
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4. Static and device the necessary equation for Poynting theorem and
Poynting vector. (May 2015, Dec 2015, May 2017)

Poyting vector is defined as S=ExH. It represents the energy flux (W/m>)
of an electromagnetic wave.

Poynting theorem states that the vector product S=ExH at any point
is a measure of the rate of the energy flow per unit area at that point. The
direction of power flow is in the direction of the unit vector along the
product (ExH) and in perpendicular to both Eand H.

= 9D
Derivation: By modified amperes law VxH =] o

ie VxH= J+a—D:>J VxH- sa—D
ot ot

oD

multiplying E on both sides E-J=E-VxH-E-e—— %

using the identify V- (EXﬁ) =H- (VXE)—E(Vxﬁ)

thus E-J=Ti-(VxE)-E(Vxii)-E- %’
oH OE =
=—uH- E—SE g—v (ExH)

aH 1 0H dEaE 10E

Also B =5 b5 =%
—- 1.0 ) -
.'.E~J:—5pa(H2)—Esa—(E2)—V-(EXH)
0

= 8‘[( uH2+2sE2) V(Exﬁ)

Integrating over a volume on both sides
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Rate of decreasein

ohmic power . Total power leaving

o =| energystoredinE [
dissipated the volume

. and H

This the mathematical form of Poynting theorem.

Average power calculation using Poynting vector
Let P, = %J(Exﬁ)dt in instantanious form E = ‘E‘cos(mt +6, )ag, H= ‘ﬁ‘cos(wt +6,)an
The instanT[aneous Poynting vector given as S=ExH

= ‘EHﬁ‘cos(wHeE)cos(wt+6H)(§E xén)

Using the trigonometric identify cos x cosy = 4[cos (x+y)+cos(x-y)]

P

av

o (aEXaH){J(COSZG)t+9 +6,,)+(cos(0, — 0 )dv}

The time average Poynting vector is
_[ElH]
e = (a xa )cos(GE—GH)T

P . =1/2real partof [(‘E‘em ar ) X (‘ﬁ‘eje“ an ):|

«P, =1/2Re[ ExH |

5. Explain and derive the necessary equation for Reflection and
Reflection of plane electromagnetic waves at the interface between
two dielectrics.

When a plane wave propagating in a homogenous medium encounters
an interface with a different medium, a portion of the wave is reflected from
the interface while the reminder of the waves is permitted. The portion of
reflection and transmission depends on the parameters €, p and ¢ of the
medium. We consider the reflection and refraction of a plane wave incident
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on a single boundary separating two different dielectric media. Two types
of incidence may occur. a) Normal Incidence b) Oblique incidence

a) Normal Incidence:

When a plane Electromagnetic wave is incident normally at the interface
between two dielectrics, part of the energy is transmitted and part of it is
reflected.

Let, E, Electric field strength of the incident waves striking the interface

E  Electric field strength of the reflecting wave leaving the
interface

E, Electric field strength of the transmitted wave propagated into
the second dielectric

H, H, H, corresponding magnetic field strengths

€1, are the permittivity and permeability of the first dielectric

€,,U, are the permittivity and permeability of the second dielectric
e B . .
M= e intrinsic impedance of the first dielectric
1
I R . .
N, = e intrinsic impedance of the second dielectric
2

SO: E;=nH, E,=-—nH, E, =n,H,

According to the continuity of the tangential components of E and H

(Hi+Hr)=Ht, (Ei+Er)=Et
cH+H =B e g)= L rp )BT
n, " n, E; m,+m,
alsogz—EijLEr: 1+E =1+ 2N =>E=—2rl2
E; E; E, n+n, ) m+n,  Eom+m,
mv iz_ﬁ_nl—m ndﬂznlEtz 2111

Hi Ei nl +n2 Hi nZEi nl +n2

The reflection co-efficient or reflectance is defined as the ratio of
reflected waves to incident wave

i.e Reflectance, =" for g, M= g
n, +1, n,+n,
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The transmission co-efficient or transmittance is defined as the ratio of
transmitted wave to incident wave

T= 2N, forE, n, forH
n, +Mn, mn, +M,

For non magnetic dielectrics L, =1, =,

JE'“O(W
K e
lulyt: 81 \/7\/722\/7
e +e Ho e +e Ho e e

So the reflectance and transmittance for non-magnetic dielectrics are

Reflectance I' = f \/\/:f rE, \/\/: \/\/:f rH

2,/g, 28,
. — fi fq
Transmittance T e, +e, or E, e, + e,

b) Oblique Incidence:

ﬁ
@

+
Ry

Any plane waves which is obliquely incident on a planar media interface
can be represent by a linear combination of two special cases

1. Perpendicular or horizontal polarization and
2. Parallel or vertical polarization.

Perpendicular or horizontal polarization is one which E is perpendicular to
the plane of incidence.

A
H, E

t

Ot

v

Fig. (a) E
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Parallel or vertical polarization is one in which electric field Eis
parallel to the plane of incidence.

H, E m
Fig. (b) i

For fig. (c) the plane of the paper is the plane of incidence. Figure

shows two rays of the EM waves Ray 1; reflected along AE, transmitted
along AD, Ray 2: reflecting along BG transmitted along BF.

Normal E G
Rays 2 reflecte H
Rays 1 E Indentrays | rays .

Hi 91

medium 1

a
Boundary surface
on interface
medium 2

transmitted rays
Fig. (¢)

The direction AE and BG are parallel, AD and BF parallel. The line
AC, which is perpendicular to the incident rays, represents the equiphase
surface in medium 1. The line DB, which is perpendicular to the transmitted
represented the equiphase surface in medium 2.
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Ray 1 travels the distance AD,

Ray 2 travels the distance CB and reflected ray 1 travel the distance

AE.
LCB_mt_v e e (o =1)
AD vt 1 Jue ey L

. ABsin6, g,
" ABsin®, g
sin®,  |g,

- This equation is termed as snell's law.
sin 6, g

Also AE=CB = ABsin0, = ABsin6, = 6, =6,

Perpendicular polarization: For perpendicular polarization, from the
both condition E;+E, =E, and(H, -H,)cos6, =H csob,

[e [e [e
Also therefore [Ei ——E, I}COS 8, =E, [*cos®,  (vu =p,)
W, M, U,

(Ei—Er)\/S—TcosG1 =E, /8—200562
1, K,
(Ei—Er)\/g—Tcosel =E, cos®,

82

E, =(E, _Er)sme2 cos 6,

t

using snell's law
sin®, cos 6, (using )

sin®, cos6,

E.+E )=(E -E
(B +E)=(E-E, sin®, cos0,

E, (sin®, cosB, +cosB,sin6,)=E, (sin6, cos, —cosh,sin6,)

Hence the reflection coefficientis 1 = E, = 5in ( 6,40 )

The transmission coefficient can be evaluated as follows,

E E+E E sin(6, —6,)
Lt ="t L=l l+=L |=|1+——2%
E, E, E, sin(6,+6,)

i i

_ 2siné, cos B,
sin(6, +6,)
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Parallel Polarization:
For parallel polarization, from the boundary condition that the tangential
component of a vector E is continuous across the boundary,

)cos6, =E, cosb, and (H,+H, )=H,

S

(ENe +E e )=Erfe, =,
(E+E )=
g sin g,
“E = (E +E)\/; (E E')smé?

also (E ~E )= (E +E )00 €056

sin6, cosé,
. E, (sin6, cos 6, +sin 6, cos 6, ) = E, (sin 6, cos 6, —sin 6, cos 8, )

E, sin® cos®, —sin®,cos, tan(6, —6,)

r —

. ~ . r=2r= -
Refiection co-efficient E, sin6,cos6, +sin6 cosB, tan(6, +6,)

Similarly transmission co-efficient

E, _E +E, _1+sin(61—62)c0s(61—92) 2sin 6, cos,
E, E, sin(6, +6,)cos(6,+6,) sin(6, +6,)cos(6,—6,)
25in 0, cos O,

s1n(6 +6,)cos(6,—6,)

- ~(V
6. Theelectricfield in free spaceis given by E =50cos (108t + BX) ay (m)

(i) Find the direction of wave propagation
(ii) Calculate P and the time it takes to travel a distance A /2.

(iii) Sketch the wave at t =0, T/4, T/2.
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Solution:
(1) From the positive sign in (®t+px )it is concluded that the waves is
propagating in —a, direction.

10 1

(ii) Here Bzm/C=W=§=O~333 rad/sec. as the wave is travelling in
. A by
speed of light ‘c’, - 5= ct=t, = 2%
2n 6m 67
h=m=bm = =t = =3142
But § boac Tt 2x3x10°
(ii) Att=0, E =50 cos Bx

Att=I,E =50cos m—T+Bx
4 4

=-50sinx
Att=T/2,E, =SOCOS((DT+BX)
4

=-50cosPBx

50 cos Bx

/\ -50 sin Bx

t=%/ -50 cos Bx
NV/a
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7. Show that the total power flow along a coaxial cable will be given
the surface integration of the Poynting vector over any closed
surface. (Dec 2014)

Consider a co axial cable in which the power is transferred to the load
resistance R along cable. There are two conductors namely inner con-
ductor and outer conductor concentric to each other. Let the radius
of the inner conductors be ‘a’ units and the inner radius of the outer
conductor is ‘b’ unit as shown in fig.

A

Fig. Voltage and current is coaxial cable.

In the cable, there exists a dc voltage V between the two conductors,
while the steady current I flows in the inner and outer conductors as shown
in fig. The magnetic field strength H will be directed in the circular path
about the axis as shown in the fig. In the region between the two conductors,
the current enclosed is equal to the magneto-motive force around any of
the circles of H.

c_ﬁﬁ-dg =1

The magnetic field H is constant along any of the circular point. Let
1 be the radius of any circle considered then the magneto motive force is

given by
cﬁﬁdg =2mH =1
T
2nr

Let q be the charge per unit length, then the p.d. between the inner and
outer conductor of a coaxial cable is given by
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v =ilog(h) .1
2me a

Similarly the magnitude electric field intensity E for a coaxial cable is
given by

g=_1 2
2mer

From equation 1 and 2 we can write

\Y

According to the Poynting theorem, the Poynting vector is given by
P=ExH

E:

But the power flow in the direction parallel to the axis of the cable. As E
and H are mutually perpendicular to each other everywhere the magnitude
of the poynting vector is given by

P=E-H
The total power flow along the cable can be obtained by integrating the
poynting vector over any cross-sectional surface with area 2 T rdr.

W = Total power flow = L P.ds

W= (ExH). (&)= [ - 2mdr

2nr
rlog—
a
VI pdv VI v VI
__bLV——b(logr)a =— [logb—logal]
log— log— log—
a a a

(b) a
log| —

a

W =VI

Above result is certainly an universal result the power flow is the
product of voltage and current.
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8. Find the velocity of a plane wave in a lossless having a relativity of
5 and relative permeability of 1. (Dec 2014)

For lossless medium, the velocity of plane wave is given by
1 1

1
V= =

VHC -, (e,) f(4x4mx10?)(8.854x10 2 x5)
V =1.3407x10° m /s

9. A uniform plane wave propagation in a medium has
E=2¢" sir1(108 +—[32)£;V/ M if the medium is characterized by
¢ =1,p =20 and 6 =3 s/m, find a, B, H.

Given,

E=2¢" sin(lO8 +—Bz)e/1;V/M
Thus E =2, @ = 10° rad/sec
The nature of the medium: as ¢ # 0, the medium is not perfect dielectric

- % - 3 - =3388.3>>1
we wee  10°x8.854x10

Hence at ®= 10" rad / sec the medium acts as a good conductor

For a good conductor

y=+fjour = [j(10")(4nx107 x20) (3) = /j7539.822
= 86.832245°

Y=o+ jB=61.3996+j61.3996m™

o= 61.3996 NP /m

B=61.3996rad / m

Now the intrinsic impedance is given by

. 8 -7
. //wﬂ:\/j[lo ><47r>;10 XZOJ: 57759
(o2

n=28.944.45Q

Now the wave propagation is +ve z-direction. But Eis in ;; direction.
So to achieve proper direction of wave propagation, Hmust be in -a,

—~

direction such that é; x(:a\x ) =a,
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NOW, Hm =E—m=

N 28.944

=0.0691A/m

Hence the expression for H is given by

H=H,e™ sin(lO8 +—BZ—EJ(—£;)A/m
4
613992 8 Ty =
=0.0691¢ s1n{10 —61.3996Z—ZJ(—an)A/m

10. A 6580MHz uniform plane wave is propagation in material
medium of & =2.25. If the amplitude of electric field intensity
is 500V/m/.Calculate the plane construct propagation constant,
velocity, wavelength a intrinsic impedance. (Dec 2016)

Solution

For a lossless medium ¢ =0 then

1) Attenuation constant oo =0
ii) Plane constant B = mJuUE = 0\/(1H, ) (g, )

B=(2nx6580x10°),(4mx107 x1)(8.854x10"* x2.25)
=206.858 rad /.

ii1) Wavelength is medium is given by

_2n_ 2m

=—2 _=0.0304m
B 206.858

iv) The velocity of propagation is given by
v=F2=(6580x10°)(0.0304) = 2.0x10°m /s
v) The intrinsic impedance is given by
,n — \/E — uour
€ \/ €,€,

-7
T]:\/ 4n><1(312><1 =251.156Q
8.854x10 2% 2.25

vi) The propagation constant y is given by

Y=0+jB=0+j206.858m™" = 206.858m™"



