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This book deals with the topics in Electromagnetism and
Thermodvnam!cs in the syllabus for the second year of the B.Sc., Course
offered by Dr.B.R.Ambedkar Open University. These topics cover the core
area of the subjéct to be studied in the second year of the three year Degree
Course in'Science. The syllabus is for the sake of convenience divided into
Blocks, each of which comprises a number of units. Each unit generally
covers a spec:fic area of the subject. The units are prepared by specialists in

_ accordance with a format so designed as to enable the student read and

understand them without much difficulty. Each unit begins with the
objectives to be achieved after going through the unit. Generally techrical
~terms with which the student may not be familiar are given at the end of each
block under the head Glossary

Blocks 1' to 5 of the book deal with Electromagnetism. Blocks 6 deals
with the branch of physics called laws of Thermodynamics. The university
hopes that this course material will help the students to get acquainted with
the concepts a_ﬁd princip[e§ of Electromagnetism and Thermodynamics.
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The vector sum is associative (A+B)+C A+(B+C) we draw the conclusion that the sum of
Vectors A, B, C is independent of the order in whlch they are added.

(b) Subtvaction of Vectors: Here we shall subtract onie vector from the other ie., ‘B’ from
vector “A’. The subtraction of the vector ‘B’ from ‘A’ is equivalent to the addltlon of (-B)
with A’ 1e. A-B=A+(-B). The negative sign means a vector of equal magnitude but
opposite direction. This procedure is illustrated in Fig 1.4 below: '
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Fig 1.4

Here we draw a line "OP’ to represent the vector ‘A”™ and then from the head ‘A’ another
line ‘PQ’" is drawn to. represent vector (B). Further the tail of “A’ 1s joined to head of (-B).
Now the line ‘PQ’ represents a vector ‘R’ which is difference of two vectors A & B.

When A &B are in the same direction, (A-B) is a vector whose length is (A-B) and the
direction is along the longer vector. If the two vectors A & B have the same length and
direction then their dlfference is a null vector. Purther

(A=B)=-(B-A) DN ' (12

{c) Multiplication of a vector bw a scaIal When a vector ‘A’ s multlphed by a scalar ora
pure number ‘n’ then the resultant vector may be written as

R=nA o (120)

The magnitude of vector ‘R’ being ‘n’ times of vector A’ and the direction 1s the same as
that of “A” when ‘n’ is posmve but opposite when ‘n’ is negative.

When the scalar ‘n’ is:a phystcal quanhty with a unit, then the unit R will be different from ‘A’

Example: 1) when mass (scalar) is multiplied-by velocity (vector) then the product (mv)
represents the momentum, which is a different quantity i.e.is a (vector)

2) Similarly when ‘mass’ multiplied by acceleration which are scalar and vector
quantities respectively results in ‘Force” which 1s a vector quantity (F=ma)

Thus, we draw conclusion that when a vector is multiplied by a scalar quantity it gives
result to a vector quantity, but this is not always true,




1.3. BASICS OF VECTORS

In the past, Astrologers in order to establish the place of planet from other planet, it seems
they have for the first time introduced vectors. They have established the fact that any line
joining two planets is'a vector. That is why a scalar has no direction but only magnitude such
as density, volume,-length etc, whereas a vector has got both magnitude and direction such as
force velocity, acceleration etc.

1.3.1Representation of a vector:

Let ‘O’ be an arbitrary fixed point in space and ‘P’ be any other point in it. Then the straight
line “OP" has magnitude as well as direction. Therefore the directed line segment ‘OF” is
capable of representmg a vector quantity. We denote the vector as OP or simply by OP and
read it as ‘OF’ O/Vp

Example: A body has a magnitude of 20 mts/sec and traveling with a velocity as that from
east to west then the direction is as indicated in the arrow. Whereas speed if we take if, is
having only magnitude but no direction. Thus we say speed is a scalar quantity, whereas
velocity Is a vector quantity. In general terminclogy we on so many occasions velocity and
speed are being mixed up but it is not one and the same. Direction must be spemﬁed in order
to define a vector. .

Different kinds of vectors: (Concept & Details)

(a} Zero or Nuil vector: The zero or null vector is a vector whose modulus is zero and
whose direction is intermediate. The null vector is represented by the symbol, G. In
case of a null vector the inittal and terminal points coincide. Thus AA, OO are null
vectors.

(b} UNIT VECTOR: A vector whose modulus or rha.gnitudefis unity 1s called a unit vector.

LIKE & UNLIKE VECTORS: Two vectors having the same directions are called Iike vectors
and those having opposite directions are calied unlike vectors. If a is a vector having
magnitude | a | as a result the Unit vector a has same direction & = a | a ‘

(c) Collinear or Paraliel Vectors: Vectors having the same line of action or having the lines of
action paraliel to one another are called collinear parallel vectors.

s

Fig. 1.1 S
) Eq uaI Vectors: The vectors are said to be cquapif and only if they are paralle! and have the
same sense of direction and the same magnitude.
The starting point of the Vectors are immaterial, It is the du ectton and magnitude which 1s
of importance. To denote equal vectors, the sign (=) is used, Thus ifa & b are equal vectors,
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. AxB=Asin6n=ABSinfn=0 (1.6 (b))
(iii) The vector of unit orthogonal vectors i, j & k have the following relations.
ixi=jxj=kxk=o0
ixj=-jxi=k
kxi=-kxj=1
_kxi;:fxl}c.:j _ | L (1.7)

(iv) The vector product of 2 vectors in terms of their x, y & z components can be expressed in
the form of determinant

IfA=iAx+j Ay +k Az
B=1Bx+3By+kBz

i ] k ‘
Then AxB = Ax Ay Az !

Bx By Bz L.{1.8)

1.3.5. Scalar and v:ector fields

It is a known fact that a physical Quantity can be expressed as a continuous function of
position of a point in the region of space. '

For example, when a rod is heated at one end, there is a variation of temperature along the
length of the rod. The physical quantity temperature at any point (x, v, z) can be expressed by
a continuous functions T (x, y, z). Such a function is termed as a joint function or function of
position. The regton specifying the physical quantity the field may be a scalar or vector. About
these two quantities it 15 explained in the following articles. '

1.3.5 (a) Scalar field: The scalar field in three dimensions can be represented by a scaiar point
function ¢ (x,y,z). For example the electric potential due to a single +ve charge *q’ coulombs
depends upon the position of the point from the charge. Then Vj (X, vo,20) and Vi (x1,y1,21)
are the scalar point functions at {xe,yo,z0) & (X, y1, Z1). Now the region will be a scalar field.

The concept of a scalar field can easily be understood with the help of the following
example.

(1) Consider a block of material whose faces are maintained at deferent temperatures. Now the

temperature of the body will vary from point to point ie. temperature will be a function of

position co-ordinates (X, y, z) in a rectangular co-ordinate system. Hence the conclusion is
. drawn that temperature is a scalar field.

(i) The density at any point inside a body occupying givén region is a scalar field.

(i) ¢ = 2xyz # x°y defines a scalar field.




of charge of Ax along the axis. Similarly d Ay/dy & d Az/dx will be the rates of charge of Ay .
and A z along the y & z axes respectively.

I'he volume of Ax at the center M of face PQRS

= Volume of Ax at center C + increase in magnitude from C to M
= Volume of Ax of centre + rate of change X distance

— Ax + JAX x AX = Ax+1 dAX dx (1.10)
dx 2 2 dx

Similarly the magnitude at the centre N of face

EFGH = Ax - 4AX dx- : (11D

’y dx e . .
/F P ;(Qr

| \
| o AX
I \ : . e P A =z 4 %-_ a.:l; clm-
5 X A _ng)_znchh__,,N, 4| et
o i A_Z‘ = AR ) R
//IE”* “
The negative sign is taken because i - S
N 15 towards left of C. Fig I. 6 ¢ e

We know that the volume of fluid flowing per unit time through a faces equal to the
product of the area of face and normal compeonent of vector upon it. This is known as flux
through the face. Hence flux entering the face.

dAx .
EFGH=(Ax-% = Jiydz
' dx

Where dy dx is the area of face EFGH and flux leaving the parallelopiped over that entering
in X-direction 1s given by

[AX_VdeA_é dx] dy. dz~[Ax -2 dAx dx }dy. dz

dx _ dx 7
= dAx »dx.dy;dz : /
da , _ d
Similarly the net flux. leaving the parallolopiped in Y and Z direction are .
ny— . dx.dy.dz +'Cé_AX dx.dy.dz /'/
X z :

. Total flux leaving or diverging from paral]opiped

= dAy dxdydz+ __dexdydz-i- dAdedydz

dz

dx
dAy dAy dAz
= T X, dy dZ
dx dy dz 9
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1n order to deduce the expression for the curl we shail follow the figure as shown in fig 1.8 .

In order to find the component of Curl, in figure xy, -y'z,. zx planes to be considered as
closed circuits. ABCD 1s a circuit hav_i_rl% side 2b components of V are Vx, Vy, Vz. Along
ABCD, § U.ds is time integral. In this ds —» AB, CD along y-axis like wise BC, DA along Z-
axis. ' '

Therefore along AB, CD we consider Uy, along BC DA we consider Ux that is enough
Usxo. Uyo, Uzo. are the co-ordinates of “O’ & the co-ordinates of U.

Aloﬁg AB, Uy value:
dly dUy
Uyo- (=) x=( )y
dz, dy

Along e Uyo (P x e (yy
dz . dy C

Along Ab the value of line integral value ~

B h | : -
| dUy dy. .,
[ uds={ [uyo- (_f*)h+(___y)y]dy
A -h o dz dy -
Zh{Uyo)—Zh‘(d ) | S e (1.26)
Similarly for side CD,’
d b U
duv . dU T
fvas=] (uyo(TOn+(Twiey | a2
¢ ) _ dz  cdy o | T
dUy

2h (Uyo) —2h” (
: dz

i
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Let S (x, v, Z) be any continuously differentiable scalar function depending on the three
Cartesian co-ordinates in space. Suppose ds/dx, ds/dy, ds/dz be the partial derivatives along
the three perpendicular axes respectively. Now the gradient of the scalar function 8 can be
defined as :

. ds-  ds ds _
Grad§=1 —+j— +k — L (L14)
dx dy dz
or grad § = V'S where V= ot k— generally called del or del operator
dx dy dz

145 Physical Interpretation of grad S

The scalar field can be mapped out by a series of level suriaces. Consider two such
~ surfaces, very close to each other all shown in figure 1.7 -

These surfaces are specified by constant scalar functions § and 3 ~ds respectively
Consider the two points P & R on the level surfaces $1 and S2 respectively.

Let ‘" and (r + dr) be the position co-ordinates of P& R respectively with respect at any
arbitrary origin: then '

PR=dr
Tf co-ordinates of P are (x, v, z) and of R are (x + dx), (y +dy), (z + dy) then
dr = idx + jdy + kdz .(1.15)

As the continuous scalar function at P (x, y, z) has the value S and at R (x + dx+ vy +dy, z+ dz)
has the value S + ds; we have R

| (S &%)
' ds * ds ds ) 2
ds=—-dx+— -dy +—-dx . (1.16)
: dx dy 7 dz
This equation may also be written as
(ds _ ds L
ds= il—+j—+kds | (idxtjdy+tkdz) -
dx dy dz
=(Vs). dr (117
A
In particular if we _considei' that dr ( i.e. point R ) fies in the level surface 81, inen
ds=0, 1.e., (Vs).dr=0 . (1.18)

Showing here that the vector S is normal o the surface $; (i.e. the surface 8 = constant). If dx
denotes the divergence along the normal from point ‘P’ to the surface S, we may wrtie

dx =PQ =ds cos f=n .dr “ (1.19)

11




Example (1): Consider the velocity field of water flowing in a river, if there is a deep pot in
the bed of river, then the velocity of water flowing has rotational component around that point.
Consequently the water whirls rapidly if a swimmer gets into this regton, he starts rotating
rapidly and it becomes very difficult for him to get out of the region.

Example (2): When a rigid body i in motion, then the curl of its linear velocity at any point
gives twice its angular velocity in magnitude and direction,

- _
Curl U = 2W. . (1.34)

Example (3): When a current is passed through a conductor, then magnetic field ts developed
around it. At any nearby point the curl of the magnetic field represents the current per unit area
passing through that point. So curl B is also known as magneto motive force.

1.5.1, Different types of vector fields

1y Field where, having no divergence and no curl
Inthiscase VA=0&VXxA=0 '

The examples of such fields are: steady state flow, electrostatic field, gravitational field,
irrotational motion of incompressible ideal fluid ete.

2} Where in field having divergence and not curl
Inthis case, V. A=0 but Vx A=0

The examples of such field are: gravitational field inside a mass, electric field with in a volume
distribution of charge, time independent schrodinger’s equation etc.

3). In a field having curl and no divergence:
Inthis case, Vx A=0but V.A=0

Examples of such fields are; Magnetic field due to steady current, Incompressible fuid with
velocity etc. :

4) Field having curl and divergence:
Inthis case, VxA=0 & V. A=0

The Maxwell’s equations within matter are examples of such field.

1.6 LINE, SURFACE & VOLUME INTEGRALS (INT}LG‘RATKPN O VECTORE)

16,1 . Line Integral

The integration of a vector along a curve is called its iine integral.
As shown in figure 1.9 let ‘AB’ be curve drawn between two points A & B i a vector figid,
Let ‘dl’ be an element of length along the curve ‘AB” atR.

15




In general the forces F acrmcv on the ob]ect varies from powi o pomnt. For

example, the force on' a changed particle in an electric field would ‘be fu .stic of X, y. z.
However, along a curve, X. v, z are related by the equation of the curve. Since along a curve
there is only one independent variable we can write F&dr=1dx=jdy+ kdzas functions. of
a single variable. The integral of dw,= F. dr along the given curve is then reduced to one
ordinary integral of a function of one variable and the total work done by F in moving an
object say from A to B can be determined-as shown m ﬁtr 1.10. This integral 15 also used 1n
conservative field:

Another good example would be if ‘" represents the electric field intensity at any pomt
then the integral represents the potential difference between A & B.

1.6.3. Suiface Integral |

If in a surface area of ‘S’ an infinitesimal area ‘ds’ in considered and if A is a vector at
the middle of the element ‘ds’ in a direction making an angle 0 with the unit positive (outward
drawn) normal to ds fig (1.11) T

Fig1.11

Then the intétrral over the surface

,UA ds iﬂA n. ds:.»_UAcosBds | SR : | ....I(I.37)

is deﬁned as the surface integral or total flux of A through the whole surface S.

As an example 1f A represents the velomty of a moving fluid in which a fixed surface ‘S” is
drawn then _[_L A.ds represents the- ra_tga_,_of. flow of fluid through the surface S. .

1.6.4. Volume Integral

Let, us consider a closed surface in space enclosing a volume V. If A is vector function
inside it and dv is a small element of volume then.

Fas

is called the volumé: integral of ‘A’ over the volume V. (dv-=dx dy dz).

17




1.7.1 Proof stoke’s theorem

Let us consider a surface ‘S” with C as its bounding & is enclosed in a vector field A.

po=d R % ;

ds

Csz,-'
Sy
7

P Frg113 Y

As shown 1n tigure the bounding of the surface S is a closed curve PQR The line
integral A around the curve. PQR traced counter clockwise is

$ Adr | | ...(1.40)

Let the entire surface be divided into a large number of square loops. Let the area enclosed

Fas
by each infinite small loop be ds. Suppose n be a unit positive outward normal to ds. The
vector area of the element is

n.ds=ds .(1.41)

C

Fig L 114!

We know that curl of a vector field at any point is the maximum line mtegral of the
. vector computed per unit area along the boundary of an infinitesimal area at that point. So the
Iineintegral of A arpund the boundary of the area ds is

-

ﬂs Curt A. ds - .(1.41)

This is the surface mtegral of A. from the fig 1.14 it is clear that the line integral along
the common sides of the continuous element, mutually cancel because they traverse in opposite
directions. Now the sides of the elements which lie on the periphery of the surface (i.e. in the

19 ' : !




component of Aalong n is. : - e
Acos8=A.n o " ©(146)
The flux of A through the surface element ds is given by (A, n yds = A. ds 1)

(" Flux is defined, as the product of normal component of vector is surface area)
So the total flux through the entire surface S is given by _Us Ads 0 .48y

This must be equal to the total flux diverging from the whole volume V enclosed by the
surface S. o

Hence from equation 1.43 & 1.43 we get _ _
fl.a ds= I aiva av _' 49

This is Gauss theorem of divergence. Gauss theorem may also be written as

-

A nyas =l (7. a)av ..(1.50)

1.9. SUMMARY

In fields especially in general, physical quantities have different values at different
points in space. Thus for example, the temperature in.a room varies from place to another, .
place, being higher near a fire place and lower near an open window. Similarly the electric
fietd near a point charge is larger that at points farther from it. Similarly the magnetic field or
intensity near a current carrying conductor is more at nearer to conductor and less away from
it. The expression field is used to imply both the region and the value of the physical quantity
in the region (electric field, gravitational field or magnetic field etc.)

If the physical quantity is of the scalar category (for ex temperature) then we are only
concerned with scalar field. However if the quantity is that of vector type (for ex electric field,
magnetic field due to a steady current, incompressibie fluid with velocity etc.

The general meaning of curl is rotation when curl A is zero, it means that no rotation is
attached with vector A where as curl A is non zero, it means that rotation is attached with
vector A, :

To make it clearer, consider the flow o:f aliquid. Leta friction less paddle is placed 1n
the path of the liquid flow. Ina hypothetical case, if we assume that all the liquid layers are
moving with the same velocity which in the present context paddle will not rotate. This shows
that the curl of velocity vector is zero. If we consider that the different layers are moving with
different velocities (as in the actual case), then the paddle will rotate. The rotation is due to
non zero value of curl of velocity vector. Like the one above many such similar problems can
be dealt with the aid of vectors and vector theorems and rules.

Check your progress: Answers, \
1. Divergence is a Scalar quantity, because it represents simply the amount of flux.

2. The divergence of a vector field at any point is defined as the amount of flux/unit volume
diverging from that point. -
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(8) Using stokes theorem, prove that
fﬁ r.dl=0, where 1 is postition vector.
Solution; By stokes iLheso rem we know
$o A di=f curl 1. ds
Replacing the v‘ecto; A by the pesition vector r, we gei

Eﬁ r.dl = H cur.']_r. ds—=> ﬁs o0.ds {curl r=0)

Hence $.r.dl =0 .
(a) Using stokes theorem, prove that curl grad ¢ =0
Solution: Accofding to stoke’s theorem
We know $. A di = Jf; Cudl Ads

Let A = grad b, then |
$. Grad ¢ dl =] curl grad ¢ n.ds
d

Butgrad b dl= (i S+ 7 L+ k Ly (idx+jdy+kdz)
dx dy dz

= E‘E_ + dﬂ + (Ed_)_: dg
dx iy dz

Eﬁc d¢ = [¢]JA where ‘A’ is any pointon C = 0

I

Hence H curl grad ¢ m. ds =0

This 15 true for all surface elements *S’ i.e. curl grad ¢ = 0

1.11. SAMPLE EXAMINATION QUESTIONS

1. a) What do you understand by the gradient of a scalar field? Explain the physical
significance. '

b). Obtain an expression for the gradient of scalar function in rectangular Co-ordinates. |
2. a). Explain the physical signiﬁcaﬁce 6f divergence of a vector field.

b). Derive an expression for div A in terms of Cartesian Components.
3. a). Explain Cu;“l ofa vec;cor field. Give its physical ;igniﬁcance also meaning of curl.

b). Derive an e:xpression for curi of a vector field show that Curf A=V x A

25




B) r. A= (ix+jy+kz). (iAx+jAy + kAz)

= xAx + yAy %zAz
_ ¢ 4 d..
CATA)=( 4+ k =) (XAx + YAy + ZAz)
dx dy dz

=1Ax+ Ay tkAz=A

(3) ‘If'thé"‘g'ra\}ita..t'i.on:al B’otential at any point is(-GM / r ), where ‘1’ is the position vector of the
point, find the intensity of gravitational field at the point

Solution: Here V = ix + jy +kz
Also = oE+ v+ ) |
" Intensity =V (—GM}'r) == GM V(1/2)=-GM V( X+ yz + Zz) -1:2

oo d ) a .. . d ) a2 R Ty d EY - 2L 10T
= -GM {1-_(x“+y2+z“)+3 —(x"+y +2z) g _p+y'+z )
dx dy | d -

S GM (i (-12)(CHy +22) 2 2x+] (12) &y + 28 oy +
k (-1/2) 6+ y* +27) . 22
X+ jy + kz '
=>-GM —_—~- = _gm L =GM
(x2+y2+z2)‘”ﬁz r r

BHITA=iy+j(x'+ y3) + k (yz + zx ), then find curl A at point { 2,2, -2)
J

Solution: We know thatcurf A=V _ A

- P k ii 0k
Curl A= | didx  didy didz {= |d/dx drdy d/dz
- Ax Ay . Az y X"ty " yztzx

i (G vz ey i 10y Lz vk LY -

ds dz dz  dx dx dy
CurtA=1(z-0)+j(0-z)+k(2x-1)

= iz—jz+k(2x—1)

Substituting the values we get
Curl A=-21+2j+3k
{5) Find the constants a, b, ¢ so that
Vector A=1(x+ 2y+az)+_| (bx—zy—-z)+ (4x+c:y+2z)1s m‘atlonai

Solution: The vector is irrational when curl A=0

23




UNIT —2: ELECTRIC FIELDS AND GAUSS THEQREM

Contents
2.1 Objectives
2.2 Introduction
2.3 Intensity of electric Field
- 2.4 lntensity of Fieid on the sﬁrface ofa .charged conductor-Coulomb’s Theorem.
2.5 Lines of Force
2.6 Electric Induction
2.7 Electric Displacement
2.8 Gauss theorem
2.9 Application of Gauss Law to the field
2.9.1 Application of Gauss Law
Intensity of Field of uniformly charged sphere
2.9.2 When the point P lies inside the sphere
2.10 Summary

2.11Model answers

2.12 Sample examination questions

2.1 OBJECTIVES

This unit introduces you to the concept of electric field and its intensity. To help you
understand the concepts the unit explains

1. The electric field and eleciric field intensity
2. Lines of forces

3. Gauss Theorem
By going through this unit you will understand what is an electric field and lines of forces
and what Gauss theorem means, You will also understand how the lines of forces are used
in explaining the electrical induction and how Gauss theorem 1s used for various electrical
problems.
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F.. (]]q} - |
e | | L2

kr

K is the dielectric constant of the medium where in both q1 and g2 are situated. Butthe
force. acting on unit charge (i.e. q;=1) placed at a distance v front (; is by definition, so the

electric field mtensity
E= { p'krz‘

Hence F = 2k
— A
E= qr N/Coulomb
L LI
4t Ko
Abave eqn. gives us a new definition of electric tield intensity E. We can define E as,
= qr SifK=1 '
4 S :

= 9X 10 {(q1) N/Coulomb
r

In CGS units E = ¢/Ki* dynes/esu or esu/cm

2.4 INTENSITY OF FIELD ON THE SURFACE OF A CHARGED CONDUCTOR
COULCMB’S THEORM

Consider a tube of force originating from small area ds on the surface of a charged
conductor. This has a surface density o and is placed in a medium of dielectric constant &




Solution :The charge on an elemental area at R is ds. and if R is ds. and if v is 1ts distance
from A. the electric intensitv.it produces at A is ods_along RA, 1tq component along the
normal AN i is ddsms@ e T —lrcaor - -

' 4 e BT

Flg 2. Electric field intensity ofa right circular cone

Or_“ swhere dos is the solid an gle subtended at Abyds. . - - -

47e, ' ,
The points of the plane which lie within an inch of A_ lie with i1 a circle of center N and
redius NQ, where AQ=1. The charge on this ¢ircular area, thus contributes to the total
intensity at A an amount. . c a

do _ 627 (1-c0860”) = o

4me, - dmg, - e,

Hence, half of the total intensity is due to the charge which lie within an inch of A (which
are embraced in'a right circular cone of semi-vertical angle 600

/z.s LINES OF FORCE

A line of force is defined as a curve indicating the direction in which a unit positive charge
would travel. The tangent at any point of this curve gives the direction of the electrical
force at that pomt

The concept ofhneq of force had been used by Michael Fa:aday to represent E This will

the electric ﬁeid varies through a region of space. The number of lines per unit
31

\© help visualization of electric field patterns easily. This gives a vivid picture of the way that ~
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2.6 ELECTRIC [NDUCTION

Faraday gave a quantitative significance for the lines of force and tubes of force. The
number of fines per unit area represent the intensity of the electrostatic field ata pointine.s
units. :

If 4% lines of force emanate from a unit charge, these lines are then called unit lines of
induction. The number of lines of induction per unit area of a spherical surf'dce of radius r
is called the flux denqntv The flux densitv is given by

irq = q.- =x 9 = k.f

2 2 '
4xr” T kr®
Lines representing E are lines of forces, but lines representing, x E are lines of induction

Total number of lines of induction that cut through a surface normalty is called total normal
efectric mductjon or electrtc flux.

-ﬁ’/ ] F-

i R ——r—r
. .
3
H e r 4
: - ?L 1
i
r A .

Fig 2.4 Llectric fiux over differemnt surface elemers




2.8 GAUSS THEOREM

Kart Friedrich Gadss (1777 ']855) director of Gottingen observatory made outStanding

contributions to astronomy, mathematics. electricity and magnetism. Gauss’ theorem will

enable us to determine the intensity of electric field at any point on a closed surface, if the
charge inside the surface is known. Qimﬂaﬂy the charges producing the tield can be
determined, if the charge inside the surface is knows. Similariy the charges pmducmg the
field can be determined, if the intensity is known. Gauss’ theorem states that. “the total
niormad electric induction (or flux) over a closed surface of any shape dravn i an electric

field is A Tiimes the total charge (or the algebraic sum of the charges) within the surfuce.

Pront of the Them {3 1]

A point charge of ¢ coulombs is placed in a uniform isotropic medium of dieleciric con stant -

x (Fig 2.5). Let E be the electric iniensity at a point P directed outwards on the Closed -
Surface drawn azound the charge q. If r i3 the d1stance of P directea from g. '

Fig 2.5 Gauss. Theorem

q
Then E =
485!{1'2

Then, small element'il area ‘ds’. 1s surrounding the point P. The normal drawn to the
surface the small elemental, area ‘ds , is surrounding the point P. the normal drawn to the
surface at P is making an angle 0 with PE, E is the direction of electric field. So the normal

component of E alan(y PN is Ecos©

The normal e} echcal mductaon over elemental area ‘ds 18

= g.kEcosfds - = g —9 “cosbds = gdscosd
: K 7
4ng ke 4w

Lad
A




Coulomb’s Law Derived from Gauss’ Law

A second charge qz is put at a point P where E is to be calculated. The first charge qi is
enclosed in the closed surface containing the point ¥, Then

F = E
- )

BuwtE Q@ :So,F= 9% r : o 2.5
KT’ K |

—

Eqn. (2.3) is nothing but Coulomb’s law.

1t may thus he noted that Gauss’s Law and Coulomb’s law are the same though expressed
in a slightly different manner, Gauss’ Law does not hold good if the law of force were
inverse cube. Gauss’ law gives a connection between field and its sources (charges). When
Coulomb’s law tells how to derive the electric field if the charges are known, Gauss’ law
gives a method of knowing the amount of charges present in the region, if the eletric field
is known.

Gauss’ law is one of the fundamental equations of electromagnetic theory of Maxwell,
Coulomb’s taw is not listed in that series of equations as it can be derived from Gauss’ law.

2.9.1 Applications of Gauss’ Law Intensity of Field of Upifermly Charged Sphere

(a) Consider a point P near, but outside a uniformly charged sphere A with a magnitude of
charge q Coulombs. Let the radius of this sphere be R. Let the surrounding medium -

have a dielectric constant K

Draw a concentric spherical Gaussian surface B about the charged sphere A so that it passes
through P as shown in Fig 2.6 '

Now we have 10 find out the electric field intensity at the point P. The total surface area of

) 2 ) "
this sphere = 4 7r° where r is the distance of P from the center of the charged sphere. Let E
be the intensity of electric field at any point on this sphere. This will be the normal to the
surface at every point on the surface. '

The total normal electric induction = EOKELllI_FZ_But the total normal electric induction.

- e

According to Gauss’ Theorem is q 7 ~

e

- Fig 2.6 Intensity near a spherical conductor

Ll
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E= | Whenr>a

4mrt

(iiy letr<a, then the ‘Gaussian surface’ encloses only p 473 mr* units of charpe,
where Gauss’ flux theorem gives.
3

Qr
T
3 3
qr _ i
or ¢ Ednr’ = — 80, E= ——— |
a“ 47588.3
"2.10. SUMMARY

The region surrounding the charged material within which the influence of electric charges
is felt on conductors is referred to as electric field. Electric field is a vector quantity and it is
analogus to gravitational field. The distribution of electric field is indicated by the tines of

force. ‘The total normal elestric induction, over a closed surface, in an electric field 1s 47
times the total charge within the surface. : '

Check your pmgress.: Answers
1 E1 _4
4ng, R’

2.E= q!Kr2 esu/cm. , :
3 Line of force is a curve indicating the direction in which a unit position charge would
travel.

21  SAMPLE EXAMINATION QUESTIONS

I Answer the following questions in detail

1. ‘State Gauss’ Theorem? Discuss the application of (Gauss’ law to find the
intensity of the electric fielduniformly charged conducting sphere.

2. Derive coulomb’s law from Gauss’law. Discuss the application of uniformiy
charged non-conducting sphere. : : '
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UNIT — 3 ELECTRIC POTENTIAL

Contents
3.1 Objectives

3.2 Introduction

3.3 Electrical Potential

3.4 Equipotentials

3.5 Potentiat and field strength

3.6 Potential due to a point charge
3.7 Vector form of potential

3.8 Electric dipole

30 Electric field intensity and poteniial due to a dipole
3.10 Torque Experienced by a dipole. |
3.11 The Electrostatic Generator

3.12 Summary-’.

3.13 Sample Examination Questions

3.1 OBJECTIVES

This unit presents the concept of an electric potential. To help you understand the concept
& the unit explains - '

1.Equipotential surfaces

2 Potential due to a point charge - ,
After going through this unity you will be able to establish the; pobeatisl dus to a point
charge, evaluate electric potential due to an.electric dipole and desciibe the construction
and working of vande graff generator. '

3.2 INTRODUCTION

Ir: this Unit we will discuss the concept of potential.
1. The concept about a dipcle & torgue as well
5 We will also learn about working principle of a Electrostatic generatcs.

"




/ ’ .
S An interesting special case of a spnencally symmemc charge distribution in a umform

sphere of charge. This sphere is non — conducting. Such a uniform distr ibution of charge
occurs only in liquid or gaseous dielectrics.

The charge density p = 4 where q is the charge, r is the radius of the sphele

' 43 T :
This is constant for all points with in a sphere and would be zero for all pomts out51de this
sphere.

The total intensity £ at a point P {Fig. 2.7} inside is obtained as if the charge were
concentrated at the center.

Fig.2.7 Concentric Gaussian suiface

£okE mr = 437 1.p
orE= P = 0L _49

3Keq 3xke, 4/3 w3

an
R
4 e K

in CGS system, E = 4l
o
As the point P gets nearer to the center, the intensity of the field falis off to zero.
Worked Example —1: As an example, take Thomson atom model. The positive charges in

the atom are assumed to he disiributed uniformly through out a sphere of radius of about
1.0x 107 m. Calcutate the électric field intensity E, at the surface of gold atom {(Z=79)




follows that the lines of force are those lines along which the force acts normal to the
equipotential surfaces.

- Fig 3.1 Equipotential surface

Lines of force always intersect equipoteniial surfaces perpendicuiarly, i.e the resultant
slectric intensity at any point is at right angels to the equipotential surface at the poini(Fig
3.1} the existence of the lines of force and equipotential surface between charged bodiss
reveals a method of bringing a stream of moving charged particulars to a point focus or of
making them divergent (Fig3.2)

Ay,AgAj are three hollow metallic cylinders lying side by side. Let the potentials on A, -

- Az and Az be.500, 2000 and 500 V. respectively.

Fig 3.2 Electric lens

Then a beam of electron passing through A, will spread out in Ay and then be directed
though As so as to move along curved lines of force. The, dotted lines show the directions of
equipotential surfaces. The clectrons tend to move perpéndicularly to the equipotential
surfaces in the field in which they are traveling and this sort of arrangement of cylinders
charged to different potentials forms an ‘electric lens’/ By keeping Al and A2 at same |
voltage and by changing the voliage on A2 the shape of the equipotential surfaces can be
altered and the elsctrons can be brought to different “foci™. The concept of an electric lens
is very much used in the construction of cathode ray oscilloscope, electron diffraction unit,
electron microscope ete. ' '

g .




3.5 POTENTIAL AND FIELD STRENGTH

Let A and B in Fig. 3.3 be two points in a uniform electric field E, set up by an arrangemeit
of charges. Let A be a distance ‘& in the field direction from B. Assume that a positive test
charge qo is moved without acceleration, .by an external agent, from A tc B along the
straight line connecting them. ‘ '

Fig 3.3. A fest charge moving : '
fromAtoB - 4F

E

i )

| The electric force on the: charge is A, E and it points downwards from the movsment of
charge in the fashion described above, this electric force must be counteracted by applving
external force F of the same magnitude- but directly opposiie ie., upwards. The work doue
W by the agent in supplying this force is. .

W,\B=Fd=qud

ButEqn (3.1 tellsthat Was - —y, .5, | e
W.—\B o o . ' e :?. |

So, ———  =(Vap-Ba)=Ed T {38y
Jo o

Eqn. (3.5) shows that the relation between the potential difference (pd) and the field
strength for-simple cases. - Form Eqn. (3.5), we get another MKS Unit for eleciric fieht as
Volts/meter. But this unit.is identical with Newton/Coulomb, Fig3.3 could be caused 0
Hlustrate the act of lifting stone from A to B under the action of earth’s gravitational field.
This brings comparison between electrical field and gravitational field. -
When the field is not uniform, and when the path of movement from A to B is not straight
the work done can be computed over infinitesimally small line segments of the path di and

the total work done is obtained by integrating over the path length AB. .

B - - B -

Thus Wi = IF.dlz - g, I E.d ...(3.6)
A A
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q rg d

Weget Vo—Va = - dngy | P -
(Ve-Va)=_ .Q i1 (.11)
. 4ne, I'e Ta ra— %
If A is chosen as a point at infinity (Where ry) VA =10
The V- 1 a - - .(3.12)
4TE, r |

If there are group of point charges, the potential is obtained by calculating the potential due
to each individual charge ignoring the presence of other charges and compounding the sum.
By this, the mutual repulsion (or attraction) among charges is neglected.

1 G
Then V=L, V= Sy
| 47e, Fy | IERE)!
Qn, and T, are the values of chaige and distance of it from the point under considavation.
The sum used to calculate V i¢ the alzebraic sum and vectorial sum. This i the
computational advantage of poiential over electric field strength.

Let the charge distribution be continuous. Then dq is the differential increase in charge and
r is its distance from the point where V is calculated and dV is the potential it establishes at

that point then.

Cy= fodo -l [ dg
o 4me, ot (34

if P is charge density in the medium, then

dq — p.dv (dv is the volume element).

Thenv. 1 [ pdv | | . {3.15)
dme, T . (3.153)
In CGS units V_ [ _PAV
T

Just as the electric intensity at a point in an electric-field is the force per unit charge at that
point, similarly the potential at a point is the potential energy per unit charge. Just as the
energy is scalar quantity, potential is aiso a scalar quantity.

49




" coincide the molecule is said to be non-polar: if the points are at a short distance apart, then
the molecule is calied a polar molecule, Water is a polar molecule while benzene is non -
polar, The product of charge and distance between the positive and negative charges 18
called ihe dipole moment.

3.9 ELECTRIC FIELD INTENSITY AND POTENTIAL DUE TO A DIPOLE

Consider a dipole whose charges are + q and — q units separated by a distance AB =21 (1 is
of atomic dirnensions) (fig. 3.5) The potential V ai g point P, at a distance v from O, i given

by

Fig 3.5 Electric dipole

vV o= 1 q _ q

4re, T T2 ' - ' ... (3.19)
1 q _ a |
4men Lr— lcosh r+e0s0 . {3.20)
2qlcosd __2qlcosd
Ameo(r’-eos’d ) 4meor L <<y
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;o : ‘.
- outer surtace of the sphere WhICh would therefore be Smooth and. by- applying a few
* hundred volts between A and earth. 1t can be raised to a few million volts.

A similar arrangement. with A connected to the negative end of the baitery, of whrch the .
_ posmve end | is connected 10 earth w;ll enable the sphere to be chawea nefratwely

Fig 3.8 Van De (}rqff Generator

. Equipotential shied  2.-High voltage terminal 3. Positive iron source 4. Steel pressurs
tank 5. Field control mdq 6. Insulating belt 7. Positive ion accelerating Tube 8. Manhole
S Movable platform | 10. Main value 1 1. Fiexibie coupling 12. Analyzing magnet 13. beam
amq 14. Adjustable magnet base 15. Pumping system 16. Dry ice trap 7. Lead shielding
18 Belt Tension Adjustment 19. 1,8000 run motors 20. Windows. 21. Insulating column
2. Equipotential planes 23. Charge collector 24. Built — in Kw power supply 25.
Electromc circuits 26. Removable tanks over.- - :

Air surrounding the charged sphere is unable to with stand high potential; leal\age starts
when the air is at ordinary pressure. In order that there may not be any leakage , the
enerator is surrounded by a big meta]hc enclosure 9which is earthed), is provided wnth WO
taps to allow air at high pressure 3.5 Kg to 7.0 Kg. Per sq. ¢m to be introduced into the
space between the sphere and the belt and metallic tank. In a Van de Graff generator,
constructed in 1947 ‘at the Carnegie Institute.’ Washington the metallic tank has average




Potentigl=V.. _-9_ . - AR
ATTE T | |

| 3/009 X 10°
41X885X 107X 1:5X10?

1,803756'X 10* Volts.

18037.56 volts

3.12 SUMMARY o - C

Electrical potential at a point is the amount of work done against the -'ﬁeld,-;in carrying a unit
positive charge from infinity to the point.  Electrical potential is similar to gravitational
potential. The electric potential is a scalar quantity. <

The electric mtensrty at a point in an electnc field is the force per unit charge at that point. |
A pa1r of equal and opp051te pomt charges separated by a distance is called a drpole

- Check your progress: Answers

I 1. Vs-Va=Wap/g
1. 2. Tan A =P E sin®. _
3. Just as the electric intensity at a point in an electric field is the force /unit -
charge at that point. Similarly the Potential at appoint is the PE/unit charge ]ust‘
as the energy is scalar quantity. Potential is also a scalar quantity.
1.Check your Progress: Answers
Positive potential is the potential near an isolated positive charge It is-positive because the
work-done to pushthe positive charge from mﬁmty to the present position.
2.Check your progress: Answers
Electron volt is the amount of work done 1n movrng 1t thrcugh a potential drﬁ‘erence of one
-volt.

g 3‘.13 SAMPLE EXAM-]NA-’I"ION QUESTIONS -

‘1. Answer the followmg questions in detail
1 Show that the potential difference between two points is'the line mtegral of the
electric field between the two points.

2 ~ Find the electric potential ata point, ata distance ‘1’, from a point charge q.
Show the E =.Vv _ '

PR R

4 What is an electrc dipole? Calculate the electnc potential: at a point due to a dipole.
There by find the value of the electric field. What is the value of the field a point. (i)
on the axis of the dipole (ii} on the normal to the axis




3.10 TORQUE EXPERIENCED BY A DIPOLE

When an electric dipole (e.g. a hydrogen atom) is acted on by a uniform electric field of
intensity E. it experiences a couple or torque given by tan T = PE sin .

1

44 PTo

o - muPp B

-9

Fig 3.6 Torque due 1o a dipole
Where 0 is the angle between the dipole axis and E {See Fig. 3.6}}
The potential energy of the dipole is given by
P.E=-PECos8=-gEcosh

In vector notation, couple =P X E : ..(3.27) :
So far, we assumed that the electric field will not get distorted in the presence of unchanged :
conductor. 1n actual practice. There is distortion of the field produced because the amount

of induced charge is not uniform. The distribution of induced charge on an uncharged

conductor may readily be found by the method of electrical images devised by Lord Kelvin,

This method also enables us to fined-the intensity on and potential of , a conductor when

placed in an electric field. '

In attempting to find the electrical image, the conditions to be satisfted are :
(i) The potential of the conductor must remain the same.

(i)  The potential at infinitely distant point must remain the same.

(ii1)  The total normal induction over any closed surface in the original field must
remain the same. : ' : :
Check your progress — 11 o
1. Torque experienced by a dipole is given by the expression... ...
2. what is the Similarity between intensity at a point in an electric field &
Potential at a point. They are both......... quantities
Note: a. Space is given below for your answer
b. Compare your answers with those given at the end of the unit.




UNIT—: CAPACITANCE
Conitents | e f
4.1 Objectives
4.2 mroduciion
4.3 Capacitance
4.4 Energy stored in the field of a charged c-a.péc;itor
4.5 Combmation of capacitors
4.5.1 Capacttors in parallel
452 Capacitors in senes
4.6. Capacitance of conductor : '
4.6.1  Anisolated sphere
4,62 Two concentric spheres
4.6.3 Capacity of eyhndrical condenser — Submarine Cable
464 Cyimdrical siiding condenser
4.7 Summary

4.8 Sample Examination Questions

4.1 OBJECTIVES

This unit discusses the concept of capacitance and its relation to storage of electrical
charges and voltage. To help you understand the concepts, this unit explains the
conditions required for the storage of energy m a charged condenser,

After going through this unit you will be able to (1) calculate the effective
capacitance in the series and parallel connections of capacitances (2) the capacitance of
isolated sphere, and(3) councentric spheres and cylindrical condensers.

4.2 INTRODUCTION

"7 " 1n this Unit we will discuss the concept of capacitance and its relation to storage of
electrical charges and voltage. We will also study the effective capacitance when they
are connected 1n series and parallel, '




" “Thus | Farad = 1 Coul/Volt [

Farad = 3x{0 e.s units of charge '

CF 300 esounits of notential B

=9x 10" es units of capacitance.
"Since the Farad is too big a.unit, a microfarad 1uF = 1€ / Farads) and a Pico farad or

micro farad (1 uuF = 1pF = 1077 Farads) are used in practic
: o , : . A :
~The es units of capacitance is however defined as t¢ capacity of a body whose

potential 1s raised to | esu or by | e.s unit of charge. s

i I
In the medium of dielectric constant K, the potentlal v of a charge body becomes '

v/ I\ So the capacitance. Will, then be KC' . {V'and C' reialto vacuum).

An analogy can be made beiween a capacitor calrr;mg charge q and a ngd
container of volume V containing p moles of ideal gas

[
A ) . _ v i i
According to ideal gaslaw p = (— ) P b
_ : CRY I ,
For a capacitor ¢ = (C) V ‘ I . ..(4.5)
Thus the capacitance is analogous to the volume oltie container at a particular
temperature. Just as any amount of charge can be put om*apacnor so any amount of
gas can be filled in a container (upto certain- limits). lft\e charge exceeds a critical
value, breakdown of capacitance occurs. If the mass o} as exceed% a crittcal hnut,
rupture of container walls occurs. : o L l

If twd conductors (of equal and opposite chartres) of & .«.r* shape are brought near a
distarice ‘apart, that assembly of conductors s called a apacno: condenser.  The
condiictors are called the plates. The capacitance of a caamtor depends on (a) the
geometry of each plate, (b) their spatial relationship with resect to each other and (c)
the medium in which they are immersed. The camcrtors are’ enerallv represented by the
symbol, RO I R

The capacitors are very useful devices. and are of ureatet interest to-physicists and
engineers. For example. (1) the capacitors are used to deﬂe electron beams. (2) They
are used to store electrical energy since they can confine stmo electric fields to small
volumes. (3) There could not have been a progress in the fielc of electronics and modern
communication engineering without the capacitors. They @ used m (a) filtering the
electrical fluctuations. (b) transmitting pulsed signals and §) generating or detecting
radio frequency waves and so many other funchions.

4.4 ENERGY STORED N THE FIELD OF A CH ARGEI:CAPAC'ITOR

’ |
The energy of a charged capacitor is equal to the work dpe in charging 1t. Suppose
the potentia! difference between the plates at any nstant oftime s V. the work done
(dW) n bringing a small charge, dq to the capacitor, when it potential is V. is given by
dW = V. dq. : |

o




The total charge on the combination is

q=q+ @t =(G+HCGAGY Y
q .
The equivalent capacitance C1is= — = (Cy + C; +(3)
. ‘ \/' ' I
Thus Cur = Cy + C2+ Cx. | ' Y

This result is extendable to any number of capacitors comected n parallel,

4.5.2 Capacitor in Series

Fig. 4.2 shows three capacitors connected in series. ®
L4 V- V.
[=—=== IE 1
I ]
e il | I

-}
>

Lig. 4.2 Three capacitors connected in series.

To find the equivalent capacitance C, we proceed in the following way. In the
connection shown fig 4.2, the charge q on each plate must be the same. Thjs is because
of the reason that the net charge present initially on these plates is zero. Connecting the
plates to a battery wilt only produce a charge separation keeping the net charge on these
plates zero. Assuming that neither Cy nor C: ‘sparks over’, no charge can enter from
outside or leave the region enclosed by dashed line.

Since q=CV,

4.10
\f]: 4. V:: q andv_; = _q__ ( )

o C* C’
The potential difference for the combination series is
V=V, + Va4Vs
=q (1/Cy + 1/Ca+ 1/C3)
But V = ¢/C
The equivalent capacitance
| 1 I

- . -~ |

Ccl}' L 1 L. 2 L:

“The equivalent capacitance is always less than the smallest capacitance in the chamn. The




If the two spheres aré surrounded by air, & =1

g0 =8.85 X-__l 0" Farad/m

ab. n . ' -
In. CGS umls C=—— esu R vy ..(4.13)
f, (b—a) .
By surrounding A with an earthed conductor .the capacity of A is mcreased In CGS
anits Cac be written ds

i

(1- a/b)

C= Foan ) o L ' ..(4.14)

If b— . then C =a = radius of the inner sphere. Thus the charged sphere can be
regarded as a condenser in which outer coating has been removed to an infinite distance.

In fact every charged conductor possesses some capacity. Ordinarily 2 wire has -
too little surface area to have much capacity. However, the wires of long telephone and
power lines have sufficient capacity to act as condensers.

By bringing a charged conductor in the neighborheod of an earthed conductor, the
potential of the former is lowered and therefore its capacity or capacitance mereases. In
order to maintain the potential on the charged conductor (near the earthed conductor), we
must give extra charge to it. '

A useful property of a condenser is that when it is placed in a direct (DC) circuit,
it does not allow steady current of flow through it. A condenser used for such purpose s
calied a blocking condenser Its behavior n an altematmn current is f1ltogether different..

4.6.3 Capacity of Cylindrical Condenser — Subm‘u ine Cable

‘A metal cylinder 1s placed coaxially mside a hollow metallic cylinder of large
radius. The space between the cylinders is filled with a diefectric of dielectric constant K.
Then we get a cylindrical condenser. A submarine cable is a practical example of such
condenser. In a submarine cable, the inner conductor is a copper cable and the seawater
15 the outer-earthed cylinder. The insulating sheath (of polystyrene) forms the dielectric.
Let a and b be the radii of the mner and outer cylinders {or the inner and outer edges of
the dielectric) respect ively. (K is the dielectric constant).

1. Gaussian surface

r }'(_z_,r 44 Cylindrical condenser - 65




Between them. One of these cylinders is earthed. € camesm mner metallic cylinder B,
which 35 also coaxial with the outer. 1t can be moved a\laﬂ\n and out of A by means of
a ncrometer screw fixed on . This screw allows the muth of B nside A to be
accurately measured. i !

The cylinder A is usually surrounded by another eatfed cylinder to prevent the
leakage of charge to outside bodies. B and C are first carthe. A is insulted and is givena

charge. When B is moved into a by a distance 1, the change ; 1 Lapacny of A 1s given by

___-_‘CF1J‘ Where a and b are the radii of A and B respectively. !

303 login(b/a) !

Thus if its capacity for a particular setting of TIIICI‘OIHPtGI' 15 meastured by
companson with a standard condenser, its charge in capac,lryj‘ found with the help of the
above expression. Then this condenser can be used for meamnﬁ the capacitance of any
other unknown condenser. !

Example —1:; |
The parallel plates of an air-filled capacitor are everj:Lhere 1.5 mm apar{. What
must be the plate area if the capacitance were to be 1.5 farads
d
i

Solution:
C=_4( = f.EA = E[]A 'Ii
\Y Fd d ‘*
orA = Cd = 1.5x107 mx1.5Farad '
ey 8.9x 107 Coul/J.nn”

A=2532x 10%m" ‘ rfi!
. ' ' il
Example-2: .

- A capacitor €, s charged to a potential difference f’n The charging battery is
then removed and the capacitor is connected. As showxm figure to an uncharged

L
ciapacitor Co. Find the potential difference V across the combation.

Fig 4.6
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¥

Energy stored in the field of  charged condenser; and also describe the
construction’ working and the uses of various types of condensers.

4 The effect of dielectric media on the capacity of a condenser; ~
5. The dielectric behavior from the atonuc view point. '

5.2 INTRODUCTION

In this unit we will evatuate the capacity of a parallel plate condenser and ‘the dielectric
Constant, and discuss the influence of dielectric media on the capacity of a condensers.
Also study about the amount of energy stored in a condenser. - -

Study dielectricity from atomic point of view. Know about variable, Fixed and Guard —ring
condensers, Also study about the amount of energy stored in a Condenser. ' ’

5.3 PARALLEL PLATE CONDENSER

The concept of capacitance and potential were discussed in previous units. We shall now
discuss the capacity of & parallel plate condenser, '

A +Q
L — —1
i
L _ — n
_ B _ (r:.l. r -Q

Fig. 3.1 (a) Parallel plate condenser =

A parallel plate condenser consists of two metal plates usually in rectangular form
separated by a Dielectric, If the plates A and B, shown in fig 5. L a, are further apart, the
tubes of force at the end will be curved owing to lateral pressure and they will not be of
constant cross sectional area nor are they equally spaced. However, as an approximation we
assume that the plates are near enough so that the lines of forces are straight throughout the
space A and B, E and electric field intensity between the plated is also assumed to be
uniform.

The plates are of area A sq. m and given a charge of + q Coulombs. B is earthed. (earthing
means that the plate is connected to earth and is maintained at  zero potential. Usually
earthing is indicated symbolically as shown above. d is the distance between the plates in
meters and K is the dielectric constant of the medium, where in the condenser is placed. .

The potential difference between A and B is V Joules /couls,

Edr= — = — - : (5.1
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1s called ‘stator. The second set is called ‘rodor’, Such type of condensers are used very
: Y ¥

much in various fields of electronics whenever the variation of capacity leading to change
in frequency is needed, This is used in radio communications; televisions. Bt

5.4.2 Fixed condensers
Fixed condensers of® fixed cepacity are however made in the form of parallél plate

condensers. consisting of very thin layers of metal coated on to the surface of mica .or
paper; impregnated with paraffin, as the dielectric between them. The papers will then be
rolled up to occupy less space. A number of condensers can be piled up in parallel, with the
alternate foils fixed fo one end each, to vield a large capacity. Such fixed condensers are
sometimes arranged in boxes. ' : '

Ceramic materials are now-a-days used as low logs dielectric at all frequencies.

Electrolytic condensers are generally used to cbtain large capacity although the dimensions
of the condensers are-small. - ' -

5.4.3 Guard — Ring Standard Condensers

£0A _ -
The capacity of parallel condenser is given by ¢ = \bui it has heen assumed that
| - d/ .
the electric intensity between the two parallel plates remiains the same throughout the area -
of the plates. Since the field of force and hence the intensity at the edges is ot uniform the
above formula is only approximats. : ' '

oy O . A OY G
& 1 T o
PR B S A T S R R S A S
TR A A A R A
: gt A E ! ! g !}
g b ¢ P! § LI 8 " P
Y al : Eod ; p f £ i By ¢
N H | B e ¥ PR H ] E g
% 1 FE { B A i A 5 636.,
L' ﬁnﬁ,'
N B

: _ Fig 3.3 Guard ring condenser
The end effects were overcome by Lord Kelvin by using a circular plate surrounded by a
ring G m the same place as the inner plate (Fig 5.3). The area of B = the area of A+ G-
together. To Start with, B is earthed. A.and G are kept at same potential by means of
conducting wire (between A and G) and the wire is theri titted over to G. Field between A
and B is then uniform. : A ‘ T
a) Effective area of & plate = A’ = area of plate A = area of gap

Then C:;.{E!_ )
D -

) \ : L(514)
The distance between'tH€ plates can be altered by using micrometer fixed 10 B.
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- 1. Solve the folloﬁing pnl'(ljllblems

1. A parallel plate condenser has circular plates of 8.0 ems radium and 1 mm
separation.  What quantity of charge wﬂl appear on the ‘plated if a potential
difference of 100 V 1s applied?

Find he capacity of a condenser consisting of sphere and a concentric
Spheriéal shell of radii 9cm and 10 cri1 respéctively separated by air.

]

_ Fmd the potential of the sphere if it is given a charged of 13.3-X 107
Coulomba while the outer shell (1) insulated (i1} earthed _
(Ans: 3 X 10 Coul: 1.48 X 10” Coul. And 0. 48 X 10

it

Sphere of radius 10 ems is charged to a poténtial of 3.33 X 107 Coulombs.
One sq .mm of gold leaf spread on the surface of the sphere is removed to a
Domt 20cms from the sphere. - What is the work done? -

: (Ans 5.3 X 107" Joules)

4. A cable has a copper core of 4 mm radius. This is surrounded by one Jayer
of msullmﬂF material and the inner layer has a thickness of 5 mm and

dielecmc constant 3.5. Find the capacuy of T.cm length of the cable. .
: '(Ans: !OOC GS units)

5. ‘Two capacitor (2.0 wand 4.0 u F ) are connéeted in paral]él across a 3600 V
potentla] dlf’ference Ca!cu]ate the total stored energy i the system, _
- - '(Ans:0.27 Joules)

6. Fmd the equivalent capacitance of the combination given in Fig IL1 and
determme the charge oneach capacuor

FigIl-1

Q) Cx—lOpF C.=5pF, C~—4uFandV—]OOV |
(Ans: 7.33 uF; = q: =333 0 G q:=100{1C) -

(n) C;—S].lF C.=4uF, C—luFandV—lOOV
{Ans; 322qu1 222|.LCq1.1OO].1C)
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where q is the free charge.

But V= -|E.dr=Ed o .. (5.5) *‘
gk AE : _
So,C=q/V= ———  Farads S ..(5.6)
Ed ' ’
KA

In CGS system C =

CGS units .. (57

4nd _ _
The effect of introducing an insulated uncharged conductor benveen the plates of an air
condenser is merely to reduce the extent of the field between the plates of the vemdenser.

The separation hetween the plates is shown in Fig 3.1c .There can be no field inside. C.
Hence potential difference (pd)

= ad, + G(d—dr—t )
81) eu
D_ S (@d-t) ;. . (5.8)
Eo '
S.AC EnA
Capacity = = -
o(d — t) d -t (59
TN T — ]
r _
i d, ~o= L
e YT s T R R L e R
U Lot G i (et )
-?-, +T l
{ i
G - '

-.igir

Fig 5.1 ( ¢ )Electric field in a parallel plate condenser

Charge in capacitance due to introduction of conductor

C_8A  8A _ At

(d-t) d dd - t) | . (5.10}

If the dimension of the plates and dielectric are given in cms, the capacity will be in esu
which may be converted into micro farads by dividing by 9 X 10° - Thus the capacity of a
parallel plate condenser, with dielectric of constant K filling the space is '

~
4 .
’
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There are two cases:
(a) When the charges Remain the Same

Mechanical force or force of attraction per unit area between inside surface of each plate is
equal to the outward electrical pressure over unit area of surface of A. It is given by '

B &
F= = U N/m?
26K 2e.kA”

Where o is the surface density of charge on A. Therefore the force of attraction
between A and B, each area a sq .m = i N: and the work done is separating the plates

28.KA _
by a distance d is given by W = force X distance — €’d _ Joules.
280KA
2 .
So, W= - qd - (5.15)

2e.kA

q’d

If k = 1, force of attraction = - N. Thus when the charge remains sarne, the force of

- | 20 e - .
attraction- bétween the plates with a medium having “<’ as dieleétric constant is (1/K) times
the force with air as dielectric. ' '

Since the generally measured parameter is the potential on the plates and not the charge, the
expression for the force of attraction is more useful when expressed in terms of the
potentia! difference between the plates instead of charge.

(b) When the potential difference between the plates remains the same.

When both plates are connected to the two ends of a battery, i.e., positive end to A and
negative end to B. (Fig 5.1¢) ' '

Since q=CV = EKA  VandF- 0" the force of attraction per square meter.
d . ’ '_. 2K§0A2
22 R
F= (KeA. VD) _ K&V N/m? ' ' ...(5.16)
2KE A’ 28 | |

It shows that if V remains constant, the force of attraction is directly proportional to K, Le.,
the force on a dielectric medium is K times that with air as dielectric




Hence the total work done by charge qis - - 0 = ik

l

- q
W= j VdgJoules

But V is not constant, It is function of g.So, N
a 2 i .

w=) gedq-C - Lgqy-LCv
° 2% 2 2 o {522

~This eqn *5.22) represents the energy stored in charged condenser.
W will be infoules if  is in coulombs, C in Farads znd V in volts.

For a parallel plate condenser having the surface density &, area of insulated plate A, and
the distance between the.plates, d. the energy isgivenby . .. -

Energy- = Llqle- 1 5 - O (Ad)
2 - 2ANY kAo 2xe, (5.23)
and enorgy density = _ 9 _
ke N\ R RZY

Thus the energy of a’ parallel plate condenser is the same as the mechanical work Gose in
separating the plates. " This energy resides in or is stored up:in the dielectrics. Thig crergy,
can easily be demonstrated with a Leyden jav of detachable parts. The gnergy b stored up
] bl . . ] o> . . .
is equal to %KE, E° Joulés/m, of the dicleciric. This is also the energy of a charged

conductor, as this and the surrounding walls, with air as dielectrics form a condenser.

If the potential (V) i5 the same for both conductors ( one having r, as dielecizic} constant
and the other with air), the conductor with dielectric will hdve an energy k times thay of the
conductor surrounded by air, This is true for any conductor or condenser.
i : .

Let the plates be connected to the ends of a battery and charged to+ ¢ and —q respocivvely.
If the battery is now removed so that the charge remains the same, and the dieleciric {of
dielectric constant) is introduced between the plates, ihe potential is reduced fo 1k and the
energy q/2¢ is also reduced in the same ratio (of 1/k) . the energy which has diszppearsd
has been used m ins.«ferting the dielectric. Tf on the other hand, the battery connection 15
retained and the dielectric is introduced (so that the potential remains constant), the charue
and hence the energy are increased K times to their initial values.” The extra enerzy is
supplied by battery. . When the dielectric is introduced partially in between the plates of a
condenser the energy tends to a position of minimum energy- and hence the disleciric will
be drawn or sucked into the plates. _ S

Thus two simitar conductors of different materials, ,CIIiargejcrlr'tq the same potential, will have
their charges and energies directly proportional to their dielectric constants. '
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Energy after contact = — 1 _ _ o : e
L o 2 C  2x30x 10% ._ SR L e
6 54 J\Qu]‘es A ’ . - o o . S .:_-‘\ CREE LT
So loss of energy = -;6.0? Joules
o i 00315
Common potential = —= ————=1050V
' C 30x10°

Example —35 '

Assuming the earth of radius 6.4 x 10 mto be a charged sphere in free space and Wlth an
electric field or 300 V/m at its surface, ﬁnd the energy of its charge, .ad the heat Uenﬁra‘ted if -
it were completely dlscharged :

Ll

Electric intensity = 3QO V/m . S
.. charge is given fronfil Eqn. (5.4) for E = S = Q-

- ' | ' - _- 8:(; A80
So, 300 = q: '

47 (64x 106) €o
orq 411: (300) (6.4 x 10 ) £o

'= ¢ _ (475) (300)? (64x106482

2C ¥ 2x4 TEL(6.4x10%)
=2 7 (300)? (6.4 X 10%,
=131 x 10" 5 joules }@

Heat produced = 1. 31 x 1% =3.12x 10* cal

4.2
Example 6: ; ' : :
. The intensity of electric field dueto a sphencal conductor of diameter 4 cms at a distance of -
20 cms from its center is 30 V/cm. Calculate the energy of the conductor. - '

SOLUTION: o )
E =3000 V/m . o
C =4ne, (0.02); Vat 20 cmn = |
' 411:80(0 02)
V=Ed= q orq 4neo (0. 02)3000 (O 02)




The mdua‘ed surface charge will abways appear in such a way that the eiec*lf»., field due to
them E' opposes exterhal electric field (E,). The resultant field E is Eo+E! ' is in the same
direction as E,, but is smaller. Thus the induced surface charge in a dielectric due o
external field, will always tend to weaken the original field within the dielectric. This.
weakening of the electric field reveals itself as a reduction in poteniial difference between
the plates of a charged isolated capacitor when a dielectric is introduced betwsen the plates:

More specifically, if a:dielectric slab is introduced mto a charged paraliel-plate condenser,
then ' : ' -

Eo = Vo g

E Yy f ..(5.26)
induced eiectric surface charge is the explanation of the most elementary fact of static
electricity. A dielectric body in a uniform electric field will not experience a net force

5.7 DIELECTRIC CONSTANT

The dielectric constant r. or relative permitivity depends upon the temperatiire, pressure and
crystalline state. It plays an important role in electrostatic phenomenon, It has & much
higher value for solids and liquids than for air. The dielectric constani of the material may
also be defined as the ratio of the capacitance with dielectric (C') (inserted in between the
plates of a parallel plate condenser) to that without the dielectric ( C). Tables 5.1 give the
properties of some dielectrics. ,

Variation of dielectric constant

The dielectric constant of the material depends not-only on 1ts purity but also upon factors
such as temperature, Frequency of the applied voitage, humidity etc. Dielectric constant for
solids increases with raise in temperature while for ligquids, it decreases with' increases in
temperature. : o o
Table 5.1 Properties of some dielecirics

Substance  Dieleciric Dielectric | ~ Dielecric Dielectric
/Constant Strength * . Substance Constant Strenght™
-k : _ (kv/mm ) - k _ - (kv/mmy)
Flint | 5.0 | Vacuum 1.00.000 «
Crown glass 8.9 " Paper 3.3 14
Siphur - 24 . Porcelin 6.5 4
Ebonite 3.2 B ' - Fused quanz 3.8 8
Paraffin - 4.0 Bakelite . 438 12
Rubber 22 . Polyethylene 2.3 50
Mica 46 | - Polystyrene - 26 25
Acetone 210  Teflon(PTFE) 2.1 60
Ethylalacohol 26.0 - : ~ -Neoprene 6.9 12

Distilled water 70 - T2 100 6
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r . - - '( a ) . .
Where q represents only free charge, the induced surface ¢narges being excluded. Tabie 5.2
gives the properties of electric vectors D, E and P.

Table 5.2 Three Electric Vectors

Name Symbol  Associated with Boundary Condition
Electric field strenght E All charges Tangantial component
' continues
Electric displacement D . Free charges only Normal companent
Continues.
Polarization , P Polarization charges Vanishes in
' Only vaccumsm
Defining equation - -
For E F=qkE
. iy iy
General relations amount the three vectors B= g0 E+P
. . . . = der
Gauss’ law when dielectric media $ Dds=q
Are present {q. free charge only)
. . > )
Empirical relations for certamn D__; KEOE
Dielectric materials P = (k-1)g.E

- Unoform dielectric
A description of a dielectric at an atomic level and the surface cabrges induced on account
of incident external field is given in earlier section. Also the variation of potential and the
electric field intensity are also discussed earlier. The variation in capacity as well as
potential and other parameters such as electric displacement D, as a resuit of introducing a
: umform dielectric medium like glass is also dlscussed garlier.

We shall now discuss how the capacity, charge, potenuaﬁ difference, elecmc ﬁeid nmensrty
and displacement will be affected when the space in between the parallei plate condenser is
filled with compound dielectric. '

510 CAPACITANCE OF PARALLEL - PLATE CONDENSER WITH A
COMPOUND DIELECTRIC

On the introduction of dielectric in the space between the plates of a condenser, there isa
change in the poteniial difference between A and B (Fig 5.7) For calculating the poteniial

difference between A and B, we use the expression V = G§ E.dr for air and for dielectric.




5.9 ELECTRIC DISPLACEMENT ELECTRIC POLARTZATION A\ID ELECTRIC
F IELD : '

)

For simple problems in electromagnetism such as rectangular slab placed at right angles-to
uniform electric field. the treatment of dielectric presented in earlier lession 1s sufficient,
For treatment-of more complex problems — such-as finding E in a dielectric pIaced in a non
uniform external electric field, a new formation presented below is necessary

The induced surf'ace charge per unit area of the surface is called electric polansatlon

The name *polarisation’ is su1table because the induced surface charg,e q' appears when the
dielectric is polarised. The electric polarisation, P can be defined in an equivalent way by
multiplving both numerator and denominator by d. the thickness of dielectric slab‘

P = (qY/Ad) : (5. Jla)
q d gives the induced electric dipolemoment where as Ad gives the volume of the slab,
So electric polarization can also be defined as the mduced electric dipolemoment per unit
volume in the dielectric. This suggests that P should be a vector quantity since the induced
dipolemoment is also a vector. The direction of P.is from the negative induced charge to
the positive induced charge.

If q and gl are the free and induced charges on the plates respectively. ‘A’ is the area of the
plates, they are related by the equation.

izgn q .+.q1

A © (KEy A) A o '_ o .(33D)
We can rewrite this equation as

o o g
9 = gE+P S (33
A :

The quantitv on the right hand side of Eqn. (5.33) dceurs so Ohen in electrostatic problems
we give it the special name “electric dispalcement’, D: '

So D=¢g, E+P L . (5.34)

Where D = g/a , - o S ...(5.35)
Since E and P are vectors, D must also_ be a vector.

in more complicated problems, however,. D, E and P may vary both in magnitude and
direction from point to point. From the definitions. We observe the following aspects.
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tn general if there are numbers of dielectrics with dielectric constants x; , x; and or

thickness t, t .......... respectively and are placed in between the pIates of parallel plate
condenser, we have p.d.

] Y
= G El(d——(tl+t2++...+)+-i - +J and the
B~ K K7 . (5.47)
Ag,
CapacitanceC=((d = hlk—) o n(o-l) )
'\_ X Ky .. (547
A&,
kl %2 K3 ...(5.48)

Eqn 547 applieswhen d<[ti+t;+t3+ ...]and
Eqn: (5.48) applies if there are various dielectrics in place of air

But there will arise another case when dielectric is partly inside the plates A and B and |
partly outqlde [Fig. 5.7 (b)]

Then the capacity can be worked out on the following lines.

Let Al and A2 be the areas occuiped by air above and the dielectric between A and B
respectively. 1f we assume that the tubes of force in air are straight except at the edges of
the plates and the dielectric.

D = Azg() + AIEO

d—({x=1) E] d

K

... (5.49)
Thus it A; 1s decreased, C (i.e., capacitance) decreases.

ltt=d[Fig 5.76)], C = K828 4 A€o
d d ..(5.50)

Also if “17 is the length of the plate and ‘X’ is the length of the dielectric inside, and A is the
area of the whole plate, then :

A = (1-x) and Ay, +A; =A ‘

A; T | . _ | |
x 1 . v
AndAl = L2X AjA2 = = A | =

! ' I
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8.9% 107 = 2.0 x 10° yoli/m

KEu 5x80x 10"
1 =5 . -12
D= cocE = 2~ X89x10"x89x10 Volts/m

5x89x 10"

pd E'd =2x10°x0.5x 107 =1 x 10 Volt
Example — 2: : :
A dielectric slab of thickness 0.5 cm and dielectric constant 7.0 is palced between the
plates or parallel plate condenser of plate of area 100 ¢cm® and separation 1.0 ‘cm (A)
p.d. of 100 V is applied without the dielectric. Calculate te capacitance C, before the
slab is inserted. : : : '

Solution :
co A _ _ (89x10" Cou Nm? (107 m?)
d : 1x107%m

C=89 uuF
The free charge q=CV=8.9x 10" x 100

=8.9x 10" Coul.

Because of the technique uséd to charge the capacitor, the free charge remains
uncharged as the slab is introduced. If the charging battery is disconnected, this would
not be the case.

An application of Gauss’ law indicates.

= _ : . '
g0 J K Eds=g,Kk EA=q (Since k = 1, because the surface over which we evaluate
the flux integral does not pass through the dielectric) '

’ 1n-10
So.E = 1= 89X 10¢ voiym

A 89%107% 107
Note that E remains unchanged when the slab is introduced. But electric field strenght
in the dielectric medium change and is-given by

_ . gk E'A =q | .
Here k appears because the surface cuts throughout the dielectric and that, only the free
charge ¢ appears on the right. Thus we have :

Con 3 .
=9 = _E o IxX100 010 Volym

KELA K 7

The potential difference between the plates |
v=l Td=E (d-t)+E't

=1x 10" (5 x 107+ (0.14 x 10* x 5 x 107)
V=157 Volt.
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10. would you except the dielectric constant for polar molecules to vary wrth

temperature? Why?

11. Discuss the following statement: the permitivity- 15 ‘a measure of how easily a

dielectric will permit the establishment of electric field lmes wﬂ:h the dlelectnc

III Solve the following probiems

When a slab of insulating material of thickness 8 X 10 mis 1r1tr0duced between the
plates of a paraile] plate cendenser it is found that the distanceé between the
plateshas to be increased by 7 X 10™ m: to restore the condenser capa(;lty to its
original value. Calculate the dlelectl ic constant of the material ’

_ : (Ans K =38)

2. The dlstance between the plants of parallel plate condenser, i1s 2.4 X 107 m. A
rectangular slab of thickness 1.2 X 10* m and dielectric constant 5 is place din -
between them and the distance o

{ (Ans 36 x 10™m)

3. Two rain drops, a long way apart, have radius of 2 and 2mm 1espect1vely Their
potentials are 40 to 60 esu. Respectively. What will be the change in energy if they
ccoalesce”? What will be their potential?

(Ans : 408 ergs.856.¢su)

4. A 100 yp F capacitor is charged to 100 V After charging, the battery is
disconneccted. The capacitor is connected is parallel to another capacitor. The final
voltage is .)O V. What is the capacnance of all second capacitor.

(Ans 267 pu F)
5. Foragiven palai el condenser A = 0 01 sqm., d = 0 OSm p.q-= 100 V, when air 1s
used. If air is replaced by glass of K = 6, caleulate the new capamty and new p.d.
: - - (Ans 640 up F; 16.67V)
6. Find the mechamcal stress per sq.cm on 1 the glass plate of a condenser charged to a
- potential of 30,000 V.K and t ‘of glass are 4 and 4 X 103 m. respectively. Find the
“electrostatic forece per unit area of an insulated spehre of 5 X 10-2 m radius,
charged to 1??' X 10 Cou]
: (Ans: 99.51 N/m?; 44.78 N/m?)
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; Example — 4:.

Derive the expressmn for cahnﬂe in energy ofparal]e] plate condenser when a dlelectnc
constant K and thick:ness t is introduced between the plates:
(a) When the charge remains the same:

v When the potemial remains the same | '
Solut:on

Cha1 s_e remams t‘ne sqme

ot s :
(a}) When the capacity = ——
. ' d-t {I-1/k)
Q7 q N
Soenergy —=— | d-t(1-—) |
2C 2Ag, k
Thus the energy is reduced on tlie insertion of thie stab by an amount equa] to
C (1 -1/%)
2Ag,

(a) Ifd =t i.e when the slab thtckness is equal to the air’ 0‘ap of the parallel plate -
condenser the decrease in energy is g '

2xAg, o "'
{b) When the potent:a] remains the same 1 ¢., when the battery 18 kept connected to the
plates. : :

|
ASOK ) R .

The new capacity = - 1 B ' . |
- [d-t(l-l/k]F ) NN

and hence the eneroy =1 CVi=

Vo AsgVD o ".l
Td=t(-1] o \
. : L o !

Hence the energy is greater on introducing the slab than without the slab

Thus the above two cases indicate that (a) the expression is to be used when the charge
remains the same and (b) 2 CV? is to be used when the potential remain the same

5.11 SUMMARY

The capacity of a paraliel plafe condenser is directly proportional to the are a of Cross
section A and is inversely proportional to the distance d between the plates
C = A s :

dnd

Positive and negative charges will be separated by the introduction of a dielectric material
in the electric field. This separation of charges ts called polarization. Molecules

Can be divided into two categoreis; polar and non-polar molecular, Polar molecutes have
permanent dipolemoment where as non polar molecules do not have permanent
dipolemoment. The dielectric constant is defined as the ratio of the capacitance with the
dilectric to that without the dilectric.

The dielectric constnat depends upon pressure,
temperature crvstallme state and the frequency of thé applied eiectrlc field.” Dielectric
constant varies with .fempela!u,'e
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UNIT 6: ELECTRICAL CONDUCTIVITY

Contents

0.1 Objecrives

6.2 Introduction

6.3 Drift velocity

6.4  Resistance

6.5 - Resistivity

6.6  Ohms Law

6.7 Temperature coetficient of Resistarce

6.8  Resistivity from atomic view point and mean free path
69 Summary ' o c | e
6.10  Model Answers | |

6.11  Sample examination questions

6.1 OBJECTIVES

This umit wiroduces the concept of current density and reswstaiice, resistivity and
conductivity to make you understand the concept, the umt examines.

1.
2.
3.

The motion of elecitons in a conductor.
The flow of current in a conductor.

he relation between the conductmtv of a conducter and the moblhtv of the .
charge carriers; (2) the variation of resistivity with temperature. -

After gong through the unit you wili be able to

Explain what the current and the current density in a conductor are;

Distinguish between the velocity of the variation of the elecirical fieid and the
drift velocity.

Understand why the resistivity of 2 conductor does not depend on the size or
shape of the conductor; and

Tdentify non-ohmuc type of conductors.
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dy = NA ¢ FVydr | - AL

The rate at which the charge 1s transported across a section of the wire 1s dq and lt 15
called the current in the wire. Current is represemed by L ' -

dt

From Egns (6.1) and (6.2) the i is given by
F= NAely (63)

The MKS unit of current is one “Coulomb. per second” and is called one
“ampere”. Generally small currents are expressed in milli amperes (ma = 107 amperes) or
in micro amperes (xa = 10°° amperes)

In general, if any number of different kinds of charged particles are present (as in
the case of neon tube) in different concentrations and moving with different velocities;
the net charge crossing a surface in time dt 1s

d(] zAdf ﬁV';q; V‘i }ngg Vz + N_zq_! V_:‘i’ ) _ (64)
and the current is
= dg = AXNVa _ K ‘ ...(6.5)

dt

The free electrons in a metallic wire carrying current are distributed uniformly
throughout the wire and the current in the wire of constant across section is distributed
uniformly across any section,

The “current density’ in the wire, usually represented by J is a vector quantity
and it depends on the ratio of the current to the cross sectional area A.

JeiAd=N,Vy ., o (6.6

The above equation defines the average current density over an area A. But if the current
is not uniformly distributed, one has to consider an infinitesimal area dA across which the
current is ‘di’ and has to define the current density as

J= i ~{6.7)
d4

Current i is a characteristic of a particular conductor. Like mass of an object, length of an
object, density of an object cufrent is also a macroscopic quantity. The corresponding
related microscopic property is the current density j. In a conductor | is characteristic of a
point rather than the conductor as a whole. The relationship between J and i is that, for a
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Iig 6.2 an impressed electric field causes the electrons to driftwith a velocity V, rowmds"
the: nghr What is the direction of E?

The drift velocity Vd can be computed from the current den51ty I fig 6 3 Shows
the conduction electrons in a

” ]
. O=- == o A
' OE- E_—__@: :

: . |

) R

Fig 6.__3 Electrons drifting in a direction opposite to the eleciric field in a conductor

Metallic wire moving the left side of the wire with constant drift velocity Vs and where as
the field E is acting toward right. If N is the number of conduction electrons per - unit
volume the number of electrons in a volume ‘Al’ is NAL A chanfse of magnitude

¢ = (NAL)E ' _ : -..(6:9)
passes through the wire, through its right end in a time ‘t”_and is given by, . _ '
t= L | (8:10)
\Y . : .

=9 B =N Ay, , . (6.11)
Solving for V and by putting I =1 /A, Eqn. (6.6) yields
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102 Amp

(34X 10%electrons/co (1.6 X 10 Coulelectron)
Vi=0.008 cms - o

It means, the electrons in this copper wire will take 125 sec to drift 1 cm. So the dnift -

speed of electrons should not be confused with the speed at which changes in electric |

field configuration travel along wires, a speed which approaches the speed of light.

6.4 RESISTANCE

" Even in conductors, charges are not perfectly free to move. As shown in Fig 6.2
the charges follow a zigzag path. This path is the result of collisions of charges with the
stationary portions of atoms consisting the conductor. During these collisions, as we
have discussed earlier, the moving charges lose much of their energy flow acgunired as a
result of the electiic field in the conductor. This lost energy always appears as heat i the
conductor. In short, this conversion of electrical energy to heat can be viewed as being
due to the frictional force of the moving charges. '

If the potentiat difference of same magnitude V is applied between the ends of &
copper rod and of iron rod different currents result. The characteristic of the conductor
that enter here is its resistance, We can define the resistance as the ratic of the potefitial
difference v applied between the ends of the conductor to that of the current I flowmg
through it. 1t is represented by the sign.

R=Vl

© To understand the concept of resistance ii-is customary to compare the flow of

charge through a conductor with the flow of water through a pipe, which occurs due to
the difference in pressure between the ends of the pipe, established by a pump. This
pressure difference can be compared with the potential difference established by a battery
between the ends of a resister. The flow of water (let us say em'/sec) is compared with
the current {coul/s or Amp). The rated of flow of water for a given pressure difference 1s
determined by the nature of the pipe. Is it narrow or wide? Is it short or long? Is it empty
or filled with sand or gravel? Etc. These characteristics are analogous to the resistance of
a conductor.

6.5 RESISTIVITY (SPECTFIC RESISTANCE) ARD ELECTRICAL
CONDUCTIVITY

ks

We have seen earlier when current is passing through a conductor it offers
resistance to the flow of current. It is analogous to viscous type friction force acting on
the moving charges even though the actual force is not such simple. Swce the viscous
retarding forces are proportional to the speed of the object, one  would expect, °
approximately, the drift velocity Vd of the charge “q’ to be proportional to the electric
force tending to make it move, namely Eq. Then we shall write '

~ V4B S . | (6.13)
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Example 1: ? B

A cylindrical carbon rod has a diameter 2 cm and & length of S0cue “What is the
res]istance measured between the two ends? The resitivity of carbon is 3.5 X 107 Obing at
20°C. -

Solution: R = (3.5X 10" Ohm-m)(0.50m)
1 (0.01m)*

= 0,055 Ohm.

Eqn. (6.7) can be used to define the resistance of anv circuit elemsnt. If a voltage
difference V' exists between its two ends, and if 2 current ‘i’ flows through it, the
resistance of the element is defined to be : '

R=VA

The units of resistance are volts/Coulomb per second or volts per ampere. This
unit is called ohm (Q). The units for resistivity are Ohmrmeter. The units for conductivity
are Ohms (Q)/meter !

6,6 OHM’S LAW

Eqa. (6.7), V = iR is always true provided a steady current is rnaintained through
o resistance element by a fixed voltage V. The ratio V/i is defined to be the resistance of
the element. This equation was first found experimentally by George Simon Ohm (1789-
{845). He implied that R is independent of V and 1 over reasonable ranges of V and i
The relation R = V/i is known as Onm’s law. In general R i not a constant. We have to
discard Ohm'’s idea that R does mot vary. Moreover heating of material changes 1ts -
resistance. S ' . : i

As a result Ohm’s law fails. Eqn.(6.7), one major portion of Oha's law, is
atways true if V and T can be reproduce. As long as the temperature is k=pt constant

almost all the metallic. conductors obey ohm’s law. (Fig 6.2) Many condusters don’t
obey Ohm’s Jaw. For .

o8
o6 : o Fig. 65. The current
/ : variation os a funciion of

a0b , / ' _ potential  difference in @
£ : ‘copper  wire, This obeys
< , . Ol s law :
o /.' ' . ) .

Q o2 . O4 O-6
- Y.VoLTs '
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o=pullta(t—ted] T (620) -

o p— 140t~ AD] .

e 2P 2 L p-pre o - (6.21)
Y _At - ‘.:me -t rer

In this relation p is the resistivity at temperature t, and prr is the resistivity at
some reference temperature, twr O is an expermmental constant called the temperature
coefficient of resistivity and is given by the relation (6.3a) '

The resistivity of copper 1s 1.7 X 10" Ohm-m and that of quartz is 10 Ohm-m.
Few physical properties are measurable over such a range of values; Table. 10.1, lists

some values of p and o for common substances.

Table 6.1 Resistivities and their Temperature coefficients.

Material . Resistivity (P) at 200C a ai20°C(per’C)
Silver 1.6X10° ' 3.8X 107
Copper ; 1.7 ' P~ 3.9
Aluminium . 2.8 ' o G ' 3.9
Tungsten _ 5.6 = 4.5
v Nickel L 6.8 ' P ' 6.0

Iron 100 : : 5.0
Manganin - 440 . 1000.0
Graphite {carbon) 3500.0 ' -0.5
Glass o - 1ot Yy . -
Amber o 5x10M -
Quartz (Fused) 75 X 10" o \ -
Check Your Progress

1. - The current density in a wire represented by J given interms of........ S

2. Drift velocity of an electron is given by . -

3. “Equation for temperature co-efficient of resistance is given by -

4. Conductors which do not obey Ohm’s law are called

Note: _
" a. Space is given below for your answers. :
b. Compare your answers with those given at the end of the unit.
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Fig 6.8 the solid lines indicate an electron moving from K to L making six collisions.
The dashed line show what could be the electron path in the presence of an external field
E. Note the sready drifi in a direction opposite (o E. "

|
1

The drift ‘velocity can be obtained in term of the applied electric field E and v and 3.
When a field in applied to the electron in the metal it will experience a force eE which
will impart to it an acceleration a given by 2™ law of Newton.

F E -
n - n . ..{6.22)

Let us consider that an electron bas coliided with one positive ion-core.

Naturally at.its.next collision the electron’s. velocity will have changed the average by
a (1/v), where (1/v) is mean time { taken between collisions, The drift speed Vd, iz

Ve= a[_% - E. A, T=A 2 62
v m. v v ) L : o

e

We may write V1 in terms of the current density J | (qui. (6..2'2)1 and combiming Eq.
(6.10) to get. o :

noo=X b
_‘3 I Ee
d= — = A
Ne . my

Combining this with Equ. (6.16) (E/] = p) leads finally to

p = ’ B ' S -:':5.24‘;‘.
Ner. ' T ' ' '

This equation can be taken as a statement that metals obey Ohm’s law if we can show
that v and A do not depend on E. In this case p will not depend on the applied electric

field £, which is the criterion for a material to obey Ohm’s law. The quantities & and-v .

depend mainly on the velocity distribution of conduction electrons. v is of the order of

10" cm/see and Vg is of the order 107 to 10 cm/see. The ratio is approximate 10",

Hence for all practical purposes the right hand side of Eqn. (6.2) is independent of E and
the material obeys Ohm’s Law. '
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Fig 6.9 Transfer of charge in a portion of the circuit

In a time interval ‘dt’ a quantity of charge dp= idt enters the portion of the circuit under
consideration at terminal o and in the same time an equal quantity of charge leaves the
terminal 3. Thus there 1s transfer of charge up from a potential V,, to a potential Vp. The
energy W grven p by the charge 1s '

AW =dg (V- V) = idiVap ...(6.25)

The rate at which energy is given up 18 given up, or power input

Pe 2= vy . .{6.26)
di .

- So the power input only depends on the magnitude and relative directions of currents
and terminal potential difference. The power input is equal to the product of the current
and the potential différence. If n is i amps or Coul/s, and the potential difference is i
volts or Joules/Coul, the power is in Joules/s or Watts, since '

Coul X Joules = Joules/s=Watts
-8 Coul

Eqn.(6.25)is a general relation and holds good for many circuit element between o énd_ B.

In a special case in which, the circuit element between o« and [ is a pure resistance, R
all of the energy supplied 15 converted inte heat and in this case the potential difference.
Vap 18 given by '

Vop = iR {6.27)

Hence P=iV= 1 x iR =R

orP '~ VB (SinceVop = iR) . oL (6.29)
R

Here 1n this case we may set




. Example 2;

A current of 0.25 Amp flow!; through a 2002 resistor. How much power i 15 lost m the
resistor?

Solution:
Applying Eqn. 1e, P=1V = 'R
P = (0.25)" x 200 = 12.5 Watts,

So, in this case 12.5 J of energy is lost each second and kence 12.514 185 or abouf 3
cal of heat 1s generated each second.

Example 3;

A bulb rated 220V/100 W is operated from a 220 V power source. Find ihe current
flowmg through it and its resistance.

Selution:
F=Vi
i =_p = 100W = 0.45 Amps
v 20V

Since the potential drop across the bulb is 220V and the current is 0.45 amps, Ohra’s
law tells us

R- V2 =4840

i n.45

6.9 SUMMARY

In a good conductor there are number of free charges. These charges move under the
influence n an external electric field. Current per unit area s called the charge density.
Charge density is proportional to the magnitude of the charge (q), number of charges
carries (N), and the average drift velocity.

Conductivity of a conductor depends on the mobility of the charge carriers & ihe
resistivity and conductivity are the intrinsic properties of the material and depeids on the
temperature but not on the size or shape of the conductor. At a given temperature the
Potential difference between the ends of conductor 15 directly proportional to the current
flowing through it. It 1s known as Ohms Law. ' Vacuum tubes gas tubes, semiconductors
and thermistors and thyristors do not obey Ohm $ Law These are calied no-Chmic type
of conductors

Electrons are the carriers of current. Moving charges constitute the current, While
moving electrons colliode with positive ion cores. Which results in the transfer of therr
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M.

1.

" Answer the follewing ‘questions briefly -

Derive the expression for, eléctrical power in a conductor. -

Basing on the conductmty scale can you cla551fy the elements" If s0 what are they"
Give some examples i each case. '

Can you imagine a phenomenon at very low temperature (near(}l K) the resistance
of a metallic conductor becomes almost zero? What is that phenomenon? Write a
brief note on this phenomenon. ' o

What s semlconductor‘? Explain why the resistance decreases with mcreasmg
temperature in the case of a semiconductor.

. What 1 Is magneto resistance? lee some examples.

DlSthUISh clearly between the electron ﬂow and the conventlonal current

What is wrong with the following statement the resistivity f a matenal is directly
proportional to its length’? Rectify the statement and explain, .

Distinfruish _betwee’n current and current density.' )

What 1s the difference between electromotwe force and potentlal dlf‘ference” Are
they same? What are the units?

10. Explain the concept of resistance of flow of current in & conductor. -

Solve the followmg pmblems

1.

A silver wire has a radms of 1.0 mim and it carries 2 amps current.. Find the current

density n the wire

(Ans:6.4 X 10A]1i12)

What voltage dlfference is requlred 10 sent a current of 2 amps th_rourrh 50 cms 01
wire in the above example?

- (Hint: Use the expression R = A/1) o (Ans: 5.4 X 1_0"’V)

Calculate the drift speed in the problem-1 | _
: : {AnsVd=7X '10:5m/sec)

A current of 5 amps exists in a 10 Ohm resistor for 4 min. (i) How many Coulorbs
and (i) how many electrons pass through any cross-sect1on of the resister in this
case? .

" (Ans 1200 Coul; 7.5 X 102‘ clectrons)

A square aluminium rod 18 edcre 1.0 meter leno and 5 0 mm on edg,e

(a) What is its resistance between the ends?
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Avagadro Number x density 6.0x 10% x 8.9
[Hint: Use in = : = — ] )
Atomic Weight : 59 -

6.12 GLOSSARY

1. Incandescent light produced by glowing filament.
2. Statical machine A machine that produces high potential using static electricity pr'iilciple‘

3. Thermoelectricity Thermoelectric eﬂ‘fé:étsl involve conversion of heat energy i oo
electrical energy, Example: Thermocouple

4. Thermistor thermally sensitive resistor, in which the resistance decreases with increasing -
temperature. '
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maintaining the contintous flow of water through a system of pipes as shown i Fig. 7.1 (b).
The source of emf must do certain amount of work on each unit of charge, which passes
through it in order to raise it 1o a higher potential. The work must be supplied at the rate at
which energy is lost in flowing through the circuit. '

] S8+

rl

N
-
.

\&
: ta) : {6} -

Fig 7.1 ta) Mechanieal analogy of a water pump
7.1 (b) Sources of emf in an electrical circuir.

1. Water pump 2. Valve 3. High-pressure 4.
Lose pressure 3. Swirch 6. High poriential 7. Low potential.

By convention, we assume that the current consists -of a flow of positive charge even
though in most cases it 1s negative electrons. Hence the charge loses energy in passing through
the resistor from a higher potential to a lower potential In the analogy of water pump, the
water flows from high pressure to low pressure. When the shut off valve 15 closed, pressure
exists but no water flows, Similarly when the electrical switch 15 open there 1s voltage but no
current. Since the emf is the work done on the unit charge. It is expressed in the same unit as
potential difference i.e., Joule per second or volt. If dq is the charge crossing a section through
the source of emf in time dt and dw is energy transformed in this time then the emf is

E = dw/dq. . {71
Therefore the work done by the source in time dt is
dW =E dg | | (712)
And the rate of work done or the power 15

=%‘[L = %] =Fi ' . :..(7.3)

“ A source of emf of one volt will perform one Joules of work on each Coulomb of
charge which passes through ™
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Fig 7.2 (a) 4 single loop circuit. The rectangular block is a seat of emf E with an interaal
resistance r.

(a) The same circuit is drawn for convenience as straight line. Directly below are siown
the potential changes that one caties across in traversing the circuit clockvise.
(1) Sear of emf (2} Eternal resister ~ (3) Potenrial, Volts

Example 1:

When four resistance are coanected between x and y in series so that there is only one

conducting path through all these resistance as shown in fig 7.3 what is the effective resistance

R of all these resistances?
il

Sglution:
X

AP
y R

L e

TLIE B

R3
Fig 7.3 Four resistances are connected in series between the term inals x and y




Solving for Yields

i = Eg—El
R+I‘1+I‘g

i=_{8=4)volts  -4/16 = 025 Amp
(10+2+ 4 Ohms

(a) The potential dlﬂ'erence between x and y can be obtamed by starting at y and traversmg the.
circuits to X

TN - l}x ii ARAAL—)

_ Fig 7.4 a) Srngie loop unit - ,
a) The same ci retiit Jor convenience is schematically shown as a straight line.
The potential differences encountered in traversing the circuit clockwise direction jrom

Point x being represented directly below. In the lower figure the potential at point z was
assumed 1o be zero.

Ty

' 1.Seat of emf 2, 2. External resister, 3. Sear of emf 1,
4 Porential vo!rs Iy =4V, E; =8V, r; = 20} 1y = HC),
= (Vo= = irp — Ey v By =Ly =113
=8 volts - .(0.23 Amp) (4 ohm)
= 7.0 Volt.

" The x point is more positive than y and the potential difference (7.0 volts } 1s less than,
the emf (8.0 volts) . See Fig 7.4 (b) B

~ (b)For points z and x we start at z and traverse the cireutt to x
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Applymﬂr the loop theorem to various loops. We can solve this, If we traverse the left |
loop of Fig 7.5 na counter clock wise direction, the loop theorem gives

E1+13R3'—i]R1=0 o _ . . - _”(7'10)
The right loop gives . .

4E2—i3R3—i3R3=0 ' . ; ' (711)

using the three equations and solving for ij, &2 and iz we get

I = (R1+R2) By - E:E: _ - ) (712)
RiR- “+ RzR: + RsRy
iy - FiRs —E2 (R;+Ra) L _ . .{7.13)
RiR: + RzRs TRaRy ' .
ii= -EjRo—E:E; T o L A{714)

RiR: +RoR;: tRaR;

Suppose if Rz 1s infinite then-

l\ -'1'1 = E1 E*: and i3:0
R, +R; -

When the loop theorem is applied to the entlre loop ACBDA of Fig 7.5 the loop

theorem yields. _
11R1 — l;gR;g —E2 +E1_ =0 : e (? 1 5)

Which is nothing more than the sum of Eqns. (7.10) and (7.1 1)

Check your progress: . '
1. The two laws of Kirchoff’s (a) Law of currents (b} Law of emf’s are stated as..
2. Kirchoff's laws are app'hed n. .. :

Note: a. Space is given below for your answers.
b. Compare your answers with those given at the end of the unit..
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" n 8.
Fig 7.7 _

Zi(entermng) = Z 1 (Jeaving)
ig = i1 + i3

Starting from ‘m’ and tracing counter —clock wise around the left loop, we write law
voltage equation.

E=1R | : &
6V + 2V =1, (3Q) + L {5Q)). D

8V = (3Q)ir+ (5Q) ix

Dividing throughout by 1 (2 and transposing we get

3+ 5= 8 Amps. (IV/Q=14) o m

Another voltage eqeation can be writtenrl')_?;sta_rting from ‘m’ and tracing clockwise around the
risht leop

3V =i (Q) + 12 (5Q) + 15 (8.

The negative sign arises from the fact that the output of the source opposes the racing direction
Simplifying we have

2‘13 + 81‘. +5i2 =.3A
10 +5k  =-3A ..(H)

The three simultaneous equations which must be solved for iy, 1, and i; are

i]+i2+i320 _ (I)
3iy + 51, = 8A. (1D
101 + 5ia = -3A. _ ... (IM0)

From the Eqn. (I) we have

h=h—G




Check your progress: Answers

1. (a) First law states that the sum of currents entering a junctlon 15 equal to the sum of
currents leavmfJr that Junctlon or at any junction the algebraic currents must be zero.

(b)

%' jentering = Z' leaving

Second law states that the sum of emf’s around any loop of current is equal to the

sum of all the voltage drop across the impedances n that closed circuit.

2. Kirchoff’s laws are applied in multi loop circuits.

B

7.8 SAMPLE EXAMINATION QUESTIONS

T Answer the following quoetations in detail

1

2

11 Answer

Define Kirchoff's laws. Apply them to a single loop circuit and derive the
expressions for current and potential difference.

Apply the Kirchoff's laws to a mu1t1ple loop circurt and obtain the expressions for -
the potential difference and current.

the following questions briefly.

What is electromotive force? What is internal resistance of a source of emf.

Discuss the meaning of Kirchoff”s jaws in terms of the conversion laws.

Why would one connect two batteries-in series? In Parallel” Why should unlike
battertes never be connected in parailei? :

Distinguish between terminal potential difference and emtf.

In an electric circuit, it is desired to decrease the effective resistance by adding
resistors. Should these resistors be connected in parallel or series? Why?

Defend the following statement; the effective resistance of a group of resistors
connected in parallel will be less than any of the individua] resistances.
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PD. across Yi=E;—Ea
\;2 = Ea - Eb

Y:i=Es—E:~Ez

Y.; = Eu :
YS = E-h " Ec
Yﬁ = Ec

#

Let i1,is,is.1e. 15 and i6 be the currents in different admittancels respectively, applying
kirchoffis Ist law for Junction ‘a’
ii—ip—14=0
g1 (B~ Eg) = Ya (B~ Ey) — Ys Ea =0
Ea ("S’i —y2—va) TEy=-viE, _ 81
For kirchoffs 1™ Jaw for in‘b
i -13—-15=0
Y2 (B~ Ep)— Y3 (Ep— Ec—E2) = Y5 (En - Eq) =0
Eo (Y2) + Eo (-Y2 - Ya- Y5} +Es (Ya T Ys5)=- Y1 Er ..{8.2)

From kirchoffs 1* law for jn ‘¢’ X
- - - -]
i3+i1s—1,=0 £

Vs (Ep~E.~Ez)+ Ys (Ba-Eo) = s (E)=0 . *°

Epn (Y2 -+ Ys)+ Ee (-y3 —ys — y6) = YaEs ...{(8.3)

. : 3
From the above three equations E. £ and E. can be calculated

8.4 SUPERPOSITION THEOREM

In a circuit containing resistances and Networks, the current flowing through a point is

equal to, the sum total of the individual currents flowing in each netwdrk. But while
deciding flow of current through a network we have to imagine their internal resistance in
place of other networks. ’

Further more, this theorem shows that in a circuit. 1fthere are voltage networks and current ™~

networks working at a time, each network will work independently. That is why we can
calculate the effect due to individual network.
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R . 5:2:.0\!,-.:

A AP AN,
AAE AN
W VY

Frg 3-
[Ans ij = 23.8ma, b= 190ma 1 = 214ma]

- -' 6. -Apply the Klrchoff’ s laws to the followmg mrcutt and obtain the currents through
each branch : -

[Ans: iy = 546ma, i, = 732 md, is = 439 ma, i= 634 ma.]
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UNIT - 8 NETWORKS
Contents

81  Objectives

82 ‘. Iln't_r,c-)ﬂd.uct.i:on

83  Mesh and.-Node Analysis
8.4 Superpositioﬁ th'eorem

84.1 Proof of Theorem
8.4.2 Procedure for application

8.5 Reciprocity Theorem
8.6  Thevenin’s Theorem

8.6.1 Procedure for application of theorem
8.6.2 Proof of theorem

8.7 Norton’s Theorem

8.7.1 Procedure fot application theorem
8.7.2 Application of Norton’s theorem

8.8  Duality of Thevenin's & Norton’s Eqﬁivalent Circuits
.89 Summary
-8.10  Worked out Examples

811  Sample Examination Questions

8.1 OBJECTIVES

This unit introduces the concept of Networks. To help you understand them, the unit
explains: '

(1)  .Meshand pode analyéis
(n)  Super position thec\irem.
{ i{i) Thevenins & Norton’s theorem.
(1) Understand the circuit analysis

(i1) Explain the application of network theorems:
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When E2 is considered alone, mesh of Fig 8.2 gives.

0=1L"Z+2)+L" 2 .(83)
AndEa=L" Z+Zy+1 "M Z: : (39
Adding Equations 8.6 & 8.8 we get

Ev=(h +1 Y (Zo+Z) + (L' + 1"

_____ (8.10)
Adding Equations 8 7 & 8.9 gives
Eo=( 0 ") (Zo+Z9) (1, '+ TYZs (811

Equations 8.10 and 8.11 are identical with the equation 8.4 & 8.5 respectively, 1f
L=1'+n"
And 1o=1"+1"

This proves the truth of superposition theorem. The superposition theorem simplifies
network calculations when several generators are present. -

8.4.2 Procedure for application
The procedure to apply superposition theorem is as'given below.

W Only one source is considered at a time and all other sources are replaced if '
there is a current source. it is replaced by an open circuit because its internal
resistance is infinite. We must keep only one sovrce Eq

(i)  Current in various resistors and then voltage drops is ther calculated due to this
single source . '

(iii)  This procedure is repeated for other sources one by one i.e E; also.

(iv)  Algebraic sum of current voltage drops over a resistor due to dgifferent scurces 1
then calculated to obtain the net current and voltage drop in ary branch /
resistor. )

Note: In case of AC networks, according to the superposition theorem.

In any network containing more than ome voltage or current source, the curvent
through any branch is the phaser sum of the currents due to each source acting
independently. '

Tn the above-mentioned way problems can be solved.

Examples: Find the current [ in the circuit given below using super pesition theorers.

Sohtion: Considering first the voltage source alone, the circuit 1s reduced to fig, 8.3 when
current source is open ¢irculated, then




Proof : To preve the theorem, consider the arrangement shown in fig 8.6 in which E isa
emf source is in the first mesh. Let the current in first & 2nd meshes be l; and I,
respectively taking 8.6 (a) alone.

Applying kirchoff II law to the two fnesheé_, we ha\fe

I (Z1+Z2)-12Z:=FE o L (8.12)
AndbL=(Z: +Z3)-h Z2 =E o L (8.13)
Substituting the value I from 8,12 into 8.13 we get,’

L [ (Zi+Z2) (Za+Zs) _Z5)=E
L

EZ > .
(Z) +Z) (Z2+ Z2)-Z27] .(8.14)

Considering Fig No 8.6 (b) in which the source ‘of emf is in second mesh, let the current in
the two meshes be I ' & 1

Applying kirchoff's I law to the two meshes we get
W (2 FZ)- (L ' Z.=F ~8.14 (a)

And L (Za+ Za) - 11‘71_0 - 814 (b).
Substituting the value of 1, ' from eq 8. 14 (a) into Equatlons 8.14 (b) we get

(Zi+ZI(Z2+Z3)
11 [ ';Zz ]=E
Z2 )

Or

[] ] = E 22 r'x [Z] + Zz) (22 +Z,';) — Zzz] ---(6)

From equations (8.3) & (8.6) We get - & &

12 = 11 _]
Which proves the reciprocity theorem.

Figs 8.6 (%

(a) &(b)
The ratio of emf in one branch to the current in another branch is called the Transfer
impedance. '

"

8.6 THEVENIN'S THEOREM

This ‘theorem is useful in teducing a complicated network containing several voltage
generators & resistances into a simple equwal&.nt voltage i.e. generator equivalent voltage is
E,.& requltam resistance R, 1t can be treated as a circuit containing these two




LR+l -L)R:=E 1‘ _;

ey (R] +R:) — LL=E

R-L (8-{'15)_
and L Ro+ L [Ry (I - 2] Ra = 0] S

ie. L(R:+ Ry R L R=0 “Figss & ..(816)

From_(Z), L=1 (Rz +Rs + RI'.)
' Rs

Substituting this value of I, in equation 8.15 we get

L[(R: +R:+Ry) (Ri+Rs)-R:]=ER;

This gives I — ER: L
R:[R+Rs]+R Re(Ri+Ry) .+ .(817)

This is the current flowing througﬁ load impedanoé R Equation 8.17 may be put in the
following form . ' - :

ER: Rk

I RiRz .
R:+ \ 'Ri+R; >+RL

&
- Fig 8.9 (538
This current is same as it would flow in Ry if Ry, were connécted to a generator of emi
ER: and internal resistance |[R2 + RjR:

R1+R3 R1+R3

IfR; is removed (i.e tenninal A and B are open cirouited)_ the current in R & R will be

I]_: E

® *Rs) N ( S 1)
1.e voltage across R3 v»;ill :.ble | “ . ‘
V_L Ri- ER; N L (8.19()

(Ri+Rs)
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Statendent : The current in a load resistance between two terminals of a network:.of
generators ‘& resistances In 1s the same as if the load resistance were connected to a
constant current source, whose generated current is equal to the short circuit current
between the same terminals of network & which is placed is parallel with 4 resistance Rn
equal to the resistance of the network looking backs into terminals when all the generators
in the network have been replaced by the resistance equal to their internal resistances. L

The schematic figure of Norton’s theorem is shown in fig.8.17

—— . F
Nebwodik ob A . ' -

— e i
3

Forenalow k- RL% <_> @%

[neas, Regisdammcag .
b

o

Fig 8.11

Toapply the theorem, the following steps are adopted.

8.7.1 Procedure: For application of the Norton’s theorem:

Suppoese we wani to find the current through resistance RL connected to termmal:, A&B of
the network of generators & linear resistances.

(1) Ry, is disconnected from terminals A and B and terminals A & B are short
circuited.

(i) The current in the short circuit is found by usual methods. This current is
usually called Norton’s current Ty -

(11)  The short circuited terminals A & B is removed so that they are again open &
the generators are removed from the network leaving behind their internal
resistances & equivalent resistance of the network as looked from open
terminals A and B is found. This resistance is Norton’s resistance Rn

(1v} Norton’s.eq uivalent circuit is sketched, keeping current source. In & resistance
Rn is parallel & again load resistance RL is connected between A & B finally

current in load resistance Ry is calculated.

8.7.2 Application of Norton’s theorem _

To practicaily show the application of this theorem to problems we shall consider -

a network as shown in Fig 8.12 (a) . Norton’s equivalent is shown in fig 8.12 (b).
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Substituting this value of Ij in equation 8.24 we get

(R +R3)
{Ra + R} ——m——— In—-InR:=E
R;

Solving for Ty, We get I, = ER;

Ri Rz + R: + Ry +R: +R; +R; - R;?

ER;
R, R, +R: R, + Ry R ...{8.26)

The parallel impedance RN is found by looking back from the out put terminals, When
All sources are removed leaving behind their internal resistances.

Therefore equivalent circuit is shown in fig 8,13(b) the resistance as viewed from out
terminals in Norton’s resistance given by

R Rs
R, +R; | (8.27)

Rv= Ro +

Thus knowing the values of Iy and Ry, the current in load may be found by using
Equation .23 (a).

8.8 DUALITY OF THEVENIN’S & NORTON'S EQUIVALENT CIRCUITS

Consider the thevenin’s & Norton’s equivalent circuits of same network shown in
fig. 8.14 (a)and 8.14 (b)

S Tu-;;

A

b
2
=
[

) Figslie) &sii

The current I> for Thevemins equivalent circuit in load Ry, is given below.

Rm +Re o ... {8.28)

The current I, in load for Norton’s equivalent circuit in load Ry, is given by
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8.10 SOME TYPICAL WORKED OUT EXAMPLES,

(1) A battery of emf 10 Volts and internal resistance 0.5 Q-is joined parallel with-
another battery of emf 15 volts and internal resistance 1 . This combination sends
a current through an external resistance 20 ohms. Calculate the current through each
battery.

Selution : Let the current through batteries By and Bz be I; & 1> respectivély.

Applying kirchoffs I law, to the mesh ABFEA at point C

L+05+(L+1)20=10

Ii o |
. A 8 S
0r205 [, +20 L= 10 o ] Ii—w,..._._
Ly
Applying kirchoffs II law, to CDEFC
. £l P
e R
. _ e-"?'" | -
Ig+1+{h+h)x20—1§ : \y — 32..
ie.211:+20 =15 tR e F
Solving equations (1} & (2) we got H
L=294 Amp & 1, =3.525 : )
] mp & I» 525 Amp Figl
(2) - ‘Find the current T in the circuit given below using superposition theorem.

Solution : Considering first the voltage ) & _— "'ﬂ’ s
source alone the circuit is reduced to fig,
Below when current source is open

circuited Then 11 = 20/30 = 0.66 Amps.

Now considering the 2 Amps. Current
source alone (short ctreuiting the voltage |
source) fig. Below is obtained. ‘

RN
il 1 " e T
_'L 1}
l Lev - fapm R
| S - ’ (c)
b) Figllab.c = K .
The current flowing through 20 &2 N -
resistance. _
R=2x_10_ =20 =066Amp
10 +20 30 .

Applying principle of superposition the total current through 20 Q resistance in

[=],+1; =0.66+0.66=1.32 Amp.

®Find the current in 20 Qresistors in the circuit shown I by thevenins theorem.
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SOLUTION : The open circult voltage i.e.
when load R is disconnected, is given

R 6x6 s
E'=E — = —— = 3 Volts
Ry +Rx . 246

The impedance across load terminals —_ _
after disconnecting the B load Ry, 1s - Fig v

R = ?'J?L..
R+Rs 2x6 Re
7 =Ryt = 6+ = 6+1.5=7.5Q v{);v
Ri*+R: 2+6 -
. Fig Vi(a)
Accordingly Thevenins equivalent circuit is shown as the one beside is Fig Vi(h}
"6) Find the Thevenin's equivalent for the circuit given below Fig VI(b)
~ Solution: With terminals A.B open the 2
P.D across A B is theorem gante as across,
40 Resistance, Therefore 2t L . A
AAAA__ MAA o A i 0
cXY, | cn
12 x4 ' e
Van= — § Volit: AN T R
2+4 : - RO 3

In order to find the impedance between A.B We short circuit the 12 V baﬁﬁfﬁthaf? Q
& 40 resistance become parallel, and their effective resistance is

2x4
R = =4/3
2+4
el : 4 %2
5T o °8
T_he resistance between AB 1S nOW
_Z =43 +4=16/3=530 Fig Vil (2) & (b)

And the Thervenin’s equivélent of the above network 1s shown m fig VI1 b




RyR: 1.0(1 +0.2)x 0.8

R Ro+ & Ry = : 1+048=1480Q
Ry+Rs 08+12
E
L, = =1.256 Amp.
R+ Ry

.1_.-

Norton’s equivalent circuit will be as shown m fig given below

In=Em/Ryn=4.8/1.48 = 3.24 Amp.

Current in Load (l)=Rx=Rx=/{(Rx+R;, }xL '_-““1‘
R_\' =R Th = 1.48 O

1.48 :
= x 324 =1.025 Amp.
(1.48 +3.2)

Problems to be Solved:

1. A battery of 1.5 volts is connected is series in the resistance of 20 & 30 Q2. Find out
equivalent voltage and resistance across the points of 30 Q resistance. Ans:0.9v,
12.5Q.

2. A battery of emf 6 volts & internal resistance 5 Q is joined is parallel with another
of emf 10 volts & internal resistance 1 ohm the combination 1s used to send a
current through an external resistance 12 Q. Calculate the current through each
battery. ‘ :
Hint: Apply Kircheff™s I law to two meshes Le., ABFEA & CDEFC fig . for
above problem given beside

| ’ . : Ans: I; =6/11 Amp.
L=14/11 Amp

\ ' 2 20 & oL
54 : | AV, - A
P == lSses §
| Hey @®
¢ |
Fig(1)
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5 Find the current in 10 ohms resistance'in the circuit shown by thevemins theoren.
Hinr : (1) Draw circuit for V disconnecting load, the find R 1 ) Draw equwa]ent
circuit and Find curtent through 10€) load.

MA . . - Ans: 0.4 Amps.

il

Py

6 Draw Thervenin’s equivalent circuit for the given network fig. Below & then obtain
Norton’s circuit. -

Hint: 1) Find open circuit voltage when Ry, is disconnected i.e E' = 8 volts. 2) Then find R,
& impudence
Value = 90) then draw Norton’s circuit.

2 L |
t@) _gé“‘-. Re

7. Find the thevenins equivalent for the circuit given below

Hint - With A and B open Find P.D across AX B Then resistance between A & B
(2} Then Draw thevenins equivalent of above network.

| Ans V Al T 24V
Z =6€




10) Draw the Thervenin’s & Norton’s equivalent circuits for the following & Norton’s'of 1
resistance. Calculate the current.in the load in each case.

2) Then Thevemins eme 1 Apply kirchoff's law IT to circuit.
Find E TH &R TH b\’ formula. _."

Then §. #aiue to be found

R
. 3) find I\ =E ']‘Hf R__'['!, & 1'1_ b}’ -1
Ru+Rp .7
Ans: Erq=12V i
L. =30/11 Amp.
[ =10 Amp.

R'|‘I-1 =12 Q

8.11 SAMPLE EXAMINATION QUESTIONS

T. Answer the following questions in detail

1. Superposition principle & Reciprocity theorem — state and prove them

]

In general network what is the use of superposition theorem

|8

State and prove Thevenins theorem |

4. State and prove Norton’s theorem

5. Define & Compare Thevenins Norton’s Theorems.

6. How is Thevenins equivalent & Circuit related with'the Norton’s equivalent circuit,
11 Answer the following ciuest-_ions in brief

| Define the following terms:
a) Network b) Node ¢) branch

I3

Give statements of a) Thevenins & b) Norton’s theorems.

ad

State and Explain superposition theorem.
4.. State and Explain Reciprocity theorem.

5. Distinguish between the two theorems Norton’s & Theve_nins.
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UNIT 9: AMPERE’S LAW

Conte.x_itls. o

91  Objectives -

92" lht:'roduotidné

93  Magnetic ﬁe!lid

94 - _Def'mtlon ofB.

-IAmperesLaw‘--- |

_ 96 . Magnetic ﬁe}d at'a-point dIUe to a; c;neﬁt canymg straight wire
9.7  Magnetic lmes of Induction S |

9.8 | Summar)li . |

99 Modltlal Ansvéers

9.10  Sample exanﬁination questions

9.1

OBJECTIVES

This unit dlscusses of magnetlc field and the effects associated-with them To

-help your understand them the Unit explains.

1) Oersted $ expenment '
2) | Arnperes Law ;
After going through thls unit you w1!l be able

1) to calculatg the magnetic field caused by current carrying straight wire; and

2)  explain the cﬁricept of magnetic lines of indiction *

9.2

lNTRODUCT]ON

During the 16

Our knowledge of magnetism and magnetic phenomena is as old as science itself.
century, the Enghsh physician name Gilbert studied the properties of
magnets and also realized that a magnetic field existed around the earth. The nature of |
this field was similar to the magnetic field around a magnetic sphere. In 1820 Oersted
discovered that a magnetic field exists dround a wire carrying electric current. This bastc
observation proved the way for producmg high magnetic fields.

th
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If there exists both electric and magnetic field, the, force on the pdmcle 15 Lorentz
force.

?-‘—“q]_E-{-q_Vx_B

95 AMPERE’S LAW

. When an electric current flows through a conductor three kinds of ef’?f‘cts may bhe
produced.. They are (1) the magnetic effect, (2) the heating effect and {3) the chemical
effect. Any one of these methods can be used to measure the strength of the currents.
We shall consider the magnetic effects only.

It was observed by QOersted that a magnetic needle was placed near a current
carrying conductor, the needle was found deflected from its north south seiting,
indicating thereby an electric current produces as magnetic field. Reverxmg the direction
of the current reverse the direction of the magnetic needle.

Laplace and Ampere showed the law for’intensity of the field due to a current
carrying, linear conductor in a mathematical form. This is referred to as Ampere’s Law.

.According to this Ampere’é law we write the quantiﬁ.tive relationship between
current and the magnetic field B as

§B A= i - .(93)
This equation is known as Ampere’s law

It is appreciable to know the historical experiment performed by Ampere which
led him to formulate above equation. The experiment consists of measuring i at vatious
distances r from a long straight wire of circular cross section and carrying current t.

Let us put a small needle at a distance r from the wire. Such a needie (we may
call this as small magnetic dipole) tends to line up with the external magnetic field, with
its north pole pointing in the direction of B. The direction of the B is along the tangent to
the circle of radius r centered on the wire.

Let us turn the dipole through an aﬁglé 6 from its equilibrium position. To do this
we must exert an external torque T, which must be able enough to overcome the restoring
torque that will act on the dipole.

* The torque t, angle of deﬂectlon 8 and the magnetlc field B are refated by an
equanon which gives the magnitude of T. :

T= uBsinB : ..{9.4)

e T

ort =uxB : (Vectorial-representation) ...(9.5)




9.6 MAGNETIC FIELD AT A POINT DUE TO A CURRENT CARRYING
STRAIGHT WIRE

In a long straight wire carrying a current I as shown in Fig. 9.1 an element 1dl of the
current will produce a magnetic induction dB at a point-situated r from it.

. dB = _up_ dising | | (9.10)
P r2 -

Expressing dl, sin 8 and t* in terms of the angle 6

We find that '

n/2

+

B = uoi ,[ cos0do
dor w2

B= Mol
a 911

The magnitude of B thus falls off inversely as the distance from an infinity long
wire and is in the direction perflendicular to a plane containing the wire. The lines of
induction B are circles lying a in a plane perpendicular to the wire and are centered on it.

T A

. '\.
1

Fig 9.1 Long straight wire carrying current i

9.7 MAGNETIC LINES OF INDUCTION

Suppose AB is a straight wire through which a current is passing upwards. The.
sense of the magnetic lines of intersection of the card board and the conductor have the
common centre. Like wise the lines of induction at any point of the conductor consists of
concentric rings with the point at centre.
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Fig9.4 Liﬁes of B near a long carrying };frre pialced-:'n an external field B.

_Fig 9.4 shows the resultant linés of magnetic induction associated with a current
in a wire, 1.e., oriented at right angles to'a uniform external field B. at any point the
~resultant magnetic induction B will be vector sum.of B, and B; Where Bi is the magnetic
induction set up by the current in the wite. The fields B. and B; tend to cancel above the
wire and reinforce each other below the wire. At one point i.e., at P;B. and B; cancel
exactly. Very near the wire the field is represented by circular lines and it'is essentially
" due to B;. : S T ' B

Example 1: ;i

A hotlow ifcy]indrica.l conductor of radii a and b carries a current i uniformly R
spread over ifs cross section. Show that the magnetic field B for point inside the body of
the conductor i.e.j/a<r<bis given by . N '

e |

B= _Md _ _ ra
2nb*a’)  r o
Check this formula for th limiting case ora =10
Solution: ’! R

* Since the éuqent is spread over its cross section uniformly, the current inside the
circle of radius r is given by A
= { _7 r*a’)

; "= (P

1; (bz_ aE) ‘ . .
It . Fig9.5

The field B for point inside the cross section (a<r<b) is given by




9.8 SUMMARY - R

Qersted first discovered that a current carrying wice produced magnetic effects.

‘Magnetic field is a vector and it is denoted by B. where B is 2 magnetic induction vector.
The number of magnetic lines of induction that pass through the Unit area is known as
magnetic flux. It is denoted by ¢ B '

" Check your progress: Answers

1. The unit of magnétic flux is \Meher.
2. Ampere’s law, § B. dt=
According to this Ampere’s law the magnetic induction along a current carmrying,

conductor is the integral of the elément of length carrying current 1 equal {G o times
the magnitude of current flowing through it.

9.10 SAMPLE EXAMINATION QUESTIONS

I Answer the following questions in detail
1. How Ampere’s law may be use to calculate the magnetic fieid at a point due to
a long current carrying wire? How do you visualize the magnetic lines of
induction of a current carsying wirer?

I Answer the following question briefly.

1. Write the integrai form of Ampere’ﬁ law. -

2. What are magnetic lines of induction explain the strength of magnetic field ata
3. point due to a current carrying wire? :




Savart’s Law.In this chapter you will know how to find the force acting betwaen wWo. conducmrs
carrying current, )

10.3 BIOT-SAVART’S LAW

Let AB be a linear conductor through which a current ‘1’ is flowing. Accordmg o BIO'[-
Sawvart’s law the magnetic field at any point P due to a small element dlis

f)] directly proportional to the elemental dl of the conductor.
(i) directly proportional to the strength of the current ‘i’ flowing the conductor..

- (it} inversely proportlonal t the square of the distance ‘1’ of the element from the pomt
- and

(iv)  directly proportional to the sine of the angle made by the line joining the eiement to
the point w1th the element,

ThusB-:c id) sind _ : (10.1) .
2
‘t" is called a displacement vector from the element dl to P and 0 is the angle

between this vecior and dl. The direction of B is that of 'the vectordix r

Thus the Biot-Savart’s law may be written in a vector form

dBrﬂg?hr o ..(102)
or
dB= pot dlxr :
4T 1 | _ : ...{16.3)

Fig 10.1 a current element dl contributing db ot a por'nr P.

The resultant field at P due to the whole length of the wire is found by mtegratmg the
Eqn. (10 3) . . ,
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poi

So we obtain B = ..(10.7)

2nZ

"B points out of the page. This is the result we-arrived at earlier for this problem. Thus the law of
~ Biot-Savart will always yield results that are consistent with Ampere’s law.

10.5 A CIRCULAR WIRE CARRYING CURRENT

We shall find the magnetic field at a distance Z above the center of a circular loop of radius
R, which carries a steady current. The field dB attributable to the segment dl points as shown in
figure. As we integrate dl around the loop dB describes a cone. The horizontal components
cancel, and the vertical components combine to give.

n

B = uoi |9co® ..(10.8)
4n T :

Fig 10.3 A circular wire car:j}ing current

Figure shows that r and 0 are not independent of each other. . Let us express in terms of 2 new
variable, Z, the distance from the center of the loop to the point P. '

The relationships are

=R_Z* .[10.9(2)]
Coso =R =/ _R - '
r A R+ 7 .. [10.9(b)]

Substituting these values into the expression for B 1€,

Eqn. (10.8) gives .

B wi § R g ..(10.10)
4 _ (R2+ZZ)3Q .

Integrating this equation, and noting that ﬂs dl is the simply circumference, 2z R, So
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B= woi — _4nx107x15 = 94 weber/m*
2R 2x10’

(b) Torque acting on the small loop at right angles to the first to be given by

= NiAB :
7= 50x1x nx (0.01Vx 307 x 10°
= 1.5x 10°N.m

10.6 TWO PARALLEL CONDUCTORS CARRYING CURRENTS

Let us now examine the force between two paraliel wires a, b carrying currents i, and 7x
separated by a distance d as shown in Fig 10.4

Wire (a) carrying current 7, will produce a field of induction B, in its surroundings. The
magnitude of B, at the site of second wire is N
Ra= _loia : ...(10.13)
2nd

The direction of the B, at the location of wire b is down as shown in Fig 10.4

(%

Fig 10.4 Force of attraction between two parailel wires carrying parallel currents.

Wire B is carrying current I, finds itself immersed in an external field of magnetic induction Ba-
The length of this wire b experience a force (il x B } whose magnitude is '

Fb = ih IBn

= udigy .(10.14)

2rd
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Hence the wire behaves magnetlcally almost like a long straight wire and the line of B due to this

single turn are almost concentric circles. Thus the solenoid field is the vector sum of the ﬁelds
setup by all the turns that makes up the solenoid.

Fig 10.5 (b) Magnetic lines of induction in and around a solenoia.

For the sake of understanding, if we see the induction of a solenoid with widely spacad
turns, 1t suggests that the field partially get cancelled near the wires. It also suggests that B gats
reinforced at the center and it is parallel to the solenoid axis for the points which are far from 1he
wires inside the solenoid. :

The field setup by the upper part of the solenoid turns points to the left and tends to cancel
the field setup by the lower part of the solenoid turns which points to the right. As the length of
the solenoid approaches the configuration of an infinitely long cylindrical curmrent sheet, the
induction outside the solenoid approaches zero. For practical solenoid, ifits length is must greater
than its diameter, the field external to the solenoid is weaker or insignificant. For the soleraids
whose length is not much greater than the diameter, the external field is much weaker than the
internal field.

" To calculate the magnetlc induction, we take a seéction of the solenoid as shown in the I‘w.
105() -

) 'I ---q.h—-— I )
3 o e ...
. - a - a0 aan & ._‘ D -
(B F Sl :.

Fig 10.5(c) The field must be zero outside infinitely Iong solenoid.
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Example §:

Field of a toroid: Fig 10.6 illustrates a toroid wound with N turns of wire carrylng current
‘", The mean radius of the toroid is ‘d’. NS

| Fig. 10.6 A toroid wound with N turns.
The cross section of the toroid is circular with radius ‘a’ much smaller than d, te., A<<d;

The tangential field b is conti®# across the boundary separating the toroid and the air
region just outside but inside the helix winding. Therefore the flux density B in' the ‘intevior is
much greater than that outside the toroid. Thus most of the flux lines are concentrated in the’
interior as shown in the figure 10.7. . :

Applying Ampere’s law to circular bath of integration of radius d

> >

 §B.dl =

B(2nd) = woiN

B= 1o iN
2 d

Example 2: '
‘Two long wires at a distanced ‘d’ apart carry equal and antlparallel currents

B at a point P which is equidistant from the wires.

B= _2u.d
T(4R*+d%)

Where ‘i’ is the current in the {oroid windings and N is the total number of tumns.
‘1". Show that
|
|




The field directions are shown in ﬁgure only the vertical components reinforce each other
the cross section of w1res from a square. T

B=nearthe pointp—4 x _10i _ 036
2waid

= 4x4x107x20 1. -8x10° vyebe:r/’m2
2nx0.2/N¥2 2 |

Example 4:

A solenoid 1 meter long and 3.0 ¢m in mean dlameter It has five layers of wmdows 8*0
turns each and carries-a current of 0.5 Amp. What is B at the center?

| Solution;
B = polon
=47 X107 X 5X 5 X 850

=27X 107 Weber/ m’

10.8 SUMMARY

‘The magnetic field at any pomt due to a small elemental length of the conductor is directly
proportional to he elemental length of the conductor, strength of the current flowing through the
conductor, sine of the angle made by the line joining the elemental length of the conductor to that
point and elemental length and inversely proportional to the square of the distance bétween the
reference point and the elemental length of the conductor. ' '

There will be attractive force between the parallel wires carrying currents in the same
direction while the force is repulsive if the direction-of currents are opposite. The resultant force
per unit length between two current carrying péfalle! wites isgiven by F — L olalp

I 2nd

The magnetic induction of a solenoid depends upon the number of turns n, wotthd on the

solenoid and the current ‘i” passing through the solenoid.

B=pni

Check your progress: Answets

- el dixr
1. dB=—
4 r
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Fmax=qVE | o - L
. In the.equation 11,1 except q all other quantities are vector quantities. Hence a vector
dﬂﬁ_ni_tion’-:ot{-B, may:be defined as follows: ' :

¥a positi{fe_rtes,t charge q is fired with a velocity V through a region and if a side ways
deflecting force B is experienced by the moving,charge then a magnetic induction B is
present.at t!!aﬁegiopsatisfying the relation. ' '

F= qVXB . - ..(11.2)

i.e F = QVB sin 8'where 6 is anale between V and B as shown in figure . ... {11.3)

s A
=

—3 M

v -

—

Fig 11.1.Vectorial representation of F=gqV X B

Ka charge_d".pﬁ_r_,_ti__gl_e'_,moves,.thr,ough.a_ region where an electric field Eand a magnetic.
induction B-are present then the resultant force experiencing by the moving charge is

F =qE +q va : : .. (1 1'.4')"

This éq_uatis)mi,s,knowll as Lorentz force equation.

114 MAGNETIC FORCE ON A CURRENT

" " A-curfent in a wire.may be visualized as

assembly of moving charges. Hence ifa A i
current garrying wire is placed in magnetic field or .
‘a force of the Lorentz type will act in the wire . ~—
We shall calenlate this force on the wire. .~ (@ impont
‘Leta wire of length i carrying a current I~ T GE
‘be.placed in a.magnetic field of strength B. - &\/__Lf; -
This direction of current density vector J.and Ry cosn
~magnetic field vector B are taken to be S e
~. Perpendicuiar to each other. : ~Figl1.2(a) & (b)
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When a current loop is placed parallel to a magnetic field the force acts on the loop in such
a way that it tends to rotate the loop.” The product of tangential force and the radial distance
at which it acts is called the torque; or mechanical moment on the loop. Torque (or

mechanical moment) has the dimensions of force times distance and is expressed i Newton
Meters.

Consider the rectangular loop as shown in figure 11.3 (a) with sides of length | and d placed
in a magnetic fietd of uniform flux density B. The ioop carries a steady current t.

As per the equation (11.8) the force on any element ¢l ofloop is

— —

dF = idl X B . {(11.8)

If the plane of the loop is at an angle § with respect to B as indicated in the cross-sectional
figure 11.3(b) then the tangential force F;=|F | cos 0
1

Ft=1Bcosd | dl
1]
L.(11.10)
= Bl Cos O

The total torque on the loop 1s then

1
a

T:2Fi
2
‘ =iBldcos 6

Since id = A the torque

SoT=1AB cos © : : (1111

Hence according to equation 11.11, the torque is proportional to the current in the loop, to -
its area and to the flux density of the field in which the loop 1s sifuated. '

The product of I and A in equation (11.11) is designated as the magnétic moment of
magnetic dipole moment of the loop 1

With p=Ni1A
Where N is the number of turns in the loop

Then the torque T = U B cost®
Or T=uBSma L(A112)

Where o is the angle between the normal to the plane of the loop and the direction of B
(See figure 11.3 (b))
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Examples:

1. A wire of 60cm length and mass 10 grams is 'SPspended by a flexible Ieads'iﬁ a
magnetic field of induction 0.40. weber/meter” . What are the magnitude and

" direction of the current required to remove tension in the supporting leads?
" The weight of the wire = mg = 0.001 *98=08%107 Inorder to have no tension
in the leads, the force acting on the wire must be equal to the weight of the wire
mg = ilB

i—melB  =98x10%/0.6x04=041 Amp

i=041 Amp

2. A rectangular loop of a wire having sides 10cm, Scm, carries a current of 0.1 0'Amp -
and is hinged at one side. What torque acts on the loop if it is mounted with its plane
at an angle 30° to the direction of a uniform field of magnetic induction 0.50

webers/m*
Force on the conductor =F=NiB X 1

—~20x0.1x05x0.1

=0.1N
1=F x 0,05 Cos 30"

' 1=01X005xCos30°

T 1=43x10"N

11.6 SUMMARY

When the moving charge is placed in\ magnetic field, it produces a torque on the moving

charge.
-.Check your progress: Answers _
' R o C
1)Force exerted is given by F=1lB (Where B is the magnetic field intensity & ‘1 18
the current flowing through a conductor of length |} '

—_ — —

2)The torque on a current loop is given by T = pu.B (Where p is the permeability of the

mediun.).
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UNIT 12: MOTION OF CHARGED PARTICLES

Contents

12.1  Objectives

122 Introduction

123  Charged particles in electric fields
12.4 Cylclotron J

12.5 Hall effect

12.6 Determination of charge of an electron by Millikan’s Oi Drop Method

" J2.7 Thomson’s experiment
N\

128  Summary

12.9° Sample examination questions

12.1 OBJECTIVES

~ This Unit discusses the effects of electric and magnetic fields on electric charges
at rest or in motion. To make you understand the effect the basic principles are
illustrated. '

After going t_hfough this Unit you should be able to make out the energy of the
particle moving through the electric field would increase and that the motton of charged

partities along the lines offorce in the uniform magnetic field would not be effected.

12.2 INTRODUCTION

In this unit we will discuss the motion of a charged particle in electric and
magnetic fields.

~ In the period between 1914 and 1916 a controversy has arisen between F.
Ebrenhaft and H A, Millikan about the elementary nature of electron. In 1897 1.l
Thomson showed cathode rays to consist of a stream of negatively charged particles. In
the early part of 1897 E. Wieehert and W. Kaufinann in Germany reported results of their
measurements on the path of cathode rays in a magnetic field. Kaufmann found that the
value of charge to mass ratio(e/m) for cathode ray particles was the same regardless of
the nature of gas present in the dischasge tube. Wiechert compared this e/m value with
those calculated for a hydrogen ion in solution and concluded the particles and a mass of
approximately that one-thousandth part of a hydrogen atom. At a later date J.J. Thomson
made similar studies. His experiments became classical even though are not of great
accuracy. '
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y=lat = qEt ' ..{12.4)

V= 2ay = . .(125)

m
The kinetic energy attained by the charge particle after moving a distance Y is

KE =!mVv?

£

= (E*t*/2m : | ..(12.6)

Case (2): The charged particle in a uniform electric field (initial velocity being not zero)

Fig 12.2 shows the path of a charged particle of mass ‘m’ and charge ‘q’ moving
with velocity Va at right angles to the uniform electric field E along ‘y” direction. We -
will show that the motion of such charge particle will'be parabolic as long as it is 10 the
field. As the electron emerges out of the field, it travels in a straight-line tangent to the
parabola at the exit point. The general motion of the particle can be described in terms of
its motion along the horizontal direction by :

X =Vt C L.(12.7) g s

And the displacement along the vertical direction can be shown to be (using Eqn. 12.4)

(.

Y= laaff = qEC 2m - (28 - ¢
Combining the equations 12.7 and 12.8 we get |
Y= (gF 2mV{ X7

Which shows that the path of the particle is a parabola.
Example 1: o

* An electron moving with a speed 5.0 x 10° crhfséc is shot parallel to an electric -
field strength 1.0 x 10° N /coul (a) How far will the electron travel in the field before
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= (1.2Weberfm2)(l.60 X 10'lgcou_l-)ll '
1.67x 107kg

=1.15x 10H sec” (ie. rad/s)

The correspondmg frequency (m Hz) 18
=0 /2-.1:1.83}){}(?365_0'1 ] o
) qVB = mirr R
V= qBim
KE=%mV L N ety iy
= % m (qBrm’)
= % q2B°r /m
=172 (1.60 x 107 coul)® (1.2 web/m)” (0.1m)’ x

leV/l, muo "gcouf
1.67x 1() kg

= 1.7x 107 eV

= 17 MeV
Example 3:.

A 50 cm Iength of' wire cames a-current of 3 0 Amp Ihere is a uniform B field of
magnitude 107" Weber!m "whose direction is shown in lhe clnrrram Calculate the
magnetic force exerted on the wire.

Y-

> B
Y A
77 >
. v

Fig 12.5
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Case (i) consider a.charge in motion with a velocity V at right angles to a magnetic field

of strength B. Then time 't taken by it over a distance ] is t = 1/V. The motion of -

charged particle constitutes a current I’

orit=qV
But the force on this current element from equation
F=Hil =BqV I ‘ .(12.9)

" Fig 12.3 shows a negatively charged particle introduced with a velocity V into the
uniform magnetic field of induction B. We assume that V is at right angles to B and thus
the motion lies entirely in the plane of the figure. The relation ¥ = qVB shows that the
particle will experience a side ways deflecting force of magnitude qVB. This force will
lie in the plane of thé figure, which means that the particle cannot feave this plane.

XX X % X X XXX XX XX
- a v
x X ol D N

i
X X X X X xx XX XXX
Fig12.3 .

Having defined the force, the kinematic relation can be shown as follows: .

qBV = mV’ C(12.100a))

R . '

mv . . .

or R = _ . .(12.10(b))
qB L : e

Which gives the radius of the path. _
The angtilar velocity @ is given by V/r from equation 12.9 we have.

. The frequency V measured in Hertz is given by

o =" - Ca21)
T m !
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Which does not depend upon the speed of the particle or the radws of its orbit. The
particle goes around the circle in period time that varies only with mass and charge ang
with magnetic field.

Fig 12.6 cyclotron

P = Magnetic/ pole pieces

8 = High frequency oscillator

DD; = Detlectors

Fig 12 6 1s a sketch of a cyclotron. The magneﬁc field is directed upwards as shown.

The Dees’ (so called because they are like a letter D)-are hollow copper boxes that are
connected to a source of alternating potential (called an Oscillator) that their polarity
changes regularly. When a charged particle, for instance a proton, is injected inic the
space between the Dees from a suitable source; it is-attracted by the Dee that is negative
~ since its own charge 1s positive. Within the Dee’s the magnetic fields compels the proton
to travel in‘drsemicircle, as mn Fig 12.6. When it comes out a t other side, if the alternating
current has=the proper frequency, the opposite D will be negative and the proton will be
accelerated.across the gap between Dee’s. Then it circulates with in the second Dee and
again receives acceleration when it emerges and so on, Ultimately the proton . has
sufficient energy to leave the cyclotron, through the opening shown. The principle of the
cyclotron:is.to use a relatively small electric field to accelerate charged particles by
.causing them to be acted upon by the field repeatediy, If the period of the oscillator is
exdactly equal to the period of the protons in the magnetic field they will always be
attracted to the opposite Dee when they reach the gap between the Dees even though their
speed (and the radius of therr orbit) 1s greater each time they arrive there.

“The accelerated particles are usually protons, deutorons, and particies. The energy
_acqmred will depend upon the size of the Dees as the maximum velocity will correspond
to the path of the radius equal to that of Dees

Vma.;: = B._th_i

(where Rd is the radius of the Dee)

\
Enae= 2V max

= J_ m (BQRQ)
2 m
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12.5 HALL EFFECT

We have seen that a metailic conductor carrying a current placed in a magnetic
field, experiences a force tending to make it move in a direction, perpendicular both to
the direction of the current and to that of the field, If the conductor is fixed the moving
charged particle, constituting the current should be displaced within the conductor under
the action of transverse magnetic field. This then should lead to the potential difference,
when a current is passed along a smp of metal foil, and when the magnetic field,
perpendicular to the plane of the foil is applied, a measurable transverse emf cailed the
Hall voltage was set up between the points on the opposite edges of the foil. Figure 12.7
shows the arrangement to observe Hall voltage.

d . o "__"
x x x ! x X X
x|l x x§ x X || %y X | X _
b F B b F vB
x xx‘yx X *"é}* y X
x| xVdx | x X |x X |x
x| x x| x [x  xx

@) b)

Fig 12.7 Half effecy

If the current is due to the motion of electrons moving upwards (i.e. in the direction
opposite to the conventional current), then applying Fleming left hand rule to the
conventional current as shown 1n Fig 12.7 the force on the charge carriers is towards the
edge Py and the electrons are moved toward P, making it negative while the edge
becomes positive. Thus an emf set up between P, & P; Hall was able to show that the
current in a metal is the result of negatively charged particles i.e. electrons.

From the above discussion it follows that hall Voltage 1s due to the transverse force on
the carries m the conductor. -

If _
q 1s charge o reach carrier and

V the velocity of drift charge along the conductor
N the No. of charged particles per unit volume
B the magnetic field intensity
Then the electric field intensity E set up by hall Voltage between P, & P> in equilibrium,-"

Since F = 0 1s given by .

194




|
{
, {11
L
' ) :ll: T;
R |!:||.__.
.’r_______..._————"_. ~
T —
7\
Fig. 12.8

When such a drop falls the influence of gravity, it is hindered by the atr it passes
through. The way in which the fall of small spherical body 1s hindered by air had been
described by stokes, who found that such a body experiences a resisting force R

proportional to its velocity. _
R=KV - : .{12.15(a))

The proportionally constant K was found by Stoke’s expression involving coefficient of
viscosity of the resisting medium and the radius of the body.

A falling droplet of oil is acted as on by its \{éeight W, the buoyant force Fg of the air,
And the resisting force R = KV (Fig 12.8). The resultant downward force F is

F=W-FnKV | © o (12.1500))

(@y - )

- Fig 12.9 a) on falling down b) on moving up

‘Initially the velocity V is zero, the resisting force is zero, and the resulting downward
force equals to W —F5. The drop therefore has an initial downward acceleration. As its
downward velocity increases the resisting force increase and eventually reaches a value -
such that the resultant force is'zero. The drop then falls with a constant velocity calied
terminal Velocity. Vg since F = 0, ¥ = ¥,, we have from equation (12.8)

W-Fp=KV, S .(1216)
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v £ =300 iVoIr.s'f’cm -
=30, 000 Volis
=9, 75;_)(_107."’ ¢
=975 Xm" ke
._.and = 980 .'n;.’s‘?
here gl —~mrr : L _' o

——

B 30,000 -

g s 975N 107X 98,

=31 85X 10" Coulombs
Examplez 7

A charged oi! drop 15 prevented from falling undcr gravity by a vertical electric
field between two horizontal metal plates charged to a potential difference 6920 V. the
distance between the plates bemﬂF I 3 ¢m.  When the field s cut off the drop falls in air
with uniform velocity of 1.9x 10" m. Calculate (a) the radlus of the drop (b) charge on
the drop?

Density 0f01l —09X10 kcn’cm N e
Coefficient of viscosity of air= 1.81 X: !Oj - e
The de1151ty of air may be neolected in-compar 1son to. that of o=:

(2) Substltutmﬁ the gwen values SIS FUE T I

a= 9\|31\10 x 19y 107
‘)\981\09310

= 1.75 x10™m" A
(bjyl=(d 3ja” ., S AU
" Hence Ei=_6920 6920 Voitm | -
f'l 12x10? -
qx 6920 = 473 (175 x 10-6 x 0.9x 107x 9.81
soivmg \rge get

e= 4.04-2 x 10" Coulombs:

i . B o - a o




E= s . L (1224)

e=electi;) ang q being designated as the charge of the electron. ,_

Equatton 12.24 shows.that fc., given value of V, the zero‘deﬂection can be achieved by

ad.lUSth the value of E and B. “he main points in Thomson’s meéthod can therefore be
summarized under. S '

I The position of the undeflereq beam on the screen is noted when electric and __
magnetic fields zero. v .

2. The deflection on the ﬂuorescem-qrcen is then noted when a fixed electric field E
1s applied, and ,

3. Finally the magnetic field B is appliet, 4 it value adjusted unti! deflection of
the electron beam is back to zero. \

by

12.8 SUMMARY

The energy of the charged particle increases when it is m"'-ing along the electric lines of

forcg. When the charged particie 1s MOVINg 1n & magnetioy g g Jo oo cting on the
particle is always normal to the field direction. The motion L particle is unaffected
when the charged paiticle is moving along the field direction. ..

Check your progress: Answers

1. Cyclotron. \ |
Vi N
2. E= —=Bv K%
Bd b i';-.
12.9 SAMPLE EXAMINATION QUESTIONS T
.

I Answer the following Questions in detail

1. Describe experiment for the d_etérfnination of e/m an electron.
Discuss the effect of electric and magnetic field o electric charge at rest and at
motion. : -

3. Discuss the application of these effects.

"II.  Answer the following Questions briefly
1. What 1s Hall effect?
2. Describe Millikan’s oif drop method

3. Give the principle underlying the determination of e/m an electron.
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UNIT - 13: ISOTOPES AND THEIR MASSES

Contents

13.1 Objective

13.2 Introduction

13.3 Aston’s mass Spectrograph
13.4 Dempster’s mass spectrograph
13.5 Bain bridge mass spectrograph
13.6 Summary

13.7 Sample examination questions

13.1 OBJECTIVES

This unit explains the methods of isotopic separation of atomic masses and the
determination of atomic masses through the use of Aston’s and Dempsters imass
spectrographs.

After going through this unit you should be able to calculate the isotopic content of atomic
masses. ’

13.2 INTRODUCTION

Goldstein in 1886 observed streams coming out of perforated cathode in cathods ray tube.
Since the particles associated with these rays were positive, they weie called as positive
rays. The particles of the positive rays are generated in the space between cathode and
anode. These are essentially the positive ions which are created by the cathode particles
striking the atoms and molecules of the gas in the tube. The nias.2s of ions are the same as
those of atoms and molecules and are very heavy compared to cathode rays. Thus if gas
contains some fmpurities, the positive rays would consist of ions of all the gases unlike the
cathode rays which are electrons purely. ~

The analysis of these ions which vields informatiorn about the actual composition of the gas
is an important branch of study called the mass spectrograph.

13.3 ASTON’S MASS SPECTROCRAPH

Principle

Aston’s mass spectrograph is an apparatus of high accuracy to determine the isotopic
masses. The principle and working of the instrument differs from that of Thomson. 1In that
the electrical and magnetic fields are co —terminus and do not act in the same region of
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* produced by the électric field but fecombines the particles which are bfought to focus ih‘_ the
form of sharp lines 6n a photographic plate (détection system) CD . The lines are similar to

the Iines of the spectrum.

Considering that the deflection in electrostatic field is small and near the vertex may be
considered as circular for radius r, we have o

eE = -r-nvz
Lo
1 - ke
or_"‘_ :'_T—
r . .mV?

Where E = Electric field, m = mass, V = ve]dcity of the particle and e is the charge.

Hence the deflection 6, which is proportional to 1/r is given by,

Ee e .
8 =C =Cl—
sz ITIVZ
where Cy =c¢ E
i . e e
o dispersion d® = -2C, — = -2 —— L (13D
dv S mv v
if r' is the radius of curvature in the magnetic field then
mv2 ' Be
Bev = (or) p=Cy
. my
r
1 . Be . Bisconstant
rl .my -
=C2_§_
‘my
' Whéré'C2=C1 B
again dispersion
- e ' .
dp = _C; =-¢ - ..(13.2)
dv mu? ° I o
from equation 13.1 & 13.2 we have
de = 2 48
o 8 ...(13.3)

Thus for a. gtven deflection the dispersion due to the electrical field is twice that of -
magnetic field. The small changes d6 and d8 refer to the particles with identical mass and
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Comparing equations 13.7(b) and 13.8 jt is observed that the two equations are. same when
o =9. This foqusip-gl_ponlditipn 1s that the photographic plate must be placed at an angle §
with the direction of the incident positive ray beam.

R T T A

Thus we find in Aston’s apparatus

[ ST A

(i) All the particles of same e/m are brought to the same focus irrespective of
. theirvelocities,. - . . .. . e e o

. : P T T e N 12 PUR R

- B T I :-5 i ‘ bed e
(1t) Particles of different masses are brought to the different foci

* i-‘.‘l

Aston investigated positive rays from various different elements and found that the relative
masses of atoms were more or less integers. dritegers are found to-contain atoms having two
or more different masses proportional to integers and also with different abundances,
Xenon wrth atomic weight 130.2 is found to be a mixture of atoms of atomic, Weights 128,
129,130,131, 132, 134 and 136, which are all isotopes of Xenon.

13.4 DEMPSTER’S MASS SPECTROGRAPH

Dempster’s method is unique in the sense that in addition to the mass identification it is also
possible to find the relative abundances of various isotopes of a given element. The positive
tons are produced in an evacuated chamber by heating a platinum strip, coated with salt of
element under observations and bombarding the vapor with electrons from a fiamen: All
. the ions are accelerated by the electrostatic field to the same energy by allowing them to
pass through a constant potential difference and are then-subjected to the magnetic field
perpendicular to the place of the paper, where by they travel in a circiilar path.

The ions traversing the same circle of radius emerges;out at the slits {13.2)and are collected
at E, connected to the electrometer. We have the following relationship.

f
=T S mFE
. . Wt lss "
: L
i
i . % .
t ; ‘ 1
f ' -8 Vi
t 1
1 1
i '
i Uy
18 -

,_
|

t
|
!
]

|
i
.
I
|
'
]
E
i
I

Fig 13.2 Dempster’s Mass Spectrograph A= Electrometer = &

- B= Magnetic field.
C=Positive ion
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. il
Bev =mv-#r

Or I=my
Be

90x10%x1.7 x 107
2x107 x 1.6 x10°%°

= 4.78x10%m

13.5 BAIN BRIDGE MASS SPECTROGRAPH

For determination of isotopic masses the apparatus for this purpose 1s shown in figure
below Fig. 13.4 5:

The beam of +ve"10ns produced in a discharge tube is collimated by two slits 51 & Ss and
enter a velocity selector. The velocity selector consists of (1) a steady electric field X’
maintained at right angles to the ion beam befween two plane parallel plates P; & P,

and (2)a maanetlc field B. . 5,
} "1r'. S 5
7 ::.-:;_T — 'Vl':’.‘io C’i\;ff S’Zc.i&r

4 vinl)
?‘r\c\}w; {|R:] li )

Ll

The magnetic field is produced by an electromagnet represented by the dotted circe.
The magnetic field is perpendicular to X and the ion beam. The electric field and magnetic
field of the ve]oclty sglector are so adjusted that the defiection produced by one is nullified
by the deflection produced by the other. If X and B are the electric 1nten51ty and magnetic
mductlon then, : N

Fig 13. 4

Xe —BevorV XfB ' ' - ..(13.10)

Only those ions, havmg this veioclty Vv, alone’ pass through the entry slit S3 to enter the
evacuated chamber D. Thus all ions entering D must have the same velocity. The positive,
ions which enter into D) are subjected to a strong uniform magnetic field of intensity B,
perpendicular to its path, The force acting on each ion w11] be Bev. Ions with different
masses trace circular paths of different radii glven by
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13 6 SUMMARY

Tt P
\. it ‘- rf,,{._ LA .

Separatmn of atomlc masses on the bams of spec:ﬁc charﬂes were descrlbed and the
1sot0plc abundance of atomlc masses were calculated.‘

13.7 SAMPLE EXAMINATION QUESTIQN& )

L Answer the folluwmg questmns in detall. '

1.How are isotopic masses separmted? -

2.Discuss the prmclple and appllcatmn of Aston s experlment

3. Determme the lsotoplc masses by usmg Bambndge mass Spectro graph

II Answer the follnwl,-,g qlies:‘

Wlth 2 neat sketch escplam the pnncxple of‘ Dempster $’mass spectrograph.




The growth of the current through, the coil produces a change in the magnetic flux linked

with the coil. According to Lenz’s law an emf gets induced in the coil, which opposes the

applied emf. The induced emf lasts as long as the current is growing and decaymg

The emf induced in a closed circuit at make and the break of the circuit is called the emf

due to self-induction or self-induced emf. The finite titne of growth or decay depends on

~ the flux linkage through the coit and in tum it is also dependent on coil shape. The coils of
the nature and shape are known as inductors. :

Fig 14.1 (a) and Fig 14.1 (b)
Coeflaclent of self induction

Consider a long solenoid having N number of turns and the flux associated with each turn is
b B. N
According to Faradays law of induction, the induced emf1s given by
e~ -d (N p)

dt .. (141)
. Where (N$B) is the total flux linkage. Fora given coil the flux linkage ¢B 1s given as
N¢Bol | B

S NGB =11 ...(14.2)

Where L is the proportionality constant and 15 calied coeﬁic;lents of seli~induction or
inductance oi the inductor.

Combining equation 14.2 and 14.1
We get that € = i_[Nq)B ]
' dt
d

EZ-IJ —
dt ...(14.3)
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The magnitude of this induced emf in $ will depend upon the amount of flux linked in S.In
turn the magnetic flux will depend upon the strength of the current in P. Tt is-observed that
Nti]r; al )

Ngp = Mi _ ) 145

. ] / . . . . . ’
Where the proportionality constant M is called coefficient of mutual induction or mutual
Inductance. - The value of M depends on the distance between the coils and on the magnetic
property of the medium in which the coils are placed.

Differentiating equation 14.5
di fromeqn 141

d (N¢s) =M
dt ‘ dt
di
L—E=M—
dt ‘
aM=—g [ &
dt ...(14.6)

Thus the coefficient of mutual induction is said to be one unit, if the emf induced is one
volt, when the current in the other coil is changing at the rate of 1 amp per second.

The practical unit of mutual induction 1s henry.

14.5 CALCULATION OF INDUCTANCE CGF A SOLENOID

It is possible to calculate the self inductance L for a solenoid
For an inductor
NoB

) 1 : (1477
Let us consider a solenoid having n number of turns per unit length, consisting length 1 and
correctional area A '

-.the flux linkage N¢r =nl BA

Where B is the magnetic induction giving flux B
‘We know the magnetic induction B for a solenoid

B =uoni 4 -.‘,(14A8)
Combining the equationé |
Ndg = nlugiA

Ngs = nor liA ..(14.9)
The inductance of a selenoid
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14.6 SUMMARY

The coefficient of self-conduction is &

di
€= —-L —
dt

The coefficient of Mutual conduction is

1
M=-¢/—
dt

The coefficient of a solenoid is
L=-p,n° IA

- Check your progress: Answers

1. when a changing current flows through a conductor the changing magnetic flux
surrounding the conductor should induce emf within it selfie in the conductor itself.
This phenomenon is known as self induction. - '

2. Henry 1s the unit of inductance.

14.7 SAMPLE EXAMINATION QUESTIONS

I. Answer the following questions 1n detail

1. Derive the expression for the coefficients of self induction and mutual induction+

Tt Answer the following questions briefly.

1. Derive an equation for the Calculation of inductance of solenoid.

I Solve the fol]owing Problems

1. Find the self inductance per unit length ofa fong solenoid of radius ‘R’ carrying ‘N’

turns per unit length,

2. Find the self inductance of a toroidal coil of rectangular cross sectlon inner radlus
‘a’, outer radius ‘b’ and height *h’, with ‘n’ turns.
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UNIT 15: FARADAY’S LAW AND LENZ’S LAW

Contents
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15.10 Summary

1511 Sample examination questions
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151 OBJECTIVES

This unit discusses the concept of electromagnetic induction and Faraday’s Laws of
induction. To make you understand the concept the unit explains

1)
2)
3)

1)

Electromagnetic induction
Faraday’s Laws

Mathematical equations for induced emf.

After going tHToﬁgh this Unit you will be able to explain

What is meant by electromagnetic 1nduct10n and the principle under lying behmd

the workmg of a moving coil galvanometer.

* 152 INTRODUCTION

We have seen in the proceeding units that a current flowing through a wire produces
magnetic field around its surroundings. 1t was observed and also investigated thoroughly

by Michael Faraday in 1831 that changing magnetic lines of force through a closed loop
.of copper wire generated electromotive force. This electromotive force can be used as a

source for production of electric power.
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i
Fig 13.2 (a) Motion of a bar magnet B in a coil C. ' P
(h) Motion of the coil C between the pole pieces of a permanent magnel.

The current that appears in the experiments 1s called induced current and is said to be
set by an induced electromotive force. Faraday as well as Lenz were able to deduce laws
governing the behaviour of these induced emfs and induced currents

15.4 FARADAY'S LAWS OF ELECTRO MAGNETIC INDUCTION

The experimental evidence of electromagnetic.induction has been summed up in
the form of two laws, which are stated as follows,

These laws are known as Faraday’s laws of Electro magnetic induction.

1 Whenever the magnetic flux is linked with a closed circuit changes in induced |
emf s set up in the circuit, whose magnet at any insiant is proportlonal to the
rate of change of magnetic ﬂux Imked with the circuit. :

ie,e=-4db
di

(-ve sign because decrease influx with induced emf)

¢ = Magnetic flux linked with the circuit at any instant.

(11) The direction of induced emf is such that it opposes the change in flux that
produces it. -
This law 1s known as Lenz’s law. Though the direction of induce emf was
determined by Faraday’s, but it was expressed as a law of lenz.
This law can be mathematically expressed as

je,e=-4b _ (151
| dt -

in this e = induced emf, ¢ = instantaneous flux in Weber

To explain Faraday’s laws of electro magnetic induction, we consider the coil
and magnet in the experiment.
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'-; - (15.4)

v bt g

..(13.5)
We have seen that the Faraday s law is wntten as’
.\ dbB .(15.6)
dt

Where —ve sign indicates the direction on whlch the induced emfacts. This result could

. also be stated initerms of Lenz’s law, stating the induced emf always acts in such a
direction that 1t opposes :the charges causmnr it: . This is a: consequence- of the law of

conservation of energy TS o = : k

To-predict the d1_:ec__t10_n of the induced emf, let us consider a simple experiment ofsingle
twin coil (loop)and a bar magnet as shown'in Fig.15.5 Let the north pole of the

Fig 15.4 If the magnet with its north pole is moved toward the loop, the induced curvent
deve!ops as shown, setting up a magnetic field that opposes the movement of the magnet.
magnet is facing 'the conducting loop. When the bar magnet is suddenly pushed towards
“the loop an induced voltage will be developed in the loop. This induced emf setup its
own magnetic field around it and thereby behaves like a magnetic dipole, one face of the
~ loop, being a north pole, the opposite face being a south pole. As usual the lines of B
 would emerge from the North Pole. According to Lenz’s law, if the loop 1s to oppose the
motion of the magnet towards it, the face of the loop towards the bar magnet must
becorite a north pole Thus the two north poles, one being of the conducting loop and the
other is being of the bar magnet will repel each other. ‘The right hand rule shows that the -
current will be counter clock-wise as we see along the: magnet, towards the loop.

To make the rlght hand face a south pole, the current must be opposﬂe as shown
in the Fig 15.5, Whether we pull or push the magnet its motion will always be
automatically opposed.
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By the left hand rule, this force is directed from Q to P. This will result in a flow of
positive charge in the direction 0 to P. The charge will be acted on by a force F over the
~ jength of wire 1, in the magpetic field and it will consequently gain energy.

Fl = Bevl .(15.8)

: (Now precisely the same effect could have been produced in the circuit in the
_absence of any motion through the magnetic field by inserting a source of emf into the
circuit. The magnitude of this emf would have to be equal to the product Bev o produce

_ the same current as we now observe).

Thus the movement of the circuit through the magnetic field generates an emf in
the conductor P Q of magnitude.

e
s.e = Bl ...(15.9)

Since the flow of positive charge is in the direction PSRQ the end P of the wire [ will be
the conventional positive end, while Q is negative. This induced emf sets up a current .

aiven by
3 Bv/ | - ..(15.10)

1£ =
R R

Where R is the resistance of the wire.

15.7. TIME VARYING MAGNETIC FIELD

Tt is also possible to have induced emfs without any physical motion of objects,
i.c., magnet or the coil. However, the magnetic field should vary with time. If a
conduction loop is placed in such a time varying magnetic field, the flux through the loop
changes resulting in the creation of an induced emf n the loop.

" Let us consider the following quantitative illustration of certain arangement as
given in the Fig 15.8 related to changing. P -
. -

\ Fig 15.7 Time varying magnetic fields.
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15.8 MOVING COIL GALVANOMETER

Fig 158 = working model of a moving coil galvanometer.

Tt has been made use that the magnetic effect may be employed of measuring
currents. The instruments in which the magnetic effect is wsed for measuring and
detecting current or electric charge are called galvanometers. There are several types of
galvanometers depending on the construction for a specific purpose. Thus, those in
which a current carrying conductor moves when placed in a fixed permanent magnetic
field, are called moving coil galvanometers. This is used to measure momentary
currents.

A design formula can be derived for the moving coil galvanometer as follows.

A moving coil galvanometer counsists of a flat coil of insulated wire which s
suspended between the poles of permanent horse shoe type magnet. Usually the cotl is
suspended by a phosphor bronze wire. When a momentary cusrent is passed through the
coil, it produces its own magpetic field. There will be an interaction between this
magnetic field and the field due to permanent magnet. Since the field provided hy the
permanent magnet is radial in the region where the coil is free to move. The plane of the
coil is always parallel to the field. Hence the cotl which deflected from its equilibrium or
a torque is produced by the cusrent. The kick or deflection indicated by the moving
system is proportional to the strength of the momentary or steady current passing through
1t.

Fig 133 Moving coil galvanometer.
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15.6 DAMPING CORRECTION

i - . . . o . - . s.";i-l E : o
Galvanometers are used for quick measurement of stleady currents. A moving <oil
galvanometer can either simply register the. deflection without-oscillating about ifs mean’

“position (dead beat condition} or oscillate about its mean:position. (Ballistic condition).’

Under ballistic condition the vibrations are consideredrio be ideally simple harmonic.
But in actual experiments, the amplitude of the swing progressively decreaSes due to
several reasons such as air resistance. Thus the deflection: is-damped’  Hence the'
observed deflection 15 less than what it would have béen nider ideal condition. Therefote
a correction is to be added to the observed throw (Oscillation) to compensate the
damping. The correction is'called damping cprrection. '

i

Experimentally, it is found that the rafio of any two consecutive deflections will
be constant. It means that the rated of decrease gf the deflection is constant:

Let &y ¢2 ¢3¢y . _ete are the recorded deflections on the left and right consecutively

fi=d = ¢ = d - ' . (15.18)
Where the ratio d is called decrement and log d. = A called logarithmic decrement
Hence e}‘:d; : - - -=~"f,;::(].5.19)
Therefore Eqn. (15.18) can be wriiten as
—= I e‘ﬂ' : . . . ) (1520}
[IJE ¢3 ¢4 . . . .

The deflections ¢ and 4: are separated by. hallf an oscillation, while ¢, and ¢ are
separated-by one complete oscillation i - R -

b ¢ b L o - _ '-
=y =ghet=e" : ..(15.21)
dy bz s B _ _

Similarly 4 and ¢ are sépar_ated by th.ree a_ﬁd 'half oscillations and rela_t_f_zd by
P e
= — — =g = _ .. (1522)
LY ¢2_¢3 s ' o _

If dois the undamped first throw which reaches its maximum ¢, after one quarter
of an oscillation, from the analogy of Eqn. (15.22) one can write '

oG = ¢ orde= e . _ - ...(15.23)
ok '

or by expression
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Hence the total induced emf s also zero.
Example -2:

A uniform field of induction B is normal to the plane of a circularring 10 cm in
diameter made of 6.1-inch diameter. At what rate B must chanrre with time if an mduced
current of 10 Amps 1s fo appear in the ring.

Solution:

Radius of the copper wire = 0.127 x 10" m.

Resistance of the wire R = 17x10%xax 10X 10°
1N {0127y 5 10

=105.4x 107 Ohm

@B = BA = 7854 x 107

c= doB =78.54x 107 x &
dt &t

i=10Amp; v ¢ = |p= 1834x107 dB
R 10555 10°  dt

dB = 134 Weber / m*-s
dt

Example - 3:

The figure shows a copper rod moving with a velocity. V paralle! to a long
straight wire carrying a current, i. Calculate the induced emf 1n the rod, assuming that V.
=50m/s

Sojution

- 1=100 Amp, a= 10 cm and b=20cm

-
|

-—. k — I

Fig 15.11.
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(1} The direction of induced emf is such that it opposes the change in flux that
produces it.

d¢

dt

e = induced emf, ¢ = instantaneous flux is Weber.

i l. Generally the instrument in which magnetic effect is used for measuring an

‘ detecting current are electric charge are called galvanometers. But an
instrument in which a current carrying conductor moves when placed in a
fixed permanent magnetic field are called moving coil galvanometer. This is
used to measure momentary currents.

2. Sensitivity of a galvanometer can be defined as the angular deflection of the
coil per unit currents,

) B, A

1 k
The sensitivity is large if B, or A are made large and k is made small.

15.11 SAMPLE EXAMINATIEON QUESTIONS

I Answer the following ques.tions in detail

L. Describe the Faraday’s law of induction and Lenz’s law to explain the induced
emf in a circular loop.

2. Discuss and describe the working principle of a moving coil galvanometer. How
the damping correction helps to get actual valtue of the currents being measured
by the moving coil galvanometer?

1.  Answer the following questions briefly.
o Explain about the time varying magnétic field.

2. How do you expiain the induced current voltage in a loop in the basis of law of
- conservation of energy?

ML.  Solve the following problems

L. A uniform field of induction B is changing in magnitude at a constant rate dB/dt,
You are given a mass m of copper which is to be drawn into a wire of radius r
and formed into a circular loop of radius R. Show that the induced current in the
loop does not depend on the size of the wire of the loop and assuming B

perpendicular to the loop is given by ;| _m  _dB where P is the resistivity of
drpd  dt
the copper.
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4. InFig 15.13(c) a conducting rod A B makes -contact with the metal rails A D and
b C which are 50 cm apart in a uniform magnetic field of induction 1.0 Webet/m
perpendicular to the plane of the paper as shown. The toial resistance of the
circuit ABCD is 0.4 ohm (assumed constant). (a) What is the magnitude and
direction of the emf induced in the rod when it moved to the left with a velocity
of 8 m/s? (b) What force is required to keep the rod in motion? (¢) Compare the
rate at which mechanical work is done by the force F with the rate of

development of heat in the ¢ireuit.

r_ n a " L] H -
blem
| .
18 o= ® L]
Fig T (3)
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Information regarding electric and magnetlc fields was avallable to sc1ennsts about the
middle of the nineteenth century. Indeed thé very concept of" existence of an electric. or
magnetic field a new idea of Faraday at that time, was considéred with doubt by most
scientists. Previously, fields had been looked upon as convenient means of visualizing the
arrangement of force that resulted from electric and magnetic actlon ‘But to Faraday the
maonetlc field was the actual means by which magnetic force was exerted :

From the time of Ampere’s work (1820 to 1825) it has been consndered that one wire
_carrying current exerted a force on another wire carrying curtent and no' intermediate
‘agency for exerting force was taken into account. This was the actmn-at—a-d istance theory,
.and it followed logically Newton’s Universal law of Gravitation. Newton’s Law assumed
‘action at a distance, for it did not consider any medium necessary for the transmission of
“ gravitational force. However, Faraday conceived the physical reality of electric and
magnetic fields, and Maxwell undertook to express the mathematlcal relations involved.

16.3 ENERGY STORED IN A MAGNETIC FIELD :

Ina 51m11a1 way, an inductor stores energy in its surroundmgs when the current is passmg
through it. This may be demonstrated with the help of the circuit shown in the Fig 16.]
When the switch S is closed the lamp glows. But, when the: switch is opened the bnﬂhtness
of the lamp increases momentarity. This increase in its bnghtness 1S, due to the magnetlc
Energy stored in the magnetic field of the induction; as-the magnetlc f eld of the mductor
induces a large current momenhrlly when the ﬁeld collapses R

Fig 16.1 Circuit for demonstrating energy stored in-a,magnetic field. -

To calculate the work in establishing the magnetic field, We shall calculate the energy
supplied by a source to an isolated circuit (Fig 16.2) when the current increases from zero
to some value. The circuit shown in the figure 16.2 consnsts of R the resnstance inductive
coil with self-inductance L and E and emf of the battery T -
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Consider a solenoid consisting of lerigth 1 and cross sectional area A. Then TA is the "
volume associated with the length of the solenoid. : R S PR E

*. The magnetic field energy density VB=_B
Al
Since Ug =2 Li?

UB:' vaLi® ...{(16.6)
1A

But the coefficient of inductance of a solenoid is pon” Al and the magnetic induction
B = u,ni Substituting L and 1 values in the equation

We get Us =% B’
" Ho (167

Though this magnetic field density equation is derived for the special case of a selenoid, the
formula of equation 16.7 holds good for all magnetic fields.

16.5 PRINCIPLE OF A TRANSFORMER

A transformer 1s an electrical device by which a low alternating voltage can be converted
into a high alternating voltage, however the initial current gets reduced proportionately or
vice versa with the increase in voltage. The same device can also be empioyed for
convertmg high voitages to low voltages.

The transforrner conslsts of two coils wound on a common core. The core is made of high*
permeability material such as soft iron. The function ofthis core is to increase the magnetic

flux linking the co1l, hence increasing the mutual inductance between each pair of them.

The coil P connected to the voltage to be changed is called the primary and the other coil §

between the ends of which the alternate voltage is obtained is called secondary. 'The core

carrying the coils P and § are usually made up of thin layers of magnetic materials, also

known as laminations, which are electrically insulated from each other by layers of
laminating paper. The figure 16.3 shows a cross sectional view of a tlansformer and

conventional circuit symbol for a transformer. :

T e
- ® |” |,:,
it @ X
L il
e it
‘ (bl
Fig 16.3 (a) (b) _
16.3a .a model rransformer 16.3b - Transformer in a circuit

When an alternating voltage is applied across the ends of the primary coils, 1t causes a
varving magnetic flux in the core. By Faraday’s law of induction an alternating induced .
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power losses are eddy currents, hysterisis and magnetic leakage. In large fransformers,
which are widely used, the efficiency is 98% whereas in small transformers it is about 90%.

Example:

1. A coil with an inductance 2 henrys and a resistance of 10 ohms is suddenly
connected to a resistance less battery of 100 volts. (a) what is the equilibrium

current (b) How much energy is stored in the magnetic field when this current exists
1n the coil ?

(@ E - 100
R 10

= 10 amps (equilibrium current)

(b) Stored energy = % Li*
=% x 2 x10°

= 100 joules

2. A circular foop of wire 5 ¢m in radius carries a current of 100 amps what is the
energy density

vB='1 B andB = _uoi
2 o 2R
vB- 1 |._12{;‘ i’
2 4R*
— 126 x10%x (100)° x 10*
Bx3x5

=0.63 Joule /m"

3. An ideal transformer has a turns ratio of 2, i.e, N2/Ni1 = 2 An ac emf of 10 V is
applied to the primary. Find the emf or voltage appearing in the secondary

terminals.
Ea = Ng 4]
Ny
=2%10=20V

16.6 MAXWELL’S EQUATIONS

These equations are based on the several crucial experimental results obtained as mentioned
below: '

(a) An electric field is found to exist and is defined.

(b} Duivergence of electrostatic field is proportional to charge density.

(c) A magnetic field is found to exist and is defined. But it is impossible to create an
1s0lated magnetic pole,
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“Once again, the physical meaning of t'hes‘e equations can be inferred as follows;

Equatlon ]6 18 says that a chanfrmg electric field will produce a magnetic field and
equation 16.19 says that a changing magnetic field will produce an electric field. - These
equations are particularly interesting to consider relative to the propagation of electric
waves, 1t will be seen at once that, if a changing electric field produces a magnetic field

and that m turns produces an electric field which produces a magnetic field and so on, some
" kind’ of sertes of energy transfers is started whenever any electric or magnetic disturbance
takes place. While propagating energy will be transformed form the electric to the

magnetic and back to the electric and so on indefinitely (this illustrated by figures 164 &
16.5). - :

g’\ul Uﬂi US
L
ur
(V1)
(v},
A
o F1g164

If(as s actually true) the magnetlc energy is not confirmed to precisely the same location in
space as the electric energy from which it is derived, but extends a little beyond, and, if the
electric energy derived from that magnetic energy is again a little farther advanced in space,
and so on, so that the energy is changing form to form and is also being propagated through
space, the result may quite reasonably be a traveling wave of electromagnetic energy. To
understand this more clearly an analogous situation as described below:
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16.7 THE POYNTING VECTOR

A very important aspect of wave propagation is the flow of enérgy through space. As the
wave passes through a susface in space the energy get transported too. At any instant there
will be a flow of power (watt / meter®) through each unit area of the surface and 1s

denoted by the symbol P. The product P. A is the power passing through in area. A. Thus
‘The rate.of energy flow per unit are in an electromagnetic wave can be desctibed by a
vector P. known as the Poyiiting vector. after John Henry Poynting who first pointed out
its properties. When flux line (vector P) are drawn they show the flow of electromagnetic
energy.

¥

Fig. 16.6
Consider a region of space, enclosed within ai-imfaginary surface. The rate at which
electromagnetic energy flows out of this region is found by integration P. over the enclosed

surface. The outward flow of 'bower = ¢ P.dA. But, if the energy is flowing out of the
region, there must be a corresponding loss of electromagnetic energy stored within that
region. This is the sum of electric and magnetic energies givea by the volume integrals:

—— -

_ Electric energy % JD.E dv : _ ...{16.22)
© Magnetic energy = % | B.H. dv ...{16.23)
Total energy = % I (BH+DE)dv g ' ...(16.24)

The rate at which this stored energy dlmlms'hes 5 obtained by differentiation i.e.., the rate
of decrease of - - : '

.
-

Storedenergy =d 1 [(BHDE)dv -

dt 2 - ...(16.25)
Assumiing that there 1s no loss of energy by other means, we have

— — So=r = — —

§PaA=— 1| dJ(BH+DE)dv
2 d
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As a simple example of the Poynting vector field, consider a long cylmdncal conductor
carrying current.  As shown in figure 16.7 a steady current.ls flowing upward in a
- cylindrical conductor, the front half of the conductor being cut away in the diagram. The
electric field with the conductor is correspondingly uniform and upward. The electric field
. outside the conductor is much stronger, having a tangenitial component that terminates on
some other part of the circuit. The magnetic field within the conductor is ctreular, and its’®
strength 1s proportional to the radius.

R

=10

c
—=>, P e
= ]
—_ o]
Fig 16.7

A — Current, B - Eleciric field, C - Magneiic Field, P— Poynting Field.

- -
The Poynting field within the conductor, being E X H, is radially inward, growing weaker
as it penetrates the conductor.

~ The increasing weakness of the pointing field indicates the consumption ofenergy Energy

enters the surface of the conductor and flows towards the center. This is used to supply
resistance loss in the conductor and the inward flow of energy decreases to zero, as the
center of the conductor is approached. The Poynting field outside the conductor is
Primarily parallel to the conductor, showing that the energy is being carried in the direction
of the conductor ( which serves as a guide for energy).But the external field has a sufficient
radial component to give an inward flow of energy to provide for the loss of ener gy in the
conductor. Only around a conductor of perfect conductivity would the ponting field the
wholly parallel to the conductor.

Note par[iculax Iy the Poynting vector and.therefore the direction of travel of a wave. If the
fingers of the right hand curve from E to H, the thumb shows the direction of travel of the
wave, This very important relation is easily remembered

if E x H is firmly impressed on the mind. Obviously a reversal of the order (i.e HxE ) of
these vectors would be ruinous, but the memory can be helped by noting that E precedes
H as in the alphabet.
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¥V x E=— :’% (2)

dt
vV x E=0 (3)
VxB=0 | 4)

The electric and magnetic field in the magnetic equation vectors represent the wave
amplitudes traveling with the finite velocity in space these waves do not require a medium.
These waves, are iransverse in character and they transport energy from one place to other
place. Poynting vector represents the energy flow.

Check your proglfess :Answers

1. A Transformer is an electrical device by which a low alternating voltage can be
converted into a high alternating voltage and vice versa.
The efficiency of a large transformer is 98% where as the efficiency of a small

transformer is only about 90%.
2. Maxwell’s equations of electromagnetic induction are

() VXH=i+aD

dt
(i) VXE=0
(111) VXE=—-7B

dt
(iv) VXB=0

16.9 SAMPLE EXAMINATION QUESTION

I Answer the following question in detail.

Discuss in detail the principle of a transformer. _

Discuss about the construction and working of electromagnetic cavity oscillator.
show that electric and magnetic field vectors represent the wave amplitude,
traveling with finite velocity n space. -

11. Answer the following question briefly.

Obtain the expression for the energy in a magnetic field.
What 1s Maxwell’s equation?

‘What is pointing vector.

What are traveling waves.

el S
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17.6  Power factor of an AC Circuit

17.7 Energy stored in a LR Circuit

17.8  Resistance and capacitance in series AC Circuit

179 L.C Circuit
17.10 Summary

17.11 Sample Examination questions

17.1  OBJECTIVES

This Unit discusses the passage of electr101ty through electrical elements. In order
to make you understand the effects of current passed through different combinations of
electrical elements are set forth.

After going through this unit you shouid be able to understand the principle of
operation of the alternating current generator; and the relation between the instantaneous
and the effective values of cumrent and emf for different combinations of electrical
elements.

17.2 INTRODUCTION L

In this unit the principle of operation of the alternating current genevator is discussed
also you will know about the alternating currents. You will be knowing about the power
factor and energy stored in a LR circuit.-
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Also, at any tintet" the orientation 6 of the coil 1s given by _ o
e.zvm.'r. +_6_ - PR — - . P — ._. ) .- : . - ’ (175).

Where 8 replesents the value' of Oatt=0" “When equattons 17.4 and '1'7.5 are substituted

into equa"tlon 173, the" expressmn for an mstantzmeous value of emf induced’ m the
rotating'loop becomes ‘

E = Epe sit (04 + §) .(17.6)

Thus as asserted above, the induced emf behaves like harmonic oscillator.

174 GRAPHICAL REPRESENTAION OF . ALTERNATING EMF AND
CURRENTS

Equation 17.6 18 1epresented by ﬁoure 17.2 as a solid curve with E as the ordinate and ot
as the abscissa.

. £ qun®
' - L - L] 11‘!9"
S PN
Lo YN
. % \ ' |‘
% E S 4 h [
Ll ’ I by
f‘ I 1
] ' ]
P ; |
T I {,\)t
N }
! 1
' 1
1
i v
3 ‘E‘hﬂr ------ .
'\_o' E= EM.Sw(mth)

Fig. 17.2 Graphical representation of alternating EMF and currents.

As shown by the solid curve in figure 17.2 the instantaneous emf varies between the
timits + where B 15 known as the amplitude of the emf The quantity appearing in
equation 17.6 is the initial phase angle; thus the initial value of E (that is at t =0) is given
by Enu sind. The phase of E at any subsequent time is determined by the instantaneous

phase angle, ot + 3; one complete alternation of emf is calied one cycle and - is
accomplished in a time known as one period T.

E When AC emf of the type described by equation 17.6 drives the current in circuit,
the resulting current is also harmonic although not necessarily in phase with the emf, Let

‘us suppose that the nitial conditions and circuit parameters are such that the
instantaneous current and emf may be written as

1= Inae I (@t + 8y) . I | L (177
'E= Enacsii (@t +82) (17.8)

Where 8; and 8; are the initial phases. The emfreaches maximum at an earlier time than
does the current, then the emf'is said to lead the current by the phase angle.”
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We can evaluate equation 17.15 viz.,

© _ Pmax (1747

Thus ler= \!-1_2 = lam = 0.707 Linax
V2

Where the effective value of AC current is 0707 times the amplitude of its rhaxinium
value. Following the same arguments as given above, we have ' -
Enns = 0.707 Enpax | ' - (1719

AC measuring instruments like ammeters and voltmeters, unless itis specifically stated to
the contrary, read effective or rms values. As a result, effective values are ones normally -

dealt with

(17.18) -

Example 1:

The equation for an alternating current is i = 42.42 sin 314 t. Determine (1) s maximum
value (i1) its frequency (1il) 1ts RMS value, '

We know
i = l.mﬂx Siﬂ (Dt it

(a) Loy =42.42

(by ot =314t
w=314

Now & = 2nf

f= 314/27t_= SOHz
(€) Loms = L;;m/\l 2

~42.42 /2= 30 Ampers
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. 17.6 POWER FACTOR OF AN AC CIRCUIT

v,

At any instant the rate of energy consumed in a circuit 18 given by the
product of the current through it and the potential difference across it

Instantaneous power dissipation = v ...(17.20)
Average power dissipation =iV (172D
=1 ,[ ivdt ' 2

T o o

T

1 { Lz S0 001 Vi 510 (0t + 8 )dt
Tao )
T

I,m\ Vinax _[sm wt(sin ot cos & + cos ot sin 6)

T
= L_q;m!m.u.[ (1-cos 2wt ) cos 8 + sin wt cos ot sin &) at

T °
= by Vinax E Cos ¢ sin’ otcosd +. Siﬂﬁ(’)tsinalr

T a2 R i
= 1__@__\_2@} COS 6

, }
=1V cosd . | - {(17.22)

Cos 5, which appears in equation 17.22 is known as the POWER FACTOR. For purely
resistive circuits, in which 8 = 0, the power factor is unity and the powar is given by the
product of the effective current and the effective voltage.

17.7 ENERGY STORED IN A LR CIRCUIT

T

Consider a circuit confaining a pure inductive coil of inductance L Henry and pure
resistance of R ohm connected in series as shown in Fig 17.3
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Thus the relation shown 1n equation 17.23 can be written as . ...(17.24)
i=V/z o
or  V=iZ : - - L (17.25)

A triangle whose sides are proportional to the vo[taoe V, Vi and Vx is called voltage
triangle. A triangle whose sides are proportional to R, XL and Z is called impudence
triangle Fig. 17.5

VR=RI1
Fig 17.3 Impedance triangle T
It is clear that the vector V leads the vector the ‘i’ by an angle. The cosine of this

angel 1.e. cos 6 15 called the power factor.
Power factor = cos 8=R/Z S ‘ _ ..(17.26)

Assuming voltage leads current by an angle 6 the current and voltage can be shown as
V =V . Sin ot

We know that power is equal to the product of current and voltage
P=Vi :

= Vmax Sll’l (Dt _[m{i.x Sin ((J)t - 6 )
= Vinax Imas 5100 01t 810 {0t - §)
=Y2 V mac L imas [ €08 (200t -8) ]

Now the value of cos 8 is constant in a given circuit where as cos (2ot - 3) 1s a vanabie
quantity and its value is zero. Thus the average power.

=12 Viay Imax €08 O

V2 V2 |
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- in series same voltage but opposite, in parallel the same current but opposite.

o Thus at resonant frequency & when R=0, the line current would be zero but there
1S an oscillatory current in L & C. The applied emf merelv supplies the energy 1o
compensate for any circuit losses -

One finds that. for fixed values of L,C & R, the impedance of an L.C & R circuit
depends on (@ - 27zf). Hence it varies with frequency. In such a circuit. Hy = [ acor
2afl. - 1 2/ e If the inductive reactance = capacttative reactance, or at a particular
frequency of Ac, fis such that

-1_ | !
f- = or f = — (1730}
' 4m°LLC 2aVLC

Then in equation Z = v R* + (0" + (1/n%)*

Maxtmum current will be admitted through the circuit and the circuit will behave
as If the coal and condenser were absent. The cireuit is said to be in time or Resonance
with applied emf (i.e. the value of the frequency of applied emf) for which Wi = J/oc, is
called resonant frequency (fo) and is given as so many cycles /sec. When L is in henries
& Cis in Farads. This gives condition for Resonance. '

In a crreuit like this

L, 9 -0 . L (17.31(a))
dr ¢

PR B L (17.31(bY)
dr (]
d¢i | _

& ——+ Kq=0 {(17.31{c))
dir

& W=K i weKk= L (1731(d))

V1L
or2af=—_ r= L
V1. 2V 1L

Which is the same as equ.17.30 above. This is the frequency of the oscillatory discharge
m a circuit of inductance L and capacitance C when the resistance is low.

Thus the strength of AC in any series circuit due to a given applied emfis greatest
when the frequency of applied emf is equal to the natural frequency of the circuit. a




‘condition analogous-10 that necessary for resistance in the case of sound. The above

circuil is then called a series resonate resonance cireuit with R, &
I .

fo= —_— ' (1?32]
2oV L : ' N
XLF' S
I Zo R
C .
N T - >3
\5¢ |
Fig 17.10 ‘ A
: : o Ap~—
the maximum current in the circult 1s grven by ¢ - e
lo=Eu/R = ' ,..(]7,33;¢1
& Eeme = Ims R NJ'/ (17.34)b

Also at resonance the alternating P.D the inductance (L) & the capacity (c) are equal &
180" out of phase, or in antiphase

Thus the ratio of the voltage across (across the condenser) to the voltage across
resistance or applied voltage at resonance is called the Q or veltage magnification factor
of the circuit also the voltage across inductance or (capacitance)

:W]--lomi‘
Voltage magnification or factor
Wl = WL
RI]'IH." ) R

If the frequency of a C supply is varied or it contains a no. of frequency
components (as in a receiving serial) aseries LCR circuit across its supply will or accept
a maximum current. i.e. a maximum response for only that component of a supply which
has a frequency .

= | o LA17.37)

2V LC

provided the resistance R 1s very low or negligible.

It is also some times called an acceptor circuit. It is used as a tuning circuit with
the arial of a radio receiving station. Also when R =0, the impedance of the circuit
becomes zero al the resonant frequency i.e. in LC circuit in other words.

Check your progress- 11
i. Define Power lactor

2. What s resonance {requency?
3. IR = 0. what happens o the impendance in L C circuitl
‘Note:  a. Space is aiven below for vour answers,

b. Compare vour answers with those given at the end of the unit.




UNTT-18: TRANSIENT RESPONSE IN CIRCUITS

Contents

18.1 Objecnves

182  Introduction

i 18.3 5 Rewistofs

s
Lt

32 Inductance

. 18.3.3 ‘Capacitance” - - -

184, Giowtli and Decay of the Current in LR Circuits
8.5  Growih and decay of current in CR Circuits
18.6.. Transient behavior of series LCR circuit

&

18.7. Summary

188 + Samjsle examination questions

18.1 OBJECTIVES

This Unit discusses the phenomenon of growth and decay of current in LR, CR and
LCR series circults. - - ’ '

To make you understand the phenomenon. circuits contamning inductances and
capacitances are explained.

© After going through this Unit you should be able to evajuate the growth and decay
of current in LR, CR and LCR circuits :

8.2 INTRODUCTION

in this Unit we will discuss the currents in a LR circuit and charges in a CR Circuit

Here in this Chapter we will also discuss about the transient behaviour of LR, CR
and series LCR circuits. LCR series behaviour is analogous to that of a damped
mechanical oscillator. The behaviour is analogous to what happens in a simple pendutum
if it is displaced from its equilibrium position and then released. Depending con the
amount of friction, or damping, the pendulum will either oscillate back and forth, with a
aradually decreasing amplitude, or will move towards 1is equilibrium position without
oscillations. We discuss thie electrical analogue shown in Fig 18.1
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The result 15 Just the Ohms law which works equally well for both ac and steadv
voltages. The nomenclature for R can be generalized as resistive impedance.” "~

e

18.3.2 Indectance .- | T U LT U P IR e TR

Fn_ 18 2 showq a snmplr., mductance connectcd to a SOL!ICE: ofsmubmdal E MF and
the coil is assumed to be of pure inductive nature :

S

tig 8.2 Inductance conmected AC circnit.
As per the circuit equation we know that
E " Ei =0
Where B, is induced _\foltag,c acrOs;s the inductance coli_ll. T.he inlduced EMF E,, 1s thus
B O=L{di/d) | L.(1859)

Where L is the self inductance of the coil. The negative sing denotes the effect of
EL in the circuit which tends to decrease the magnitude of current.

Combining the last [wo equations we gel

E =\ (t)=Vycos ot ...{(18.6}
Since Ef =-E

L (di:/ dt) = Vacos ot . (18.6(a))

The interpretation of the i (t) is such that the slope (@ /dt) 1s also 2 varvmg
function of time having the same phase as the generating voltage and amplitude is given
by Vi / L. An expression for the cumrent (i)t can be obtamed by intearating the expression.




(1) = Mo sin oot
oL

=Yocos(mt-n/2) \ (189)
ml .

Equation 18.8 manifests that the quantity (L) plays same role as does R in resistive casc
and oL s known as the inductive reactance.

18.3.3 Capacitance

The instantaneous voltage V across a capacitor “C’ 15 shown in Fig 18 4

V(=L T (1810

(>)
N

J L—
e
c — ———

Fig, I8.4 Circuit consisting of a capacitor copnected to a AC source

The circuit equations for this case has to be-modified to accommodate the voltage
across the capacitor. caused by the charge q on it at any instant of time. Choosing zero
time when the voltage at'A caused by the generator is positive and say. increasing thc,
charge on the capacitor starting from an instant when its charge was zero, 1s

t

qtty =l i.dt ' (1801
The situation at time t ts described by the cireuit equatton, 1.e.
v =+E{®=0 ..(18.12)

In order to express this result in terms of i(t) , since i = dq / dt we differentiate equation
[8.12 to find

»CVy sin otdt = dg
or -aCVysin ot =dq/dt=1(t) ...(18.13)

We can now write the current as 1 4 sin ot with 1o being equal to CaV g
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where e = cos 6 +jsin8 .. (18.16)

Where N is a real number, called the modules, and 8 an angle, in radians.
Together N and 8 describe the magnitude and direction of a vector in the complex plane,
as shown in Fig. 18.6 (e is the base of the natural logarithms). This result depends on the

dentity shown in appendix IL

The particular advantage of complex numbers in a circuit is that they provide a
two dimensional name with appropriate vectors arising in the a.c. circuit analysis. In
particular let the angle & be a function of time using § = ot. then equation (18.16)
becomes.

oo

e’ =cos wt+ ) sinron .. (18.17)

e now represents a unit vector rotating with constant angular velocity o, and 1s
thus suited tor representing any rotating vector in an ac circuit. The two terms cos otand

i sin o1 give the real and imaginary components of the rotafing vector. Either one can be

used to represent a sinusoidal functions of time.

Resistor \
We replace sinusoidal voltage E(t) = Vo cos ot by the expression

E (1) = Voe™ ..(18.18)
This gives the vector amplitude V, rotating at an angular frequency @, As
per the eqn. 18.17 one can get either cosine or sine function of the time variation of
voltage The circuit equation now gives

(1) R = Vye'™ = Vi [cos ot 4 | sin of]
P ()= [Vo/R] € = Vi/R [cos ot + j sin ot] ...(18.19)
The ac resistive impedance of the resistance 1s the real number R.

Inductor
From equation 18.6a the generator voltage in a complex numbers notation

1s wiven by

o Jint e (1 820)

di = Voe

dt

-

This mav be written in integral form

di = Vo edt .{(18.21)
i,
Which immediately integrates to
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Ke= 1. = +4/oC i L {18.27)

fwe ' .
iy this case ac current vector, according to eqn. 18.26 is real number joVe multiphed by
i As shown in Frg i '8 this rotates the curvent vector 90", ahead of the voltage to lead 1t
by 90" X
To summarize the current amptitude

T IMAINARY
\ -

J C.OC\{f\_fg_
' XC

+
WCV,
Vo REAL

bW
s

Fig 18.8

_each kind of‘e-lemgm R. L and C can be written in terms of the ac impedance Z, using the
equation. ' - _
=¥ - .(18.28)
/ B
Where Zi = R resistive inpedence [ ¢ in phase with V,
. . .o . . )
7;-= jok = X;. mductive resistance lo lags Vo by 90"
Ze= 1 = Xccapacitve resistance 1o leads Vy by 90"
ol
All three terms may contribute to the total ac impedance of a current in general.

R

184 GROWTH AND DECAY OF THE CURRENT IN LR CIRCUITS

In circuit where the energy can be stored as in a charged capacitor or in an
inductance while it is carfving current, the sudden application or removal of an applied
voltage causes a momentary changing response in the circuit while it adjusts to the new
conditions. Here in this we discuss few cases.

To begin with we discuss the case of an inductor and a resistance in seres {0
which a vohage sourée is connected with a closing and opening switch.




|- Rdi = _ R dt
V- 1.

{Where we have multiphied both sides by ~R to make lefi-hand side a perfect differential

and mtegrating we get

log(V-Ri) =%+ C L (1831)

Where the integration constant C can be evaluated from the condition that at (=0, (when
the switch is closed) i=0. This gives C =log V. We put this in above equation and
convert it to be exponential form

\.' - RI = \;u IR ' . (1 832}
The current 1s given by

{ = v [ | - e—(l{ 1.'II1

[4
=lo{l-¢c ®') (18.33

A plot of this solution is given in Fig 18.11. The behaviour of the circuit is comptetely
determined by the value of R/L. or by its reciprocal 1/R, = 1. the relaxation time of the
cireuit, with the use of T as defined the equation becomes

i:-_ln[l‘e-‘r) —{183:”

- is the time for the current to build up to [ 1.—* Jor 0.632 of

3

its final value We see this by putiingt= T= L }.é;
: R

I
I
i

- {
1
T - B

Fig 18,11
=1, (1_-1)=L(1-03i8)=006321 ' L A18.33)

e

There are many phvsical situations which lead to equations like V = Ri+ L (di/dt) and
hence to solutions of the form of equation (18.33). These can be identified as giving rise
to an exponential approach of variable to 2 final value. When this identification can be
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This removes battery from the circust, while allowing the current to-flow until decays
exponentially to zero. Letting t = 0 at the moment the switch is changed:-the equation
describing the circult becomes. : : o A

0= Ri— L 4 (because ofﬁl— ve) ...(18.39)
clt dt .

This problem could be sotved by separation of variables; but instead we go directly to the
solution by applying the boundary condition of the problem to an assumed exponential
solution. In this case at t = 0.V —Rj = I since there is no voltage drop across the
inductance when the current is steady. Also after a long tirue the current will go to zero,
S the obvious solution to equation 18.39 is of the form

I=loe' o Ve - T (18.40)
it is easy to verify that t has the same value L/R, A plot of the current against time is

shown in Fig 18.13. Here T is the decay of current in RL circuit after the voltage source is
removed. time for the current to fall to the fraction i/e of its original steady state.

3

=

18.5 GROWTH AND DECAY OF CURRENT IN CR CIRCUITS

b The RC circuit is shown in Fig 18.14

Fig 18. 14
The equation that applies when the switch is closed is

Vo=R dq + ¢ .(18.41)
di & :




Finally, we study the case of the discharge of the capacitor as shown in Fig 18.16. We
start with the capacitor charged to a potential Vo = Qo/C when the switch is closed, the
situation is described by

Q +Rdg ="

¢ dt- ——wsvu_———ﬁ

C
Fis2dd6 1906 |
Fig 18.16
|
The solution of the above equation |
q=Qoe™™" .. (18.47)
i= _dg= Qe = VeetT (18.48)

dt RC R

This result is identical with equation 18.40, However, the current is flowing in a direction
to discharge the capacitor in the later case, where as in the former case the current was 1n

the direction to charge the capacitor, .
v

18,6 TRANSIENT BEHAVIOUR OF SERIES LCR CIRCUIT

Fig 18.17 LCR Circurit

Initially, we charge the capacitor with a charge E[ producing a voltage across the plates

Vo= g ..(18.49)
i

Attt =0, the switch is closed and the charge g begins to leak off around the circuit
through the inductance L, a7 the resistor R. Positive current will be defined clockwise




The second term in sinusoidal term expressed in complex ~number notation.

We can rewrite equation 18.55 in a more concise form and take ifs derivatives as
required for substitution in 18.54

Ve(d) = Ve Ot -

dVy (o-o) Ve (oo - )t

dt |
.. i - .
dVvy - (Go - oy Ve i - e
1
_ dt”
Substitution in equation 18.54 and simplification gives
- 0)2-2jcooa+oc2 4‘_10&) L) 4 L-¢
L. LC

This equation has both real and rmaginary terms. But a complex number can equal zero
only if both real and imaginary parts are zero. We therefore separate the equation with
real and imaginary parts. The imaginary part gives.

2joo+ L jo=0
R

org =R
2,

the real part gives

wto-aR +1L=0
L 1.

Replacing o by R/L leads to

o= L.
L.C

b [,

a1
These values of o. and & make proposed solution satisfy the differential equation.

We now see the condition for critical damping of the LCR circuit.  Since
oscillatory motion requires o to be real, oscillations occur only if '

I R:

| F R

Bl

Otherwise o in equation 18.55 becomes imaginary, the exponent in the term £ becomes
= i)
real and negative and the term become a camping term.

Whenever 1/LC exceeds R™/4L" the voltage oscillates according to

v, ( t) =V,e —]{l.’?.l.,ejr-}t




It the terms 1/LC can be- negfected in comparison with the resistive term. the solution
becomes

\”ﬂ tt) — \(rne-]{l-"l,

SUMMARY

Ty .

AC voltages are applied to the resistors, inductors and capacitors. Current passing

through the resistive impedance inductive resistance and capacitive will be sinusoidal and
in phase. lags by 90" and leads by 90" with respect to the applied voltage.

The transient behaviour of series LCR circuit is analogous to that of a damped
mechanical oscillator

18.7 SAMPLE EXAMINATION QUESTIONS

i Answer each of the following questions in detail,
1. Derive an expression for the energy stored in LR circuit.

Discuss the growth and decay of current in LR Circuits

ta

3. Discuss about parallel LCR circuit and series response circuit

4. Derive Ian expreésion for the quality factor of series response LCR circuit.
I. Answer each of the following briefly

1. Give a graphical representation instantaneous voltage of a capacitor *C”

2. Discuss the growth of current in CR Circuits

Write notes on i) Parallel LCR circuit ii) resonance circuit

(Y]
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R L C|“'
—1
—» Vg [VL
i [
E
A<

Fig 19.1 LCR Series Circuif

In a series circuit with no branches, the current - continuity equation i = O, leads to the
result that everywhere in the circuit the current is the same. Thus for example, ata point A
in the figure, the current coming ffom the left equals that going on to the right. This
principle applies to all points in the circurt, such as B and C.

The AC current everywhere in the circuit thus has the same amplitude and phase. It can
therefore be written in the form

1i=1,Cos ot ..(19.1)

Ori=l, e s - ..(19.2)

But if the currents are everywhere the same, and if the phase and amplitude relations

we have just developed for individual elements are to be obeyed. It follows that the AC
voltage vectors for each elements must have different amplitudes and phases. In addition,
the instantaneous values of voltages across each element must always add to equal the
voltage of the generator. This satisfies the second circuit equations, as modified by the
inclusion of voltages across the capacitor.

SE=SiR+Yq/C ' | ..(19.3)

The effect of inductance is contained in the left hand term. That is > E contains not only the
generator emf but also the term — L {(di/dt)

~_Since the voltage across each element is sinusoidal and has the same frequency,
~ each voltage can be represented by rotating amplitude vector moving at the same frequency.
Thus if the relative phase and amplitude of each voltage vector can be found and if the
vector sum is made equal to and in phase with voltage source, the circuit equation will be
satisfied at all times, Fig 19.2 reviews the current voltage relations for each circuit element
at the same time, “t” the relative phase of Vg, V), and V¢ can be found by rotating,
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the dotted vector labeled V ac . The angle © is the

in neither case the vector sum is given by
rrent in any of the elements and the voltage across

resultant phase difference between the cu
the combination V ac.

According to the circuit equation this voltage Vac must be just equal in phase and
amplitude to the driving emfE. Therefore we may write

E=Va=Ve+Vi+Ve - (19.4)

The rﬁagnitudes of these separate voltages are given by

Vi =RIr

Vi=olLl ‘

Ve=[/0C]l ..(19.5)

But since

Ilp=1r=lc=10 ...{19.6)

Equation 19.4 can be written as
E=To[R+joL+] o O)=lZ ...{19.7)

The impedance terms have been written as vectors to allow for the different phases of
the vectors. The meaning of this vector equations is shown in fig 19.5 (complex notation
has been used). The diagram is identical with Fig 19.3 (a) except that each voltage vector is
expressed as the current times the appropriate impedance term. It is apparent from the
figure that the magnitude Z in equation 19.6/is given by - '

z= J R+ (oL- Hocy (197

J{wt - —“;C)

Fig 19.5

This is the AC impedance of three elements in series. The phase angle between the driving
voltage and the current in the circuit 1s given by :
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—
: 4 " L

Vo . b
Cwhen VL =Ve g 1.6

Ve § . Nt Noltage <VR | o .

In the case of this paratle] circuit. the voltage rather than the current, which is the same on

each element. As a result. the currents in three branches have different amplitudesand

phase. 1f the amplitude applied voltage to the circuit is V,, the current amplitude in R.C

and L will be : ' ’

bp = Yy _

- R .
fe= Vo= Yo & L L1941
: Xc /pwe :

[ I., = \.:I| l ' I . E P
jwlh S

The requirements of the three currents at any instant is that they add to give the total current
passing through the source of emf. This requirement is satisfied if the senerating vectors of
the three AC currents add vector ally equal the total current vector.

As in the last section. the relative phases of vectors can be obtained by rotating the current
voltage diagrams of Fig 19.4 unnl the circuit requirements are met. In this case the -
requirement is that the phases of the voltage vectors of the three elements are same.
Fig 197 shows the resulting current phase diagram, which is more convenient to usé in the
form or Fig 9.8 ' : -

e = /Yo
« Vo . Y%

- et = oy

Xy warl

Fig9.7 - Fig 198 :
This diagram gives the basis of calculation of the total current in the circuit as foliows.
Using lo for the atplitude of the total current we write,

Jo = l[{ + I('[!T:-‘ 11,

cvoll + los LU\ o

Vo I} oo 0 . 1902y -

Z . , - .
The impedance terms are written as vectors to allow the phase information of Fig 19.4 to
he induced, using this diagram{ the reciprocal impedance can be evaluated as
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SinceLo - =— = 0. the magnitude of impedance is given by .

)

-

rACTRY R3- + X —-XL'):

= A R3+('eal.-ﬁ‘):
CaC

The cffective reactance or capacitive reactance dépends upon
Xy =X '()I’IX!, < Xe

The inductive reactance X is directly proportional to the frequency and increase as the
frequency increases from zero on wards. The capacitive reactance is inversely proportional
to the frequency, decrease from an infinite value downwards. At certain frequency both
reactance’s become equal and this frequency is called resonant frequency (£} At resonant
frequency the two reactances are equal ie. X, = Xeor Xi'—Xe =0 then

]

V.=V, (See Fig 19_0)

SO B vg .
N ¢ - S _ . ﬁﬂ.-ﬂ.l'tqssvl )
._ S Fig 199 YV '
| [ D X :
ol = —ore ==
oC LC S '
or 2z fr =—— (as o =2xf) : ' S (19.20)
Vie '

1 I _:
fr=— — Hz
2 VLC

Where X;, = Xo, at resonant frequency. The impedance is minimurm and equal to the
resistance 1.e Z = R, - ' i

Hence current in'the circuit under these conditions is given by .
=y | -
R |
; I
i
C
v 290
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/o

N C C T ..(19.22

=

Generally. speaking the higher the Q value of the circuit, higher isthe peak of its response
as a function of driving frequency © - '

Tof-- - -
1
.
Cugrent X
]
¢
¥
i
]
. A > -
C o% o " 20 2% 30
Ftequéncy
Fig 19.10

Figure 19.10 is a plot of the response (current) i case ofan LCR circuitas a function of the
frequency of the applled emf 1t can be seen that the current and, hence, the power
dissipation in the circuit is maximum at the point of resonance ( C). Referred to thns curve

A is the full width of the resonance peak at AB where the pOWGl dissipation cirops to half .
its. peak value {or. where the current drops to | /N2 of its peak value.

19.7 PARALLEL RESONANCE CIRCUIT

A parallel resonance circuit is shown in Fig 19.11 Ttis assumed that the rectatance of the
inductance coil is negligible. The current in the inductance L will lag in phase by 90 to the
applied voltage and-is given by

—)

] !
1 1T

Fig 19.11




| :
' Check Your Progress:

I. Define Quality factor,
2. What are acceptor and rejector circuits.

Note: a) Space 1s given below for your answers.
b) Compare vour answers with those given at the end of the chapter.

Example—1:
In an LCR circuit if L = .02 Henries, C = 0.5 microfarads and R = 10 ohms and an

alternating voltage of 200 volts is applied, find the frequency of the applied voltage to
produce resonance. Find also the P.D. across the inductor and the capacitor.

~ Let fr be the frequency of the applied voltage at resonance,

fr ] . 1
2V e 2m x02x05 x10*

= 1.59 x 107 c.ps or Hz
The current flowing through the circuit at resonance
r =200 = 20Amp

10
P D. across the inductor

=Lo X i
=002x2 n{r x 20
=0.02x27x1.59% 107 x20 = 4000 volts.
P.D across the condenser plates
VAR ‘

i X "

Cw

= 20xY 0.02x0.5x 107

: 05 x 10° = 4000 volts |
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UNIT 20: ZEROTH AND FIRST LAW OF THERMO DYNAMICS
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20,1 OBJECTIVES

This Unit discusses the basic concepts of thermodynamics

concepts the unit explains

leading to the
formulation of zeroth and first laws of thermodynamics. To make you understand the

1)  the conditions under which a thermodynamic system will be in equilibrium,

2)  the terms adiabatic and diathermic walls; and

3) concept of temperature.

After going through this Unit you should be able to

1) measure the temperatures using various methods; and

2) evaluate the amount of work done by a gas while expanding

20.2

INTRODUCTION

In recent times we have studied, in case of a flow of energy into a system,
when system is working, that means heat energy converting into mechanical
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Fig 20.1 : |

S . ray {b}
If two svstems are brought mto contact through a diathermic wall, normally the
. thermodynamic variables of the two systems are not compatiable and they will go on
changing till they become compatiable. After compatiable values are reached there will
be no further change and the values of the thermodynamic variables will remain constant
in time. The two svstems will be in thermal equilibrium with each other.

205 THERMAL EQUILIBRIUM BETWEEN TWO SYSTEMS

Two systems are said fo be in thermal equilibrium with each other when they are
in contact with diathermic wall in hetween them and their thermodynamic varnables are
constant in time ‘ '

20.6 ZEROTH LAW OF TH ERMODYNAMICS

Let us suppose that we have two systems A and B with an adiabatic wall
between thent. Let A and B are ini contact with system C througha diathermic wall. The
whole assembly is surrounded by an adiabatic wall Fig (20.2). After sometime systems A
and B will come to thermal equilibrium with C. Now if we remove the adiabatic wall
between A and B and put a diathermic one, there will be no further change. In other .
words A and B will be in thermal equilibrium with each other even if we first allow A
and C to come to thermal equilibrium with each other and then allow B and C to come to
thermal equilibrium with each other (Provided the state of C is unaltered through out)

— W=

_—

Fig20.2°

These results are stated in the form of a law which says “Two systems in thermal
equilibrium with a third one are in thermal equilibrium with each other”. R.H. Fowler
called this as the Zeroth faw of thermodynamics. '

20.7 CONCEPT OF TEMPARATURE

When two systems come into thermal equilibrium with each other, some property
of both the systems attains the same value. Thus when A is in thermal equilibrium with

298 -




T (X)=273.16'K , . {20.4)

We get - )
T(X) = v7* 16“1& — A ..(20.5)
X,, . :

20.9 DlFFER‘ENT- T'\‘T;E-‘SZ_OF THERMOMETERS, .

" If we use as a thermometer a system with two thermodynamic variables, for
example, an amount of gas, it will be necessary to keep one of them constant and only
allow the other to .vary. Therefore x in case of a gas we can construct two types of
thermometers: The first is the constant volume thermometer in which only pressure varies
and we can measure iemperature by. the equatlon

T(P) = 273.16°K P+ . | . (20.6)
Po

The second 1s the constant pressure thermometer in which only the volume is allowed to
vary and we get temperature from the equation

TV)=273.16" K~ .°© - . .20

S T . :

In addition to these there are systems in which the variation of a single physical
property caibe-used to measure the temperature. Thus the volume expansion of a liquid
is used to measure. the temperature in the case of liquid.in glass thermometers like the
mercury thermometer. The change in e}ectnca] resistance of a wire is used to measure
temperature in the. phtmum resistance thermometer. The increase in the length of rod
can be used to measure temperature. The thermo e.m.f generated by a thermocouple is
used to measure temperature in.thermopiles. The variation in spectral composition
(colour) of the light emitted by a.body 15 used to measure temperature in pyrometers.

20.10 NATURE OF HEAT

© We assume that when two systems at different temperatures are brought fogether,
something flows from the system at higher temperature to the system at a lower
temperature. This flow will continue till thermal equilibrium is established. . We call the

thing that flows from one system to the other because of temperature difference as heat.

In the early days people thought that heat was some sort of fluid. They called this
fluid as calore. A body which i3 at a higher temperature has this fluid at a higher
pressure, and a body which is at lower temperature has this fluid at a lower pressure.
Thus when two bodies which are at different temperatures are brought info diathermic
contact, the calorie fluid flows from the body in which it is at higher pressure to the body
in‘which it is at lower pressure till the pressures equalise.

Tn order to explain the production of heat by friction they said when bodies are
rubbed together the ca]onc fluid contamed in them is squeezed out and we feel therefore
heat to be frenerated




initial state to the final state in a process no heat supplied to or taken out from the system
and U; and U; are the internal energies of the system in the final and initial states
respectively, we have ' -

du = Ur- Ui = -dWH- - . . ’ (209)

where dU is increase in the internal energy of the system,

First Law of thermodynamics

Now let us suppose that we do not surround the system by adiabatic walls but
permit heat to enter or leave the system. Let us suppose.an amount of heat dQ enters the
system. Then dQ must be equal to the increase in the internal energy of the system plus
the external work done by the system. S

dQ = Us— Ui + Wiy | ...(20.10)
or
dQ =dU +dw (2011

This 15 called the First law of thermodynamics

20.11 WORK DONE BY A GAS AS IT EXPANDS

Let us suppose that we have a cylinder containing a gas with a piston which can
move freely (fig20.3). The work done by the gas when the piston 1s pushed up by a

distance dx 1s equal to ! - —
I

o] [av
&
A?

B

P
Fig 20.3 -
dW =T.dx =P Adx =PdV ...(20.12)

dt ' :
where A is the area of cross section of the cylinder and dv 1s the increase in volume. In
aeneral, as the volume of a gas increases its pressure does not remain constant. Therefore
in order to calculate the total work done by a gas as it expands we have to integrate Pdv.
V,
W= dev (20.13)
V; :

This integral is graphically the area under the curve along which the system
moves mn the P-V diagram between the limits V;and V(Fig 20.4)

302










UNIT-21: REVERSIBLE AND IRREVERSTBLE PROCESSES
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211 OBJECTIVES

This Unit explains the reversible and irreversible processes.-

After going through this unit you should be able to rhake out what reversible and
irreversible processes are. o : |

212 INTRODUCTION

o _ . : 1

A change in the physical or chentical state of a system can be brought about by 2
variety of processes. 1f the syst {1 does not interact with the surroundings. it is called a
closed system. A process 1s s_ﬁg to be cvclic if the system returns to its original state
after undergoing through a series’ of operations. Any actual process however complicated
it is, mayv be considered to be equivalent to a sequence of simple processes. Simple
process may be classified as (1) isothermal (change in temperature s zero) (2) isobaric
(change in pressure is zero) (3) isochoric (change in volume is zero) and {4) adiabatic {no
heat transfer between the system and its surroundings). These simple processes may be
reversible or irreversible. In this Unit we study in detail what is meant by reversible and
irreversiblé processes. : '

21.3 REVERSIBLE AND IRREVERSIBLE ‘P'ROCESS_ -

The characteristics of reversibie and irreversible processes can be understood well
. by considering a typical thermodynamic system. Let us consider a real gas of mass M-
confined in a evlinder-piston arrangement of volume V. Let the pressure and temperature
" of the gas be P and T respectively. When this system is in an equilibrium state, the
thermodynamic, variables namely P,T, V n remain constant with time. Let the cylinder
m , whose walls are ideal heat insulators with the base being a good conductor be placed
or a large heat reservoir maintained at temperature T, as illustrated in Fi_g 21.1. Let us
now try to change the system to another equilibrium state in which the temperature T is
the same.as that of the initial state but the volume is reduced to half of its original
volume. Qut of many ways of achieving this two ways are quite important.



NN
Fig.21.1

Process 1: The piston is moved very rapidly. After some time the system comes
mto equilibrium with the reservoir. During the process the gas 1s turbulent and hence we
can not well define the pressure and temperature. The process can not be represented as a
continuous line on a P — V diagram since we do not know what pressure the system
weuld have had at a given volume. The system passes from one equilibrium state i to
another equilibrium state { as illustrated in Fig 21.2 through a series of new equilibrium
states.

y 8 P&
Ti=Tg
) P T Constamt
P
L £
0 » 0 -
v '
{a) (b
Fig21.2

Process 11. The piston 1s moved very slowly say by adding sand to the top of the
piston. In this process the pressure, volume and temperature at all imes could be well
defined. Let a few grains of sand be added on the piston which is ¢onsidered to be friction
less. As a result the volume of the system reduces by a small amount leading to a small
raise 1 temperature. The system departs from equilibrium state slightly. There will be
ranster of heat from the system to the reservoir but with in a short period the system will
reach a new equilibrium state. its temperature being of the reservoir, Let 2 few grains of
sand be again added on to the piston. The volume of the gas m the system reduces. After
some line the system comes to a new. equilibrium state. By repeating the process in
succession we can reduce the volume to half its value at the initial state. During this
entire process the system is alwavs in equilibrium with the reservoir. If the entire process
is carried out with elemental changes in pressure. the intermediate state will depart from
equilibrium even less. By indefinitely increasing the number of elementa! changes, the
size of each elemental change can be reduced comrespondingly. This will lead to an idea]
process in which the system passes through a contimious succession of equilibrium states.
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process Il let the piston be moved slowly downward by removing a few grains of sand on

the piston. The external pressure will-then be less than the internal pressuse by dP. The -

gas expands and the system goes to an equilibrium state, which it had earlier while
Uonuactmtr By successtve elemental decrement of external pressure on the system by
dP. we can trace bad\ the equilibrium states through which the system has passed through
earher.

Process 1115 not only reversible but also isothermal because the temperature of the
gas differs at all times by only a differential amount dT from the temperature of the

reservoir on which the cylinder rests. In other words we can say that the process takes .

place at constant temperature.

The volume of the gas in the system can also be reduced adiabatically by keeping
the evlinders on a non-conducting platform say sand. In an adiabatic process no licat is
allowed to enter or leave the system. An adiabatic process can be either reversible or
irreversible. In a reversible adiabatic process the piston is moved exceedingly slowly by
omplo;mgr the sand-foading technique. In the 1rrever91ble adiabatic process the plston 15
pushed down qu]ckl)

In an adiabatic compression the temperature of the gas increases, because as per
the first law of thermodynamics, the work W done in pushing down the pision must
appear as an increase dU in the internal energy of the system. W will have different
values for different rates of pushing down the piston. Hence dU and the correspondig
change dT wiil not be the same tor 1evers:ble and 1rreversible adiabatic processes.

A process whcthcr reversible or irreversible depends upon the state of the systen:
and the nature of the process. Only reversible processes can be mathematically described
i thermodynamies ;or represented by means of graphs like Fig 21.2b. It is a matter of
concern to know why all naturally occurring processes in thermodynamics are
_irreversible. particularly when in dynamical processes revessibility can be at least

- progressively atianed as a final limit by elininating friction in elasticity etc.. As per
Boltzmann. irreversibility 1s confined to the behavoiur of the complex structure like a vas
treated as a whole and is not to be expected in the behaviour of the individual molecules
and anses from ourinability to deal with individual molecules. It is also worth while to
note here that in the irreversible process, reversibility is not impossible, but is almost
infinitely improbabie.

21.4 SUMMARY

A change in the physical or chemical state of a system can be brought about by a
variety of processes. If the system does not interact with the surroundings 1t 15 called a
closed system. A process 1s cyclic if the system returns to its ornginal state after
undergoing through a series of operations. The direction of thermodynamically
reversible process can be reversed by an infinite change in one of the properties of the
system.
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21 OBJECTIVES

This Unit discusses how the efficiency of a heat engine can be estinated.

In order to make yvou understand it explains what s Camot Cycle, and

1) how it is useful i converting heat into energy: and
L 3
2) the factors that control the efficiency of heat engines.

Afier going through this Unit vou should be able to understand

1) on what principle a refrigerator works; and
2) the efficiency of heat engine depends on the temperatures of hot and cold

bodies and not on the working substances.

2.2 INTRODUCTION

The laws of thermodynamics have a negative quality, which distinguishes them
from other laws of physics. The first law of thermedynamics may be stated as that
energy cannot be destroyed. The second law of thermodynamics also has this negative
aspect where in we can state the law that the spontaneous tendency of a system to go
towards thermodynamic equilibrium can sor be reversed at the same time without
changing some organised energy say work, into disordered energy say heat. The
discovery of heat engines and their application to various industrial processes enabled the
formulation of second law of thermodynamics. Heat engines function on the principle of
conversion of heat energy into mechanical energy. Modern steam engines used
locomotive. vas turbines employed in large electric power stations and in big ships and
internal combustion engines used in motor cars and aeroplanes all have the common
feature of conversion of heat energy into mechanical energy.




ety

TN _.
©) o
S P ' -

Fig22.2

T

Step 1: To start with: let the gas inside the cylinder be in an equilibrivm state whaose S
pressure. volume and tempesature represented are P;. V,.and T; respectively. This staie :
is represented by the point A in the P-V diagram illustrated in Fig 22.3. Let the system be

place on the heat reservoir at temperature T) .as shown in Fig 22.2a and the gaé be

allowed to expand slowly. The process is reversible isothermal expansion. Let the

expansion take place for some time when the pressure, volume and termperature attain the

values Py Vs and Ty.° This state is represented by the point B in Fig 22.3. During this

process heat energy Qi 1s absorbed by the gas by conduction through the base. Since the

expansion is isothermal at T, the gas does work in raising the piston and its load.

: Fig 22.3.

Step 2: The svstem is' put on a non-conaucting stand and the gas 15 allowed to ex_pan_d ‘
slowly to P;V:Ta. This state is represented by the point C in Fig 22.3. The expansion is
reversible adiabatic process. The gas does work in raising the piston and hence its

temperature fails from T to Tz
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22,4 REVERSIBILITY OF CARNOT CYCLE

Since the processes, isothermal expansion, adiabatic expansion, isothermal
compression and adiabatic compression are reversible processes because of total absence
of fiiction between the piston and the cylinder, the Carnot Cycle can be made perfectly
reversible. Starting from the point A on the P-V diagram shown in Fig 22.3 the Carnot"
Cycle can be traced back in succession along the line A D C B A The sequence of
processes are {1) adiabatic expansion (A to D) (2) isothermal compression (D to C) (3}
adiabatic compression (C to B) and (4) isothermal compression (B to A). In this process
an amount of heat Q- is removed from the reservoir kept at lower temperature Tz and an
amount of heat Qy 15 delivered to the reservorr kept at higher temperature T,. In the
reversed Carnot Cycle work must be done on the systcm which extracts heat from the
reservoir at low temperature. Any amount of heat can be removed from the lower
temperature reservoir by repeating the reverse cycle. Thiis the system functions as a
refrigerator transferring from a body at a lower temperature that s freezing compartment
to one at high temperature that is the room by means of work supplled to it in the form of
electrical eneray,

225 NEFICIENCY OF HEAT ENGINES

I'he efficiency of a heat engine q can be defined as the ratio of the net work done by
the engine during one cvcle fo the heat taken in from the high temperature source in one
cycle.

For the ideal Carnot engine we have

ne W Q=02 -1 - O ' . (222)
O o7 Qi

Since Q> Q- the efficiency of a heat engine is less than 1 so long as the heat Q;
delivered to the exhaust is not zero. A study of all practical heat engine indicates that
energy heat engine rejects some heat during the exhaust stroke. This is the amount of heat
absorbed by the engine, which is not converted into work in the process

The efficiency of Carnot engine can also be expressed in terms of the
temperatures T and T of the source and sink.

Referring to Fig 22 3 when the sy stem is taken through the pdth A B by reversible
isolhermal expansion process, the temperature and internal energy of the ideal gas remain
constant. As per the first law of thermodynamics the heat Qy, absorbed by the gas n 1ts
expansion must be equal to the work W, done in this expansion. Hence,

L}

Q1 =W, = MRT, log | Vs | .2
Vi

)

Where M is the mass of the gas in moles and R is called gas constant. The value
of Ris 8314 Jmol 'K’




Example 1: . :
Calculate the theoretic ef’hucncy of a steam engine opcz atirg ot N atmosphore af
which pressure water boils at 180"C. The temperature of the condenser is 30°C

The effictency of' heat engine can be expressed as o o

v o= TimTae (27380 = (273 +30)

- (2734180
433 . |

The efficiency of the heat engine is 33%

Example 2:

A Carnot Cvcie uses 1 mele of an 1deal gas whose € = 75 J mole
" working substance. 1t pperates from the most compressed stage of ! U atni. Piessuros anJ
500 K. 1t expands isothermally to a pressure of | atm. and then aida! bapreally reaches 2
most expanded stage at a temperature of 300 K. Delenmine the nume
and work done in each siroke. Determine the efficiency of the svatein.

1 oyaiuns of fh;‘cﬂ

The data giveniﬁin the problem 1s presented m Fig 22.4

’

A
APV, U0 ot ¥ §00%)
\\ BuT, Hatnm yy Hr)
| A ,.,
Py vy, S00L]™ g;,ng(% 4y Beak)
o W

Fig 224

The work done by the sas when the system goes from A 1o I3 i the mothermal
COMPTession Process.:

o Vs
v

W; = _[ PdV — MRT, g vIR'E
v, o S

Since the gas contamcd in the cylinder 15 one mole M = 1. Forthe isoiheraal process we

have P1V;=P:Vs, Hence V: = B
' Vi P

Therefore W, = RTiloge _ | = 2303RT) logw _1

N P P '

- )
o -




2.6 CARNOT’S THEOREM

Frou the study of practical heat engines and the analysis of the ideal, Carnot engines
Carnot proposed a theorem regarding the efficiency of heat engines. The Carnot’s
theorem may be stated as that the efficiency of reversible —engines operating between the
same two temperatures is the same and no irreversible engine working belween tie same
two temperatures can have a greater efficiency than the reversible engine. Clausius and
Kelvin showed that the above theorem was a necessary consequence of second law of
thermodynamics. The efficiency of a reversible engine is independent of the wor]\mo
substance and depends only on the temperatures.

. . . . . - -1
To prove the Carnot’s theorem let us consider two reversible engines E and L as
shown in Fig 22.5

oy . ] . . o . -
I'he engines E E' operate between the temperatures T, and T» where T > T,. The
engines may differ in their working substance, or in their initial pressures and lengths of
stroke. Let the engine E funs m the forward duwection (dlru,t carnot Cycle of operation)

V//////////
a, l L I(Q1 Qi)' T

r
|

i -~
oy '," HL
E HEL S = o EE
\“l \ “‘v—-—-————b.'. .'I I/'
T W 1"

&, ¥ (,e'z—sﬁ 'T 9,
[

} - Fig 2 "’ .5
Enuine E' runs in the backwald direction (veverse Carnot cvc]e of operation). The engine
E takes heat Q, at Ty and gives out heat energy Qz at To. The backward running engine
I"‘ (sav refrigerator) takes heat Qs at T, and give out heat Qy, at Ty, Let the engines E and
E' be connected mechanically as shown in Fig 22.5 and the stzoke lengths be adjusted so
that the work done per cycle by E is Just sufficient to operate E'

: - 'T v - .1
Let us assume that the efficiency of E say n be; greaté?‘ than the efficiency of E
Say v '

A\ ] _ o ' . A22.7)

hen QeQ: > 0]1_'"_.9;_:_ ' R : . (22.18)
O Q' ' :

Since the work done per cycle by one engine is equal to the work done per cvele
bv the other engine. We have




The actual efficiency of' the heat engme is tess than the maximum efficiency,
which is possible:onlv under ideal conditions. Energy is lost by frictton. turbulence and
heat conduction. In steam engines the usual efficiency attainable is above 15%. Lower
exhaust ;empelatures or more complicated steam engines mayv raise the maximum’
efficiency attainable to 35% and actual efficiency realisable to 20%. The actual
efficiency of ordinary automobile engine attainable 1s about 22%. In the case of large
diesel oil engine actual efficiency realisable is about 40%. -

22.7 SUMMARY,

Camoi’s Cycle is useful in ’icon\f'eﬁing heat into energy. Camnot's Cycle is @
reversible cycle consisting of four process namely (1) isothermal expansion (2} adiabatic
compression (3) lsothclmal compres';lon (4) ad:abam expansuon

T he work'done by Carnot engine i1s given W = Q¢ = Qg Where Ql 15 the heat
vained by the system from high temperature heat source and Q: is the heat given out by
the svstem to lower temperature heat link. The efficiency of heat engine 1s given by '

T Q'
and cold bodies dnd 18 independent of working subst‘mce

o= Tl . Q=Q-. The efficiency of heat engine depends on the temperature of hot

Camot’s thcorem may be siated as the efficiency of reversible enmne operating
between the same two temperatures is the same and no irreversible engine working
between the bdm(‘ two temperatures can have a sreater efﬁcrencv than the reversible

engine. ;

22.8 SAMPLE, EXA’VIINATION QUEST!ONS

L Answer the follomnur questmns in detall

' ’ ? Cor v
1. Show that in a Camot Cycle the net work done bv the system is equal to the
difference of heat gained by svstem at tempelatuie Ty and the heat given out

by t]ue system af temperature T2 :

!d

State and prove Carnot’s theorem.

Def ine what is meant by effictency of a heat engine. Derive an e X pression
for the efficiency of the heat engine for the efficiency of the! heal engine in
terms of temperature of the source and sink.

Lad

11 Solve the following pr ohlems

[.  An-ideal heat engine operates in a Carnot cycle between 300 and 150" (‘ It
absorbs 50 X 107 of heat at the higher temperature. How much work per

evéle is turned out by this engine.
' (Ans: 13.1 1)
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23.1 OBJECTIVES

This Unit discusses the formulation of second law of thermodynamics and 1ts
application. Also discusses the concepl of entropy and its application in understanding the
second law of thermodynanics.

To make vou understand the concept this Unit explains
(1} Formation ol second law of thermodynamics

(2)  What is meant by entropy and how it changes in reversible and irreversible processes
ﬂnd i . : :

SR

(31 The second law of thermodynamics interms of Eniropy

After going through this untt you will be able to explain thermodynamic temperature scale,
and make out that the Entropy is a measure of disorder,

133 INTRODUCTION

The first law of thermodynamics establishes the internal convertibility of heat and
work. Experience tells us that no law achieves 100% efficiency in converting work nto
heat. For example: by devising a machine whose sole function is to create friction between

moving part. The convert process, that s complete converston of heat into work. has not
been found possible. Investigations on the possibility to achieve complete conversjon of
heat into work led to the formulation of second law of thermodynamics. The formulation of
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Clausius and Kelvin generalized the discovery made by carnot and stated the second
law of thermodynamics in two different forms. Lord Kelvin along with Planck stated the
law, which 1s as follows:

It 1s impossible to construct a device which operating on a cycle will produce no
other effect than extraction of heat from a reservoir and the performance of an equivalent
amount of work.

Extensive experience with refrigerating devices led to the generalisation of the
second law of thermodvnamics. Clausius stated the law as — it is impossible to construct 4
device which, operating on a cycle. will produce no other effect than the tansfer of heat
from a cooler to a warmer body.

There are many statements of second law, which means the same as that of the two
statements given above. This law stated i either way can not be proved directly since it 1s
in the negative form. — To show that the two statements are equivalent it is enough if we
simply prove that if one statement is false the other statement also 1s false.

- Let us suppose that the Claustus statement be false. Then we can — have a
refrigerator operating without external work. By connecting this perfect refrigerator to an
ordinary engine as shown in Fig 23.a heat would be returned to the hot body without
expenditure of work and would become available again for use by the heat engine. Hence
the combination of an ordinary engine and the perfect refrigerator would constitute a heat
engine, which \r'iolaltes Kelvin — Planck statement. '

Fig 23.3

If Kelvin — Planck statement were wrong, we can have a heat engine which simply
takes heat and converts it completely into work. By connecting this perfect heat engine to
an ordinary refrigerator as shown in Fig 23.3(b), we can extract heat from the hot body
convert it completely to work which can be used to run the refrigerator. The refrigerator
extracts heat from the cold body and delivers it plus the work converted to heat by the -
refrigerator to the hot body. The net result is transfer of heat from cold body to hot body
without expenditure of work. This process violates the Clausius’ statement.
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Or

Q- | -feey - | L(23.4)

Where F denotes some other function of 81, 8;. For a reversible engine working between 8,
and 8. Where 8- > 8:. we have ' '

Q: = F(8:83) o .

Q- : | L(235)
For a reversible engine working between 61 and 83 where 81 > 83 we have

QI = F(61.93)

Q3 _ . ..(23.6}
Multuply Eqs and 23.2 and 24.5 \Iﬂve aet

&_ X %ﬁ_: Q_1_ = F(_B‘,Gg) =F (8}.@3) X F(Gz,@;)

Q2 Q& (237
Eq. 23.7 is valid only 1f L '
F(0,.0)= ©(8)

08 | .{23.8)

Where ¢ is another function of temperature. Therefore, for any reversible engine we can
write '

Q = 06y
Q: (B3(6-) _ ..(23.9)
Since 8; > 8- and Q1 > Q~ we have $(81) > $(62).

This indicates that ¢ (8) is a linear function of & and may be used to measure the
emperature. Let ¢ (8) be denoted by v . Then Eq 23.9 becomes.

Q = "
Q- I3 B _ .{(23.10)

Equation 23.10 can be used to define a new scale of temperature r. which is called
thermodynamic scale or Kelvin scale. This scale 15 independent of the properties of any
particular substance and Eq. 23.10 is universally true. The ratio of any two temperatures on
this scale is equal to the ratio of heats taken n and rejected out by an engine working

reversibly between these two temperatures.

The zero of Kelvin's temperature scale i.e., =0 is that temperature at which Q:=0
Hence W = Q1. Thus all the heat taken by the engine has been converted into work and the
efficiency of the engine is 100%™ i.e T=1. T Cannot be less than 0, that is negative since Qz
becomes negative implying that the engine would draw heat both from the source and the
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The above theoretically developed Kelvin’s temperature scale can be realizedin” -
practice since it agrees completely with the perfect gas scale as proved below.

For a reversible engine-containing perfect gas as the working substance the'
efficiency n can be given by . T ‘

. -~

n=1-Q = -1z , o '
- Q T | | 1(23.11)

’

Where T, and T represent the temperature of the source and sink measured on the
perfect.gas scale. As per Eq 23.11 we get . ' > L

'—["1' g _T__[__ ' ) ! . N - . ’ - U (2312)

T2 T2 ' o

Eq.23.12 indicates. that the ratio of any two temperatures on the perfect gas scale and the

thermodynamic gas scale are equal. If T = 0. and hence the zero of the thermodynamic scale
coincides with the zero. of the perfect gas scale. If T1, T2 represents the temperatures of
boiling point of water and melting point of ice measured on the perfect gas scale we have

T, - T:=100"
- : : : L {23.13)
© On the Kelvins temperature scale we have for the two fixed points

Ty-T:=100 | T "¢ (23.14)

We can wiite_

r‘l.: T] -"Tz = 100

oL T DA S @31
And also . . | _ | . "’ | | | | )
=Tl -T2 = 100

T, o T

Eqs. 23.15 and 24.16 indicate that the temperatures of the boiling point of water and the
melting point of ice are identical on the two scales. Hence, any temperatures has the same
value on the twofi scales and hence the two scales as identical. The melting point of ice
given in Clausius scale as O° C is equal to 273.15 K in that Kelvin’s temperature' scale.

It is worthwhile to note here that the fundamental feature of all cooling processes in that,
the lower the remperature, the more difficult it is to go still fower. This practical experience
has led to the formulation of the third law of thermodynramics. It can be states as that it &
impossible by any procedure, however ideatized 1t may be, to reduce any system to the
absolute zerc of temperature in a finite number of operations. Since we cannot have asimk-
at absolute zero, ft:0 realize a heat engine with 1 00° efficiency 1s a practical impossibility.
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sor =0 ' T (2318

in the limit of infinite small tempeiature difference between the isotherms we get

e dQ . S ‘..(23.19)
 The sign (pswmﬁed integration around a complete cye]e A zero value for a cycl1c mtegral
implies that the function being integrated is independent of the path over which the
integration is made. Such a function is called.a state function a themmdynanuc property.
This thu modyriamic property 1s called entropy ancl hence we have . ,

»

ds =dQ_ ...(23:20)

And ;
T Tds=0 o - (23.21)

“The units of cntl OD\ isJ K

Entiopv médy be defined as that thermal property of a substance which remains
constant when the substance undergoes adiabatic ‘changes since heat 'is neither -
communicated'to the system nor taken away.ﬁ'om it . Jtis a physical quantity which can not.

_' e feltlike rempelatme and pressure. 1t is a definite single valued function of the
* thermodynamic co-ordinates which define the state of the substance namely temperature '

' .‘_pressuw; \(ohnne ’md mtemal enerc‘-ry

236 CH A'\TGF iN FNTROPY IN A REVESIBLE PROCESS

. T
" Consider any two equlllbrlum states A and B ofa system and the paths’ conneetmtr

“tliem are rev emble as shown in Fig 23.7 . 1"01 thls type of system -where the pr 0cess isa

S ey emble progess we have




Sp-Sa=ASw=:ASs - - | L .(23.28)

Eqn. 23.14 mdlcates that.the heat which is absorbed or lost by the system during the
process A B must be transferred reversibly from or to the surrounding. Hence in any
process carried out;reversibly, the entropy gained or lost by the system must be lost or
gained by the surroundmgs Hence the sum of entropy changes of the system and the
sunoundmgs must be zero. Hence .

A'S s (System) = - :IA S as (Surroundings) : _ ...(23'.29)
ASTomleSBAs,ﬁA!SAB(_Surroundings) ‘ ...(23.30)
| Example— 1

Determine the change in entropy in ‘the conversmn of 1 mole of liquid water at 100° ¢
To vapour 100 C at 1 atm pressure ,
The system consists of 1 mole of water and the surroundings consist of a heat reservmr
at ]00 as shown in: ﬁg 23.8.

[

_. Fig238 - = B o
. The temperature gradient between heat reservoir and the water is infinitesimally
small.Hence the system absorbs the necessary heat from the reservoir reversibly and the

water gets converted into vapor.

The Change in entropy of the system.
As=] dQ
T

~ Since T is constant

ss-1.Jda=0
T T
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A S cold hady = Q2

T2 ..{23.32)
The entropy change of the system
A Ssystem= A Shovedr + A S coldbody ... (23.33)

ASSystem= _ Q + Q - Q |1__ _I__W
. T :

T, T, T (23.34)
Since T; > Ta ‘ : ...(23.35)
A 8§ System > O ... (23.36)

In the irteversible adiabatic heat conduction process the entropy of the system increases.
(I1) Free expansion,

Consider an ideal gas of volume V, expand into vacuum and let the final volume be
V2 Stnce no work is done on the system in the expansion process and the s;,as 15 enclosed by
non — conducting walls as shown in Fig 23.10 .

Fig. 23.10

F.Q = 0 From the first law of thermodynam:cs AV =0thatis Ui = Uy wherciand _
represent the initial and final states. Since the gas is an ideal U depends on the temperature
and not on VOI‘II’I"IE! or pressure. Hence the temperature oflmm I and final states is the same

te. Ti=Ty= . -

The free expansion is a irreversible process. There occurs a change in entropy of the
system when the volume changes from V) to V. We can not analyse this process directly
to find the entropy difference between the expanded gas and the initial gas. It is necessary
to think of a process which can be carried out reversible that takes the system from the
same initial state to the same final state as in free expansion. Fig 23.5b. illustrates how this
can be achteved. This is an isothermal process. The heat absorbed can be calculated based
on first law of thermodynamics. Thus

dQ =dw=Pdv=uRT & _




In terms of disorder we can calculate the change n entropy of an ideal gas in an

isothermal expansion. In this process the number of molecules (N) and the temperature (T) -
remain constant and volume alone changes. The probability that molecule can be found ina

volume V is pr opomona] to W Henoe the probablhly of ['mdmg a single molecule in V i
givenby o e T o _

W1'=cV . - S (23.44)

Where ¢ is constant. The probablhty of fmdmrr N molecules s:multaneously in the volume
Vs W given bv T :

W= w\ = (CV) ' ...{23.45)
Subsntutms. Eq 2345 m Eq 23. 43 we get

S= KN1oucv---r\N(ouC+louV) I L (23.46)

The drffe‘reme mn entropy between a state of volume Vyand a state of velume Vi when T

and N are constant can be given by

Sp - S = E\N (]ooC + Low \f) KN (log C +log V) : .. (23.47
Or IR
. A
Si—Si=KNlog__~ =RN log Vf
. ; v
k. | VI "No i (23.48)
—-Si =uRlog v
: (23.49).

Where No represents the Avagadro’s number

Eq. 23.39 is the same as the Eq (23.39)

Due to mevemble expansion if the volume of the gas doubles then W goes from

{(CiV) to (C2 VY Since W represents disorder, it increases in the natura! process of free
expansion The second law of thermodynamics can be stated based on statistical mechanics.

The direction in which natural process take place is determined by the laws of probability
that is towards a more probable state. The equilibrium state is the state of maximum entropy
thermodynamically and the most probable state statistically. Hence second law of
thermodynamics shows us the most probable course 6f events and not the only possible
ones, :

23.10 SUMMARY

It is impossible to construct a device which operating on a cycle, will produce no

other. effect than the extraction: of -heat from a reservoir and the performance of an
equivalent amount of work (According to Kelvin).
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for reversible adiabatic process and
Sf> S - c L(23.42)

for irreversible adiabatic process. Where Si and Sy represent the inifial and final eniropies
of the system. '

The statement of%econd law in terms of entropy of the system 15 consistent with the
statement of Clausius that there is no such thing as perfect refrigerator. If there exists a
perfect refrigerator then the entropy of the lower temperature reservoir should decrease by
Q/T. and that of the upper temperature reservoir should increase by Q/T . The entropy of
the system should remain constant since it undergoes a complete cycle. Hence the net

change in the entropy of the system plus environment 18 a decrease. This violates the
principle of second law and if the law is to be retained as applicable then thele 1S no such
‘[hmﬂr as perfect refrigerator. :

The statement of second law in terms of entropy of the system is also consisterit with .
Kelvin-Planck statement. which implies that there is no such thing as perfect heat engine.
if there is a perfect heat engine then the entropy of the reservoir at temperature T should
decrease by Q/t where as the entropy of the system remains unchanged giving rise to anet
decrease in entropy of the system plus environment. This violates the second law stated in
terms of entropy and hence there is no such thing as a perfect heat engine.

Exampie -2

Determine the entropy change of a system consisting of SKg of ice at 0" C which
melts, irreversibly 1o water at 0° C. The latent heat of melting 1s 333 J/g. Since ice is is
made to melt irreversibily, it must be kept in contact with a heat reservoir whose
temperature is 0°C by only a differential amount. When the temperature of the reservoiris -
lowered by a differential amount the melted 1ce begins to freeze. Since the process 1s
reversible the change 1n entropy. . ‘

AS = J'd() Q
o T T

now Q=5 x 10° g x 333J/g = 1665 x 10°)

A SSystem= _ 1.665x10°j ' - 61x107JK"
" 273" K

The change n entropy of the environment

A'S environment = — 1.665x10°j=—-6.1 X 10 JK™
273" K ,
The net change in the entropy of the system plus res_ervoir 1s zero

In practice meiting of 1ce 1s an irreversible process. Suppose ice is made to melt in a glass
of water, the entropy of the system plus environment in this case increases.
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UNIT: 24 - THERMODYNAMIC POTENTIALS
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A

24.1  OBJECTIVES

This unit discusses the equation for thermodynamic potentials and their derivation
by combintng thel™ Law of thermodynamics and Carnot’s theorem.

After coing through this Unit you should be able to find out the mathematical
refaton hetween E. H. A and G

242  INTRODUCTION

Manv useful thermodynamic relations can be obtained based on the laws of
thermodynamics and the properties of the svstem. From the first law of thermodynamics
we have :

dF = dQ + dW (4.1

Where dE represents the change in energy of the system dQ represents the
elemeuntal heat produced and dW represents the elemental work done. Eq. 24. [ applies to
hoth reversible and irreversible process.

For a revrsible process we have, based on Camot's theorem.

dQ=Tds ..124.2)

I P represents the pressure and V represents the volume of the system then the
work done on the system.

dW = -PdV .{24.3)
Substituting Eqs. 24.2 and 24.3 in Eq. 24.1 we get

dE = Tds - pdv ..(24.4)
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or
dH = TdS + VdP _
Comparing Eqs. Z4.8 and 24.12 we get

dI'l = T
dPjp
and
_ dP | s

. {24.14) .

 The Helmholtz free energy of the system A 1s characteristic function of Tand V.

1t is defined as

A(TVY=E- TS
Since - ‘

A=A(T.V)

We can write

dA dA
dA =| — | dT + {— { dV
dT -y dv/ T
Also since
" A=E-TS

dA = dE — TdS - SdT
Using Eq. 24.4 in Eq. 24.1 8 we get
dA = TdS — PdV - TdS — 8dT
or _
dA =-PdVv - 8&dT
Comparing Eqs. 24.16 and 24.20 we gef

4 = s

and

2405

24.16)

L2407

(24.20)

L 124.21)




 The parameters E, Fl. A and Gare cal_led'thc_thermddyhfin':ic potentiais The -
seqience for transformations leading to' these thermodynainic potentials was first devised
by Gibbs. From a knowledge of any one of these potentials as a function of its natural
variables one can calculate the otlier thermodynamic potentials. To illustrate if E {5, V)
s know'ive can determirie T (S: V) and P (S. V) from Eqsi24:5%4nd24.6: By eliminating
S from the equation 24'S and 24.6 we can get the equation ofthestate F(P. V. T)=0

" "Singe conditions of constant pressure are more prevalent than the conditions of
constant volume, H and G occur more naturally in experimental thermodynamics than £
and A. e ' ' - ' '

Since volume can be more easilv defined theoretically than pressure, £ and A are
more funddmental quantities in statistical thermodynamics. A and G are important in the
study do thermodynamic equilibrium. The four differential expressions

dE=TdS-PdV
GH — TdS - vép
dA = -SdT —.Pfd‘v_'
dG=-SdT + éf’d'P

” 1;’1"}3\';%(16 a stmiing point for tﬁé,deriyaﬁqn of many useful r.clatior'::“‘%hip:s amony

thermodynamic variables. To remember the above differential refations a device 'van be
used as 1llustrated 1 24.1 i

N

Fig 24.1.

The four independent variables Py S, T,’V (in aiphabetical order) arc placed at
the corners of a square. The potentials E. H. A. G are placed at the sides such that each
lies between its natural variables. To write the differential expression for the potentials
multiply the differential of each independent variable hy the quantity diagonally opposite.
Add 1f the diagonal move follows an agrow and subtract if it opposes an arrow. To
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25.1 OBJECTIVES

EEE

This unit discusses the Maxwell’s thermodynamic equations and its applications. |
- After going thrmlgh this unit you will be able to:
() - Understand the Maxwell's thermodynatmic equations, e

P A [
!

(ii) * Explainthe appiications of these equations

25.2 II\TRODUCTION

The mamn aim of this chapter is to make use of 2 laws of ihermocwnamics o

convenient form and to a set of fundamental :ehnons kifown as- thermodynamic

| relations. which find ready application to particular problems. ; Here the main aim s to
deduce these relations & indicate their appllcanon to some thermal phenomei

S In g,enenl the concht]on of a substance is' compleleiy detelmmed by a w pmr Gf
the quantities P, V. T & S. In solving thcl efme anyathetmodvnaimc problem, the pair
most suitable is chosen as mdependem variables. Also, the applications aspect especially
to that of (1} clausius cidpwon s latent heat equatlon & (2) .lou]e —Kelvin Effzct'is dealt
in this chapter, though there are many other applications. * Thé: quantltlcs dealt abovc as P,
V., T & S are pressure, volume temperature & entromr respectwe]y '

253 M AXWELL’S EQUATIONS

Maxwell’s Equattons can be'defived di.rect]v ﬁ‘om thermodynamlc potennals & also’
u51115 [ law ofThexmodynamlcs
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—
Which gived df’ { = -Pand df |=- S
Eq T dt |V

Partially differentiating w.r.v.t andwh.v. respecti-vely
We have

ﬁ = |dp andﬂz_f =| ds
dvdt | dt _J dtdv dv
v T

Since df is a perfect differential we have Ed_;j =[§]’This is Maxwell’s 3" equation.
dT dv '

TV. Relation: Glbb’s Function G=U+ Py - Ts

In terms of basic coordinates

dG = Vdp - sdT, Which gives , E_r;ji Vand[_g = -8
| p dt I,

Differentiating w.r.t.T & differentiating w.r.t.P. respectively, the above equations,
we have

&G =|dv|g LG = |ds

dpdT | dTip dTdp dp | T

Since dG is a perfect differential &G = &G
dpdt . dTdp

Hence we write

th .
dv { = |_ds| Thisis Maxwell’s 4 equation
dT |p | dp

These above Maxwell’s thermodynamic equations 1,2,3 & 4 must hold good for
any pure substance. ' ‘ _

25.4(a) APPLICATIONS

Clusius Clapyrons Latent Heat equation:

The clausius clapyrons latent heat equation relates the change in meliing point or
boiling point with change in pressure. We take the Maxwell’s third equation, which
confains ~

dp/dT term for the purpose & obtaining this equation

| dp | = {ds .. (25.3)
dT |v [dv|T

Multiplying both the sides by T, we have




One essential condition of Jouie-}\elvm 5. expansion ‘of a real gas 15 thar the
enthalpy of the gas h = u + Pv must remain constant i.e. h = 0. although there is a
pressure difference across the throttlmg, valve or pmous plug,

Joule Kelvins coeﬁ' cient is deﬁned as the atio of the temperature of a gas to the
change of pressure upon:throttlm g at constant enthalpy & represented by y

Thusp = (dT f"ldP) h

~ The e\pn for 1 can be achleved Le. Joule Kelvin coeﬂ"lclent 18 terms of the basic
thermodynamics coordmates from enthatpy & second T ds equatmns

Enthalpy h=u+Pv S C o {25.5)
and dh = Tds + udp |

Taking the secor;d Tds éqtuatif{oﬂ"- ; | :
Tds = cPdT — \[ ] dp (256) o
and substituting the value in equqtlon (2‘! '3)“above we get
dh—cpdt-TH p+Vdp '_ | B )

det-dh+[ dv wv] dp or

T = dh [T[ o
dTlv —\«]dp

dh = 0 since enthalpy h is constant

CP . dt

BuldT - [] aap

so“e\\nleEiI]‘“ = —L[T d" '__‘*"]

.I'.dT—- I [E‘dm —V]dp

Cr ar |p-
l: ] we have
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FACULTY OF SCIENCE
SECGOND YEAR (3 YEAR DEGREE COURCE) EXAMINATION
MODEL QUESTION PAPER
COURSE 1I: ELECTROMAGNETISM & THERMODYi\JAMIC 5
Time: 3 Hours Max Marks:70
Min Marks: 25
SECTION - A
(Marks: 3X15=45) .

Instructions to the candidates:

1)  Aaswer any three of the following questions in about 30 lines each

2) Each question carries fifteen marks

1} Define electric potential and field strength. rive the expression for potential duetoa

point charge.

2) Explain electric displacement. Applying Gauss theorem find the intensity of the
" field of uniformly charged sphere. :

3) Drive an expression for energy stored in the field of'a charged condenser.

4) State Kirchoff's laws. Applying these laws, calculate the potential difference and
current in a multiple loop circuit.

5) Describe Thomson’s method of experimeit for determining e/m of an electron.
6) Drive differential relations for thermodynamic potentials.

SECTION-B
(Marks: 5x5=25)

Instructions to the candidates:

1) Answer any five of the foilowing questions in about 10 lines each. '
2) Each question carries five marks.

7} Explain zeroth law of thermodynamics.

8) Calculate the efficiency of a steam engine operating at 10 atmosphere at which
pressure, water boils at 180° ¢ the temperature of the condenser is 30%¢c.

9) Write short notes on parallel L C R circuit,




