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“This book deals with the toplcs in Electromagnetism and
Thermodvnamlcs 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 inScience. The syllabus is for the sake of convenience divided into
Blocks, each of which comprises a number of units. Each unit generally -
covers a speclf ic area of the subject. The units are prepared by specialists in
i 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 technical

_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 Electromagnetlsm Blocks 6 deals

with the branch of physies called laws of Thermodwpamics. The university
hopes that this’ course material will help the stinde& get acquainted with
d

the concepts and princ_ip_[gs of Electromagnetisw rmodynamics.
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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) Subtraction of Vectors: Here we shall subtract one vector from the other i.e., ‘B" from
vector ‘A’. The subtraction of the vector ‘B’ from ‘A’ is equivalent to the addmon of (-B)
with ‘A’ ie. A-B=A+(-B). The negative sign means a vector of equal magnitude but
opposite direction. This procedure is iHlustrated in Fig 1 4 below: '
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Fig 1.4

Here we draw a line “OP’ to represent thé vector ‘A” and thdg fi#m the head ‘A’ another

line ‘PQ" is drawn to, represent vector (B). Further the taf™af ‘A” 1s joined to head of (-B).
Now the line ‘PQ’ represents a vector ‘R’ which is differe ai wo vectors A & B.

When A &B are in the same direction, (A-B) is or whose length is (A-B) and the
direction 1s along the longer vector. If the tyewveclrs A & B have the same length and
direction then their difference 1s a null vector. Qﬂ T '

(A=B)=-(B-A) Q% | -(12)
{¢) Multiplication of a vector by a scalar?When a vector UNRT multlplled by a scalar ora
* pure number ‘n’ then the resultant vector may be wiiften as

R=nA (1.2())

The magnitude of vector ‘R’ belng n’ times of vector ‘A’ and the, dlrectlon is the same as
that of *A” when ‘n’ is posrtlve but opposite when ‘n’ is negatwe

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

Example: 1) when mass (scalar} is multiplied. by Velocity (ve_cter) 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 i1s 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 isa 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 efc.

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 ‘OP” is
capable of representing a vector quantity. We denote the vector as OP or simply by OP and
read itas ‘OP’ O/Vp

Example: A body has 2 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 it, is .
having only magnitude but no direction. Thus we say speed is a scalar quantity, whereas

velocity 1s a vector quantity. In general terminology we on so y occasions velocity and
speed are being mixed up but it is not one and the same. Direc(%ut be specified in order

to define a vector.

Different kinds of vectors: (Concept & Details) O

whose direction is intermediate. The null i represented by the symbol, Q. In

(a) Zero or Null vector: The zero or null vector 134 vector whose modulus is zero and
case of a null vector the initial and Qminz points coincide. Thus AA, 0O are null

Vectors.
{b) UNIT VECTOR: A vector whose modulus or magnitude'is unity i1s called a unit vector,

LIKE & UNLIKE VECTORS: Two vectors having the same directions are called like vectors
and those having opposite directions are called unlike vectors. If a is a vector having _
magnitude | a | as a result the Unit vector a has same direction 4 =a | a | - a=|ala

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

Y's

Fig 1.1 C
(D) Equal Vectors: The vectors are said to be equapif and only if they are parallel and have the
same sense of direction and the same magnitude.
The starting point of the Vectors are immaterial. Tt is the dlrectlon and magnitude which 1s
of importance. To denote equal vectors, the sign (=) is used, Thus ifa & b are equal vectors,




" AxB=Asin6n=ABSin6n=0 | (16
(iii) The vector of unit orthogonal vectors 1, | & k have the following relations.

Fxi=jxj=kxk=o0

ixj=jxi=k
kxi=kxj=1I
kxi=-Ixk=j AL

(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
=1Bx+)By+kBz
R S .
Then AxB = Ax Ay Az |
Bx By Bz ...(1.8)

O

It is a known fact that a physical Qu 'ty%e expressed as a continuous function of
position of a point in the region of spac '

1.3.5. Scalar and v_éctor fields

length of the rod. The physical qua temperature at any point (X, y, 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 region specifying the physical quantity the field may be a scalar or vector. About
these two quantities it is explained in the following articles. '

For example, when a rod is hea%one end, there 1s a variation of temperature along the

1.3.5 (a) Scalar field: The scalar field in three dimensions can be represented by a scalar point
function ¢ (x,y,z). For example the electric potential due 1o a single +ve charge ‘q’ coulombs
depends upon the position of the point from the charge. Then Vy (X0, ¥0,20) and V (xy,y1,21)
are the scalar point functions at {Xo,¥s,20) & (X1, 1, 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,

(i) Consider a block of material whose faces are maintained at deferent temperatures. Now the
temperature of the body will vary from point to point i.e. 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.

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

(iii) & = 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.

- The volume of Ax af 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 + dAX %ﬁeAerl?%f-»dx' .. {1.10)

dx

Similarly the magnitude at the centre N of face

EFGH = Ax - dAX dx. : ‘ (111)
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The negative sign is taken because §
N 15 towards left of C. Fig I. 6 & L :
We know that the volume of fluid flowing pe ime through a faces equal to the

product of the area of face and normal compq ector upon it. This is known as flux
through the face. Hence flux entering the face.

_y, dAx @
dx

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

EFGH =( Ax

[Ax—‘/zm dx] dy. dz -[Ax V2 dAx .dx ]dy‘ dz

dx dx 7
= dAX .dx dydz | ,
da _ <
Similarty the net flux leavihg the parallolopiped in Y and Z direction are ,
dAY  dx.dy.dz +dAY dx dy.dz //

dx dz
. Total flux leav ing or divergin g from paraliopiped
= dAy dxdy.dz+ dAY dx.dy.dz+ dAzdx dy dz
d c){ dz
[dAy dAy dAz

— e F— [dx. dy. dz
dx dy dz 9
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In 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 constdered as
closed circuits. ABCD 1s a circuit havi_ng side 2h 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
Uxo, Uyo, Uzo. are the co-ordinates of ‘O’ & the co-ordinate@ll

Aloﬁg AB, Uy value:

dUy dUy .
ey O
. dZ. ' ] dy . |
| AlongCD;'U}’O*‘(d_[.J.}‘) x + AUy B
= z = LIy N
Along Ab the value of line in’@élue X S

B h _ - -
dUy dUy . o, .
fuds={ uyo- (Zm+()y1dy
A -h o dz dy
ohWyoy—2 (8% et (1.26)
Similarly for side CD,’
Cdlv ' . o
,[U.ds=[ [ Uyo—( ”)h+(dfj£’ jdy . - ‘ (1.27)
c -h ‘ dz " dy -

dUy

2h (Uyo) —2h” (
: dz

A
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Let S (x, y, 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 _
GradS=i1 —+t) — +k — ...(1.14)
dx dy dz
orpradS=VS where V= ii +i _El_ + k-d— generally called del or del operator-
dx dy az

145 Physical Intej'pl'etation of grad §

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

These surfaces are specified by constant scalar functions § and S +ds respectively
Consider the two points P & R on the fevel surfaces S1 and 52 respectivety.

Let ‘1’ and (r + dr) be the position co-ordinates of Pé& R r ectively with respect at any
arbitrary origin: then ' 6

PR=dr :
If co-ordinates of P are (x, y, z) and of R are (x +d (yQ, ( z + dy) then
dr = idx + jdy + kdz (1.15)

As the continuous scalar function at P (X, , %.ﬂ\e value S and at R (x + dx+ vy +dy, z+ dz)
has the value S + ds; we have - o
(S 4 4%

ds -~ ds ds S

ds=—dx+— -dy +—dx ..(1.16)
: dx dy 7 dz
This equation may also be written as
(ds _ds e
ds= if—+j—%+ kds | (idx+jdyt+kdz)
: dx dy dz
= (Vs).dr | (117
g:id 7 \S“
In particular if we _considef that dr ( L.e. point R } lies in the level surféce S1, then
ds=0, i, (Vs).dr=0 _(1.18)

Showing here that the vector VS is normal to the surface S, (i.. the surface S = constant). If dx
denotes the divergence along the normal from point P to the surface Sy, we may write

s M
dx=PQ=dscos #=n .dr ' (119}

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 to this region, he starts rotating
rapidly and it becomes very difficult for him to get out of the region.

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

Curl Un3W. (134

Examplie (3): When a current is passed through a conductor, then maguetic field 1s 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& VxA=0 '

The examples of such fields are: steady state flow, electipstatic field, gravitational field,
irrotational motion of incompressible ideal fluid etc. 6 '

2) Where in field having divergence and not curl
In this case, V. A0 but Vx A =0 O

The examples of such field are: gravitational fiel{ gade a mass, electric field with In a volume
distribution of charge, time independent @ r’s equation etc.

3). In a field having curl and no divergen
In this case, Vx A=0but V.A

Examples of such fields are: Magnetic field due to steady current, incormpressible fuid with
velocity ete. :

4) Field having curl and divergence:
In this case, Vx A#0 & V.A=0

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

1.6 LINE, SURFACE & VOLUME INTEGRALS (INTEGRATION OF VECTGRS)

‘1.6.1 .Line lntegra_ll

The integration of a vector along a curve is called its line integral.
As shown in figure 1.9 let *AB’ be curve drawn between two points A & B ia 2 vecior fisid,
Let ‘d!’ be an element of length atong the curve ‘AB’ at R,

15




In general, the forces F aciing on the object varies from poini to point. For
example, the force on a changed particle in an electric field would ‘be fu-.ctich 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=idx =] dy + 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 variablé and the total work done by F in moving an
object say from A to B, can be determined-as shown in fig 1.10. This integral is also used 1n
conservative field: ' ' I
Another good example would be if ‘1’ represents the elecinc field intensity at any point,
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 8 with the unit positive-(outward
drawn) normal to ds fig (1.11) . A ~

AR A

; Fi

D

Then the integral over the surface

.U&ds :HA.n‘HsﬁHAcosBds e : .:.(1.37)
is defined as the surface integral or total flux of * A’ throﬁgh the whole surface S.

As an example if A represents the veloﬁiiy.-of a moving fluid in which a fixed surface *S” is
drawn then [l Ads represents the -rate, 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.

A A M

.HI A'dV3IxJ‘_\J;( iAx+ j Ay+k Az)dxdydz

is called the vo]um;fa 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.

As shown in tigure the boundmg of the surface S is a closed curve ‘PQR The line
integral A around the curve. PQR traced counter clockwise is

¢ Adr | | 0 ...(1.40)

Let the entire surface be divided into a large number@are loops. Let the area enclosed

Fat

by each infinite small loop be ds. Suppose n%mit positive outward normal to ds. The

vector area of the element is
s Fa
n.ds=ds 2

.(1.41)

3 cly i
Fig 1. I]AI
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
linemntegral of A around the boundary of the area ds is

“

-”s Curl A. ds : ..(1.41}

This is the surface integral 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
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component of A along n is. . . o e
Acos@=A.n o ' {1.46)
The flux of A through the surface element ds is given by (A, n ) ds = A.ds o (117

(-7 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 Hs Ads = ..(148)

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

Hence from equation 1.45 & 1.48 we get

Hs A ds= ﬂ\j div A. dv o , _ ___(1,49)
This is Gauss theorem of divergence. Gauss theorem may also be written as
i myds = I & Ara 50)
5. SUMMARY |

In fields especially in general, physical quantities@’differem values at different
points in space. Thus for example, the temperature g ro aries from place to another, .
place, being higher near a fire place and lower nearfin ofjen window. Similarly the electric
field near a point charge is larger that at points farthe it. Similarly the magnetic field or

intensity near a current carrying conductor is m earer to conductor and less away from
it. The expression field is used to imply botuthe gion and the value of the physical quantity
in the region (electric field, gravitational agnetic field etc.)

If the physical quantity is 0 alar category (for ex temperature) then we are only
concemed with scalar field. Howevel e quantity is that of vector type (for ex electric field,
magnetic field due to a steady current, incompressible 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 of a liquid. Leta friction less paddle is placed in
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 curt 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. :

21




(8) Using stokes theorem, prove that
§5 rdl=0, where 1 is position vector.
Solution: By stokes iheorem we know
ﬂsc A dl = f curl :.r. ds
Replacing the-w‘ectof A by the position vector r, we gei
Eﬁ rdl= H ouﬂ rds= ﬂs o.ds {curl r =0}
Hence . r.dl = 0
(a) Using stokes: theorem, prove that curl grad ¢=0
Solution: Accordin g to stoke’s theorem
We know $. A. di =[] Curl A.ds
Let A = grad ¢, then -

Fal

$. Gradp dl=flgcurlgrad ¢ n.ds 0
Butgradd di=(i 4+ 4+ k .d_)(idx+jdy+k®
dx dy dz
= Et—l- di-l- d..i}.a: dé v
dx ay dz Q~
Eﬁc dé = [¢]A where ‘A’ is any poin@: 0

a8

Hence H curl grad ¢ .n. ds =0

This is true for all surface elements ‘S’ i.e. cnrl 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 signiﬁcaﬂce of divergence of a vector field.

b). Derive an expression for div A in terms of Cartesian Components.
3. a). Explain C_uﬂ ofa ve&or field. Give its physical ;signiﬁcance also meaning of curl.

b). Derive an e,:xpression for curl of a vector field show that Curl A=V x A
25




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

= xAx +vyAy +zAz
4 d  d
CAMAY=( 4+ k -)(XAx + YAy +ZAz)
dx dy .dz
=1Ax+jAy + kAz=A
(3) If thé*'g"ra\}itét'ioﬁal 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 ﬂr iy +kz
Alsor*(x +y +z5)?

Inten51ty V(- GMIr)—-GMV(l/Z)——GMV(x‘+y + 251"
=-aM (i dedt g+ 2§ Loeayte ) Pk Lt aye ) 12
dx dv : dz o
= GM {i (-12)(P+y +25) P2 2xk (12) (KHyP ) 2y +

k (-172) (K +y +2°) 22

:'GM;;;"'.T —-GM I - GM O

ix+jv+kz

(x2+y2+22) r r* Y
@A =iy +j(x+y) +k (yz + 2 ), then ﬁn@ point (2,2, -2)

Solution; We know thatcurl A=V, A

: i ] k l ] k
Cutl A= | didx  didy didz |= (didx didy d/dz
- Ax Ay . Az y Xy ©  yztzx

. d d 2 2 . d d d 2 2
=i {e(yztzx) (X +y N+ oy Lyztzx)} +k |- +y)- Ly
dv dz dz = dx dx ‘dv

Curl A=i(z-0)+j(0-z)+k{2x-1)

= iz-jz+k(2x-1)

Substituting the values we get
Curl A =-2i+2j+ 3k
(5) Find the constants a, b, ¢ so that
VectorA—1(x+2y+az)+_| (bx—zy-— z)+(4x+cy+2z)1s 1rrat10nal

Solution; The vector is irrational when curl A=0

23




UNIT —2: ELECTRIC FIELDS AND GAUSS THEQOREM

Conteats

2.1 Objectives

2.2 Introduction

2.3 Intensity of electric Field

" 2.4 Intensity of Fieid on the sn;arface of a 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 . 0

2.9.1 Application of Gauss Law
Intensity of Field of uniformly chagged sphere
2.9.2 When the point P lies inside the s%h

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

I. 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 thecrem is used for various electrical
problems.

-
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K is the dielectric constant of the medium where in both q; and ¢z are situated. But the
force. acting on unit charge {i.e. qz=1) placed at a distance r front ¢, is by definition, so the
electric field iutensity

E= (]1:1(]'2,

Hence F = qZE

M

E= qw N/Coulomb
4 Ki®

Above eqn. gives us a new definition of electric field intensity E. We can define E as,
= qf S ifK=1 '
4 Lo

= 9X10° (q)) N/Coulomb ' 0 ;

I
In CGS units E = q/l(y2 dynes/esu or esu/cm O

2.4 INTENSITY OF FIELD ON THE OF A CHARGED CONDUCTOR
COULOMB'S THEORM

Consider a tube of force originﬁﬁ'om 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 &




/.

1

Solution :The charge on an elemental area at R is ds. and if R is ds, and if ris its distance
from A. the electric intensitv.it produces at-A is ods along RA, lt‘-! component along the
nommal AN j is’ Gdsws@ R T -lrca.,r’ : -

! 4 ;L(_an:

Fig 2.2. Electric field intensity of a right circular cone

Orﬁwhel‘e de is the solid angle s quat A by ds. . - K -
4re, ’ | '
. _. b €t .

The points of the plane which thin*an inch of A; lie with in a circle of center N and
redius NQ, where AQ=1. The on this circular area, thus contributes to the total
intensity at A an amount. . - - . T , :

do _ 0'27r‘(-.l 08607 = o

4e,.

e, - - dms,

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

i 1

2.5 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 S S

The concept of ilines of force had been used by Michael Faraday to represeni“E. This will

help visualization of electric field patterns easily. This gives a vivid picture of the way that -

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




2.6 ELECTRIC INDUCTION

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

If 47 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 surl‘ace of radius r
is called the flux demltv The flux density is given by

4nq =

=K _‘1____ = k.-

dxr” kr?

B

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 normaily is called total normal
electnic mductlon or electric flux.

Fig 2.4 Ilectric flux over different surface elements

| FF]
L} ]




28. GAUSS THEOREM

Kari Friedrich Gauss (1?77-]8‘5") 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. Slmrlarly the charges producing the field can be
deternuined, if the charge inside the surface is known. Similariy the charges producing the
field can be determined, if the intensity is known. Gauss’ theorem states that, “the total
norml electric induction (or flux) over a closed surface of any shape draven in an ¢lectric

field is A Times the total charge (or the algebraic sum of the charges) within the sutface.

Proaf of the Them e

A point charge of g coulombs is placed in a uniform isotropic medium of dielectric constant

« (Fig 2.5). Let E be the electric iniensity at a point P directed outwards on the Closed -
Surface drawn around the charge q. If ris the dlstance of P directed from . '

1]

%5 ranss. Theorem

. q
Then E =
4at,u<r'

Then, small elemental area ‘ds’. Is surroundmg, 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 alcmlgD PN is E cos 6

The norma! electrical 111ducncm over elemental area ‘ds is

_ e.xEcosbds + = e —L “cos@ds = adscost
47e, K e

b



Coulomb’s Law Derived from Gauss’ Law

A second charge qa 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 P. Then

F = QQE
I I I

ButE Q% :So,F=Q% r . L ...{2.5)
K’ Kr? |

i

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 stightly 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 elegtromagnetic theory of Maxwell,
Coulomb’s law is not listed in that series of equations zs it%m be derived from Gauss’ law.

2.9.1 Applications of Gauss’ Law Intensity of Fjel Uniformly Charged Sphere
(a) Consider a point P near, but outside a u%y charged sphere A with a magnitude of
hig’s

charge q Coulombs. Let the radius of t ere be R. Let the surrounding medium -

have a dielectric constant K

Draw a concentric spherical Gax@urﬁace 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

this sphere = 4 nr° 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. T his will be the normal to the
surface at every point on the surface. '

The total normal electric induction = EOKE4.‘J_'E_I'Z_.But the total normal electric induction.

According to Gauss’ Theorem is q P N
% &




E= q whenr>a
4t

(i) Letr<a,then the ‘Gaussian surface’ encloses only g 4/3 nr wiiits of charpe,
where Gauss’ flux theorem gives.

Qr’
i e ILE.dS=p4/3 3=
‘ : a
qr3 _ qr3

or e B4nrt = —— ;S0,E= ~——7

3 3

a 4rmea

-2.10. SUMMARY

is felt on conductors is referred to as electric field. Electric a vector quantity and it is
analogus to gravitational field. The distribution of elegtgic s indicated by the lines of
force. - The total normal electric induction, over a cl¢ rface, in an etectric field is 47

The region surrounding the charged material within which th influence of electric charges
glaﬁ
fi

times the total charge within the surface. _ .
Check your pmgresi Answers | E
1E1 94 '

4ms, R @

2 E= cprr2 esu/cm. _ :
3 Line of force is a curve indicating the direction in which a unit position charge would

travel.

21 . SAMPLE EXAMINATION QUESTIONS

L Answer the following questions in detail

i. ‘State Gauss’ Theorem? Discuss the application of Gauss’ law o find the
intensity of the electric fielduniformly charged conducting sphere.

2. Derive coulomb’s law from Gauss’law. Discuss the application of uniformly
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 Potential and field strength

-3.6 Potential due to a point charge

3.7 Vecior form of potential

3.8 Electric dipole

39 Electric field intensity and potential dueto a dipole

3.10 Torque Experienced by a dipole. I 0

3.11 The Electrostatic Generator O

3.12 Summary | ‘ | Q
3.13 Sample Examination Questions 2
3.1 OBJECTIVES Q) '

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 o _
After going through this unity you will be able to establish the; potential dug to a point
charge, evaluate electric potential due to an.electric dipole and describe the gonstruction
and working of vande graff generator. '

3.2 INTRODUCTION

In this Unit we will discuss the concept of potential.
1. The concept about a dipole & torque as well
2 We will also learn about working principle of @ Electrostatic generator.




/,

./ An interesting special case of a sphencally symmemc chargc distribution in a umform

sphere of charge. This sphere is non — conducting. Such a uniform msmbut'on of charge
occurs only in liquid or gaseous dielectrics.

The charge density p = q where q is the charge, r is the radius of the sphere
43

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 ntric Gaussian surface
2 3 ) e
goKE 1= 4/37n575.p -

orE = I_IP__ = o {
3ks, 3ke, 4/3 w3

qn

,
4 e K

in CGS system, E = !l
Kl'3
As the point P gets nearer to the center, the intensity of the field falls ofl'io zero..
Worked Example —1: As an example, take Thoinson atom model. The positive charges in

the atom are assumed to he distributed uniformly through out a sphere of radius of about
1.0x 10 7' m. Calculate 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 suMgces perpendicularly, ie the resultant
electric intensity at any point is at right angels T\th¢ equipotential surface at the point{Fig
3.1} the existence of the lines of force apd“eguipotential surface between charged bodies

reveals a method of bringing a stream of Rgoviflg charged particulars to a point focus or of

making them divergent (Fig3.2) _
 Ay,AgA; are three hollow metallic cyh% lying side by side. Let the potentials on A, -
. Az and A; be 500, 2000 and 50@;@5 tively. . o

Aﬂ v—:--:--&__; Aa

Y r

‘u“ "".‘.'I\
.;".".';13 ] TR B
L
!f,

¥ia

kS

M Y

Fig 3.2 Electric lens

Then a beam of eleciron passing through A; will spread out in Ay and then be directed -
though A; 50 as to move along curved lines of force. The, dotted lines show the directions of
equipotential surfices. The electrons tend to move perpendicularly 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 shepe of the equipotential surfaces can be
altered and the electrons 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 etc. - B .

.46 -




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 arrangement
of charges. Let A be a distance *d’ in the field direction from B. Assume that a positive test
charge qo is moved without acceleration, .by an external agent, from A to B along the
straight line connecting them. ‘ '

| : B

Fig 3.3. A test charge moving
fromAtw B

| The electric force on the: charge is A, E and it points Qrards from the movement of
charge in the fashion described above, this electric must be counteracted by apriving
external force F of the same magnitude but dirpetly dpposite i.e., upwards. The work done
W by the agent in supplying this force is. Qs .

Wi = Fd = qoEd @

ButEqn (3.1)tellsthat Was_ —y, B, . L (3.8)
qo I.' I . ' - !

W‘\.B o ;_I ' ’ o ';"- X

So, ———— =(Vg-Bg=Ed (35

Jo . _ .

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 field as
' Volts/meter. But this unit.is identical with Newton/Coulomb, Fig3.3 could be caused io
illustrate the act of lifting stone from A to B under the action of earth’s gravitational ficld.
This brings comparison between €lectrical 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 infinitesimaily small line segments of the path ¢ and

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

— - B o

. 5 . |
Thus Wig = I Fdl=-q, I AE.d ..(3.6)
A
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q I'B'd

Weget Vg—Va = -_4ng, .f r |
- Ta . _ ...{(3.10)
(Ve-Vi)= .Q 1 ____1_) (311
: 4xe,, B Ty / ra— e
If A is chosen as a point at infinity (Where rs) Vo =0
The V= | a : L(3.12)
4R80 r |

If there are group of point charges, the potential is obtained by calculating the potentiat 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 Qn
Then V=2, Vo= Ty T
dre, Iy - . (3.13)
(. and T, are the values of charge and distance of it from the point under consideration.
The sum used to calculate V is the algebraic sum and torial sum. This is the
computational advantage of pciential over electric field stren

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

that point then.

v= [ dvo =% [da
% 4TE, T ..(3.14)
if P is charge density in the medium, therN/
dq - p.dv (dv is the volume element).
Thenv— 1 [ pdv . L(3.19)
4re, r ... (3.153)
Tn CGS units V= | pdv
- r

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 also 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 called 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 is
called the dipole moment.

3.9 ELECTRIC FIELD INTENSITY AND POTENTIAL DUE TO A DIPOLE

Considar a dipole whose charges are + q and — q units separated by a distance AB =21 (1 15
of stomic dimensions) (fig. 3.5) The potential V at a point P, at a distance v from O, is given

by

4me, Iy T ' - ' .. (3.19)

1 a4 _ aq
4xgo Lr — lcosd r+cosb ..(3.20)

2qlcos ~ _2qlcosd

4?1:80(1“2—]200529) Angqr NS QAR SR S § 2
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- outer surface of’ the sphere which- would therefore be smooth and. by- applying a fow
" 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 battery, of whwh fhe
_ posmve endi 18 eonnected 10 earth wull enable the sphere to be charged negatlvely

Fig 3.8 Van De Graff Generator

+ 1. Equipotential shied 2.-High voltage terminal 3. Positive iron source 4. Steel pressure
i '. tank 5. Field contro! roch 6. Insulating belt 7. Positive ion accelerating Tube 8. Manhole
) Movable platform 10. Main value 11. Flexible coupling 12. Analyﬂnu magnet 13. beam
.axis 14. Adjustable mamet base }5. Pumping system 16. Dry ice trap 17. Lead shielding
18 Belt Tension Adjustment 19. 1,8000 run motors 20, Windows. 21. Insulating column
Eqmpotemial planes 23. ‘Charge collector 24, Built — in Kw power supply 25
Electronic circuits 26. Removable tanks over.: - :

Air surrounding the charged sphere is unable to with stand high potential; leal\ag,e starts
when the air is at ordinary pressure. In order that there may not be any leakage ., the
generator is surrounded by a big metallic enclosure 9which is earthed), is provided with two
'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 metailic tank has- average

'J'i




Potential = V. _EL_ ) A
41!801' | h

| 3009 X 10
4t X885X107X15X10%

1,803756 X 10° Volts.

18037.56 volts

3.12 SUMMARY o S

Electrical potenti'al'_éit a point is the amount of- work done against the field, in caﬁying'a unit
positive charge from infinity to the point. Electrical potential is similar to grav1tatmnal
potential. The electric potentlal is a scalar quantity.

The electric intensity at a point in an ele_c’mc field is the force per.. unit charge at that point. .
A pair of equal and opposite point charges separated by a distance is called a dipole. '

. Check your progreés: Answers

II. 2. Tan A =P E sind : _
3. Just as the electric intensity at a pom § electric field is the force /unit -
charge at that point. Similarly the Potegt fpoint is the PE/unit charge Just‘
as the energy is scalar quantity. Poténti%o a scalar quantity.

1.Check your Progress: Answers
Positive potential is the potential near an is%’msﬁwe charge. It is.positive because the
work done to push:the positive charge ity to.the present position. '

2.Check your progress: Answers

Electron volt is the amount of work dcme in movmg 1t through a potential dlﬁ'erence of one
-volt.

BEAE SAMPLE EX?‘AM-INA-'I“-ION QUESTIONS - |

"LAnswer the followmg questions in detail ,
i Show that the potential difference between two points is'the lme mtegral of the
electric field between the two points.

Find the electnc potential at a pomt, ata distance ‘r’, from a point charge q.
Show the E =.Vv . o ' (

[ o8]

L

4 What is an eleétic dxﬁole? Calculafe thé electric poténtiéf ata poinf due to a dipole.
There by find the vaiue 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

ST e




3.10 TORQUE EXPERIENCED BY A DIPOLE

When an electric dipole (e.g. a hydro'gen atom) is acted on by a uniform electric field of
intensity E. it experiences a couple or torque given by tan T =PE sin .

£

+q PTO

-9

Fig 3.6 Torque due jo a dipofe’
Where 9 is the angle between the dipole axis and E {See Fig. 3.6)}
The potential energy of the dipole is given by

P.E=-PECos6=-qEcosb 0 ,
G2y

In vector notation, couple =P XE Q

So far, we assumed that the electric field will not get d d in the presence of unchanged

conductor. In actual practice. There is distortiongf the' fi€ld produced because the amount
of induced charge is not uniform. The distribut induced charge on an uncharged
f

conductor may readily be found by the met ekectrical images devised by Lord Kelvin,
This method also enables us to fined-the imsity on and potential of , a conductor when

placed in an electric field. Q |
In attempting to find the electrical image ¥he conditions to be satisfied are :
(i) The potential of the conductor must remain the same.

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

(111)  The total normal induction over any closed surface in the original field must
remain the same. S ' :
Check your progress — Il

J. 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—4: CAPACITANCE

Contents o ,
4.1 Objectives
4.2 Imroduction
4.3 Capacitance
4.4 Energy stored in the field of a.charged ca.padtor
4.5 Combination of capacitors
4.5.1 Capacttors mn parallel
452 Capacitors in series
4.6. Capacitance of conductor )

4.6.t  Anlsolated sphere

'4.6.2 Two concentric spheres
4.6.3 Capacity of cylmdrical condenser — Submarir@e

-~
464 Cyldrical shding condenser O

4.7 Sumumary - ?s
4.8 Sample Exammation Questions

Q-

4.1 OBJECTIVES %ﬁ ,
This unit discusses the concept of Capacitance and its refation 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 vou 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) concentric spheres and cylindrical condensers.

4.2 INTRODUCTION

" " In 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 in series and parallel.




[ Farad = 3xi0es units of charge
- 1300 escunits of poteniial

" Thus | Farad = 1 Coul./Volt ; '
i
|
|

=9x10" es units of capacitance.
“Since the Farad 1s too big a umt a microfarad 1pF = 1(’ / Farads) and a Pico farad or
micro farad (1 ppF = i pF = 10" Farads) are used in practlcf

~The es unity of capacitance 1s however defined as ¢ capacity of a body whose
potential is raised to 1 esu or by | e.s unit of charge.

In the medium of dielectric constant K. the potential L/ of a charge body becomes -

V'K So the capacitance. Will, then be KC'. {V'and C' reblto vacuum).

An analogy can be made between a capacitor calrr,ru1g charge ¢ and a ngd
container of volume V containing u moles of ideal gas

!
. . v
Accordmg to ideal gas lawp = (— )P ;
- I{’I ! . .
X ‘ - {4.3)
Thus the capacitance is analogous to the volume oin container at a particular
p p
temperature. Just as any amount of charge can be put ofNzaplicitor, so any amount of

gas can be filled in a contamer (upto certam_llmlte charge exceeds a critical

For a capacitor q = (Q)V

. |
value, breakdown of capacitance occurs. If. the. ol 128 exceeds a critical hmit,
rupture of container walls occurs. ' ' l

If twd conductors (of equal and oppogite r«es) of' &t shape are br ought near a
distaricé “apart, that assembly of -con 15 called a apacitor condenser. The
conductors are called the plates. The cBgacitance of a caacitor depends on (a) the
ueometry of each plate, (b) their ml relationship with reb_ect to each other and (c)
the medium in which they are immetsgd. The capacitors are'enerally represented by the
symbol, v j— S

The capacitors are very useful devices. and are of ﬂreatet interest to-physicists and
engineers, For example. (1) the capacltorb are used to deﬂe electron beams. (2) They
are used to store electrical energy since they can confine stng 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 i (a) filtering the
electrical fluctuations. (b) transmitting pulsed signals and §) generating or detecting
radio frequency waves and so many other funciions.

4.4 ENERGY STORED iN THE FIELD OF A CHARGE[CAPACITOR

The energy of a charged capacitor 1s equal to the work dne in charging it. Suppose
the potentia! difference between the plates at any instant oitime is V. the work done
(dW) in bringing a small charge, dq to the capacitor. when i potential is V. is given by
dW = V. dg. : -

|
61 |
i




The total charge on the combination 13
g=q+ Q@+t q=(C+C+G)Y V
q :
The equivalent capacitance Cis= — = (G + T2 +C3)
I - \;r . .
Thus Cop=C1 +Ca+Cs. . ' (40}

This result is extendable to any number of capacitors connected in parallel.
4.5.2 Capacitor in Series

Fig. 4.2 shows three capacitors connected in series. o

Fig. 4.2 Three capacitors crmnec!ede.s'.

To find the equivalent capacitancé C, oceed in the following way. In the
connection shown fig 4.2, the charge q on each¥flate must be the same. This is because

of the reason that the net charge presen Iv on these plates is zero. Connecting the
plates to a baitery will only produce a chdge separation keeping the net charge on these
plates zero. Assuming that neith wor C: ‘sparks over’, no charge can enter from
outside or leave the region enclosed shed line.

Since q =CV, _

' 4.10
\’1=E;V;=i and V, = 2 . -10)
(_tl C: C.'\

The potential difference for the combination series is
V=V, + Vat+V;

= q(1/Cy + 1/Ca+ 1/C3)

But V = ¢/C

The equivalent capacitance
| R R

= — -

Corr ¢ s Cs l'

~The equivalent capacitance is always less than the smallest capacitance in the cham. The




If the two spheres ﬁqu_gurroundf_:d_l by air, k=1

g0 =8285X 1 0" Farad/m

E ab
In- CGS units. C=—— esu
{b—a)

(413

By surrounding A with an earthed conductor .the capacity of A is lncreased In CGS
units Cac be written as

a

(I- a/b)

C=

fosu o o - .{4.13)

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 a 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.

potential of the former is lowered and therefore its capacity or«apadjtance increases. In

By bringing a charged conductor in the neighborhodd of @hed conductor, the
h heq condu‘ctor),. we

order to maintain the potential on the charged conductor (negy the
must give extra charge to it.

it does not allow steady current of flow through it. A\gonlenser used for such purpose is

A useful propérty of a condenser is that when?ts;; ced in a direct (DC) circuit,
called a blocking condenser. Its behavior in an?&tr e current 1s altogether dlﬁ'erent

4.6.3 Capacity of Cylindrical Con(ler%s marine Cable

‘A metal cylinder is placed coaxiaWyinside a hollow metallic cylinder of large
radius. The space between the cylinders is filled with a dielectric 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
is the outer-earthed cylinder. The insulating sheath (of polystyrene) forms the dielectric.
Let a and b be the radii of the inner and outer cylinders (or the mner ancl outer edges of
the dielectric) respectlvely (K s the dielectric constant).

1. Gaussian surface

Fig 4.4 Cylindrical condenser .65
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Between them. One of these cylinders is earthed. C camesan mner metallic cylinder B,

which is also coaxial with the outer. 1t can be moved a*ua]hm and out of A by means of
a micrometer screw fixed on . This screw .allows the eng,th of B mside A to be

accurately measured. ¥

The cylinder A 15 usually surrounded by another eatl ed cylinder to prevent the
leakage of charge to outside bodies. B and C are first carthe. A is insulted and is given a
charge. When B is moved into a by a distance 1, the change j } uapat:ity of A 1s given by

_ 2nekl  Where a and b arc the radii of A and B respccl'ive]‘\i ;
2.303 logo(bia) .f

. p!

Thus if its capacity for a particular setting of ﬁlcrometer 18 measured by
comparison with a standard condenser, its charge in capacityl found with the help of the
above expression. Then this condenser can be used for n'leeurm(7 the capacitance of any
other unknown condenser. L

Example —1: i

The parzllel plates of an ai-filled capacitor are every hete 1.5 mm apart. What

must be the plate area if the capacitance were to be 1.5 farad

Solution:

C=_4 = _&taEA = _EiA O I|I
V Ed d

orA = Cd = 1.5%x10" mx1.5Farad

. € 8.9x 107" Coulz’].m‘Qs |

A=2532x 1% , ]

. ' ‘ l

Example-2: ‘ "

" A capacitor C, is charged to a potential dlfference‘% The charging battery is
then removed and the capacitor is connected. As show1 in figure to an uncharged
capacttor C;. Find the potential difference V across the comhzatlon : -

fia

i

Fig 4.6 )

67




-

3. Energy stored in the field of a 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 atomic view point. '

5.2 INTRODUCTION

In this unit we will evaluate 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 ina condenser. - h

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 a parallel plate condenser. '

A ' - +
L —— I _l

— — O 1
B _ tcl?\:._ _;q

Fig. 5.1 (a) Par wigiic condenser

A parallel plate condenser consis%two metal plates wsually in rectangular form
separated by a Dielectric. If the plates 2d B, shown in fig 5. U 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.

Edar=] — = — N R
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Is called ‘stator. The second set is called ‘rotor’, Such type of condensers are used very
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, Etc...” A

5.4.2 Fixed condensers _

Fixed condensers of® fixed capacity 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 to one end each, to yield a large capacity. Such fixed condensers are

sometimes arranged 0 boxes.
Ceramic materials are now-a-days used as low loss dielectric at all frequencies.

Electrolytic condensers are generally used o obtain large capacity although the dimensions
of the condensers are-small, : ' :

4.4.3 Guard — Ring Standard Condensers -
oA _

The capacity of paraliel condenser is given by ¢ = but itdas been assumed that

the electric intensity between the two paralle] platés remains the shme throughout the area -

of the plates. Since the fieid of force and hence the intensi he edges is not uniform the

above formula is only approximate. - g

PR G : S 2‘“’1‘“{(}
? g 11 Wl %
AR N N (AN N R A
I T A T T SR E l ! y ¥
b e IR S T T L
U T T T I N A O B
R S TN - T - T D T
8 ) 5,
e B E‘”
one; L3

_ : Fig 5.3 Guard ring condenser
The end effects were overcome by Lord Kelvin by using a circular plate surrounded by a
ring G in 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 the tilted over'to G. Field between A
and B is then uniform. ' C ' A
a) Effective area of a plate = A'! = area of plate A = area of gap

Then C o Aty

D : | |
The distance between tiie plates can be altered by using micrometer fixed to B.

I8

(5.14)




- I'H. Solve the following pll'(:)(blems

i

=

A parallel plate condenser has circular plates of 8.0 cms radium and 1 mm
separanon. What quantity of charge w1|l appear on the plated if a potential
difference of 100 V is applied?

Find he capacity of a condenser consisting of sphere and a concentric
sphencal shell of radii 9cm and 10 ¢ respéectively separated by air.

Find the potential of the sphere if 1t is given a charged of 13.3- X 107

'Coulombs winle the outer shell (i) msulated (1) earthecl

b

(Ans: 3 X 10™ Coul; 1.48 X 10° Coul And048X10 ’)

Sphere of radius 10 cms 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 2
point 20cms from the sphere. - What is the work done?

- (Ans 5.3 X 10" Joules)

A cable has a copper core of 4 mm r'ldlus This is surrounded by one layer
of ‘insulting material and"the inner layer has W thickness of 5 mm and
dielectric constant 3.5. Find the capacity of 1. _@th of the cable. ‘

' ' ' {Ans: 100CGS units)

Two capacntor (20 pand 4.0'n F) are cted in parallel across 2 3600 V

potentlal dlfference Calculate thet red energy in the system. _
_ - ' o (Ans:0.27 Joules)
Eind the equivalent capacitar the combination given in Fig 111 and
determine the charge o capacntor
Fig II-1

(1) C1“10].lF C.=5uF,C: 4|.1FandV—100V

(Ans: 7.33 F; @ = G2 =333 G s =100 C)

(n) CI—S}.EF C:=4pF,C=1u FandV=100V.

(Ans 322u F, q,-qa—222p C.qz=100 p C)
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where q is the free charge.

But V= -JEdr=Ed o ’ .. (5.5)
EoKAE _
So,C=q/V = Farads S ...{(5.6)
Ed | ‘
kA

In CGS system C = CGS units : ... (5.7)

4nd

The effect of introducing an insulated uncharged conductor between the plates of an Gir

condenser is merelv 10 reduce the extent of the field bevveen the plates of the condenser.
The separation between the plates is shown in Fig 5.1c .There can be no field inside. C.
Hence potential difference (pd)

- od ., o(d-d-t)

811 E\T

D= S_ (d-t)

80
E£,AC EoA
Capacity = =
o(d - 1) (d -t)
N _
—
5 d,
P S5 - - m
1 ik '.:."_""': o
— ..:s.:.‘-,"-.;f;'(f.;. P
=
B

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

Charge in capacitance due to introduction of conductor

C=80A _OBA 'soAt

(d-1) d ) d(d-t) | .. (5.10)

L

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 spaceis '

n
P

{




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

¢ &
F= S = "Nm®’
28K 2ekA’

Where o is the surface density of charge on A. Therefore the force of attraction

between A and B, each area a 5q .m = d> N and the work done is separatmg the plates
280KA _
by a distance d is given by W = force x distance — d_ Joules.
: 280KA
2 . .
So,W- 44 ..{5.15)

2ekA ' 0
qd

If x = 1, force of attraction = - N. Thus when the remams same, the force of
. _ 2802
attraction. between the plates with a medium ha&\ as dlelecmc constant is (1/1() times

expression for the force of attra more useful when expressed in terms of the

the force with air as dielectric Q“ _
Since the generally measured parameq is the potential on the plates and not the charge, the
potential difference between the plates MStead 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 = EoKA  VandF= Q> the force of attraction per square meter.
d L 2xseA
Fe (KEA VDY _ x8V: Nm? - .(5.16)
2KE,AZ oo ' | '

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




Hence the total work done by charge ¢is -~ %

] .

q | _ | :
W”:j VegJoules C . o G T

But V is not constant, It is function of q.So, "
a , o .

w=] g/cdq=9 = 1 qv =..,.LC'V2 - _
o 2% . 2 2 (522

“This eqn *5.22) represents the energy stored in charged coridenser.

W will be inJoules if q is in coulombs, C in Farads and V in volts.

For a parallel plate condenser having the surface denéify' g, area of insulated piaie A, and
the distance between the plates, d, the energy is givendy . . . _

1
s aAls? kAO O 2Es SO X

and energy density = ;. o’ o 0 . o

Thus the energy of a parallel plate condenser is theaige as the mechanical work dose i
separating the plates. " This energy resides in ot ] ét%p :n the dielectrics. This eneigy,
can easily be demonstrated with a Leyden jar Qggchable parts. The energy sd stored up
is equal to %K€, E> Joulés/m, of the giglecide. This is also the energy of a charged
conductor, as this and the surrounding v 4’@ th air as dielectrics form a condenser.

Energy- = qzc--; 1 8 - O (Ad) .

If the potential (V) is the same for both conductors ( ‘o'hei having 1, as dielectric} constant

* and the other with air), the conductor with dielectric will have an energy k times that of the

conductor surrounded by air. This s true for any conductor or condenser.
‘,f 0

Let the plates be connected to the ends of a battery ‘and charged to+ ¢ and —q respectively.
If the battery is now removed so that the charge remains the same, -and the dielectric {of

dielectric constant) is introduced between the plates, the poiential is reduced to 1k and the
energy q/2¢ is also reduced in the same ratio (of 1/k) . the energy which has disappeared

has been used in inserting the dielectric. If on the other.hand, the battery conpection is

retained and the dielectric is introduced (so that the potential remains constant), the charge
and hence the energy are increased K times to their initial values.” The extra eRErgy I8
supplied by battery. . When the dielectric is introduced partially in between the plates of 2
condenser the energy tends to a position of minimum energy. and hence the dislectric will
be drawn or sucked into the plates. _ S '

Thus two simitar conductors of different materials, _c':hargé’d to the same potential, will kave
their charges and energies directly propoitional o their dielectiic constants. '
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=131x10" S joules

o 2o .~ ‘
Eneroy aftercontact = 1 q_.=.__(0._03.}_5_)__ S . e
- =§ 2 ¢ 2x30x10% - ST e e
=’ 16.5 4Jou1es GO S

So loss of energy =-;6.07 Ji oules

Aol 003150
Common potential = —= ————= 1050 \'
| - .Cc  30x10°
Example —5 ; i '
Assuming the eaﬂh of radius 6.4 x 10 m to be a charged sphere in free space and w1th an
electric field or 300 V/m at its surface, ﬁnd the energy of its charge; .ad the heat gencrated if -
it were completely dlscharged \

'!

Electric intensity = 3Q_0 Vim L -_" _' ;,;"i"-'

.. charge is given frong Eqgn. (5.4) forE= GI = Q. y
_ e As
So, 300 = q s '

411(6.4)5;106)80 | 0 :
orqg= 4“(-’00)(64“06) G O o
; ¢ _ (471:) (300)° (64x106)4 2 ‘?‘

2€ : 2x4 Teq(6.4 x 10%, N

=27 (3001 (6.4 X 105, | @ :

oy
14

Heat produced = 131 x 1% =312 x 10" cal; :

42‘
Example 6: ;

. The intensity of electric field dueto a sphencal concluctor of diameter 4 cms at a distace crf :

20 cms from its center is 30 V/em. Calculate the energy of the conductor o

. -+
Toaat

SOLUTION:

E = 3000 V/m

C = 4ne, (0.02); Vat 20 o = ‘ q
' 41re0(0 02)

V=Ed= _4 orq 4ne, (0. 02)3000 (o 02)
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The induced surface charge will always appear in such a way that the eleciric field due to
them E' opposes external electric field (Eo). The resultant field E is E¢+E".E' is in the same
direction as E,, but is smaller. Thus the induced surface charge in a dielectric due to
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 capacitdr when a dielectric is introduced between the plates:

More specifically, if a dlelectnc slab is introduced mto a charged parallel-:plate condenser,
then :

“E, i -Y1=k_

E V4 | ..(5.26)
Induced electric surface charge is the explanation of the most elementa:y fact of static
electricity. A dielectric body in a uniform electric ficld will not experience a nei 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 phencomenon. It has a much
higher value for solids and liquids than for air. The dielectric constant 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 dlelectrlc C). Tables 5.1 give the
properties of some dielecirics. L b

Variation of dielectric constant

The dielectric constant of the material depends not on'y off
such as temperature. Frequency of the applied voltage, huty

Npurity but also upon factors
W etc. Dielectric constant for

solids increases with raise in temperature while for ids, it decreases with' mcreasas in
temperature. _ _
Table 5.1 Properties dielectrics
Substance  Dielectric Dielectric% _ - Dielecric ‘Dielectric
Constant Strength * \gubstance Constant Strenght™®

-k : (kv/imm) - kK . ~ (kv/mm)

Flint 50 ‘Vacuum  1.00.000° o

Crown glass 8.9 Paper o 33 14

Sulphur - 24 . Porcelin 65 4

Ebonite 32 ' +° Fused quariz 3.8 8

Parafiin- 40 ¢ Bakelite - 48 12

Rubber 22 . Polyetﬁyl'ené 23 50

Mica 46 | * Polystyrene - 26 25

Acetone 210 -  Teflon(PTFE) 21 60

Ethylalacohol 26.0 _ : ~ -Neoprene 6.9 12

-;‘ . . . -
Distilled water 70 - TiQO2 - . 100 -6
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Where q represents only free charge, the induced surface ¢harges being excluded. Table 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 componet
: continues
Electric displacement D . Free charges only Normal conmpangnt
Continues.
Polarization _ p Polarization charges Vanishes in
' Only vaccumm
Detfining equation - -
For E F=qE
. > —_ =
General relations amount the three vectors D= &0 E+ \
. . .. . . . %
Gauss’ law when dielectric media Prtg =
Are present (q. free @ e only)
Empirical relations for certain D_ = Sg
Dielectric materials 1)E.E

Unoform dielectric @

A description of a dielectric at an atomic lev8iend the surface cahrges 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 result of introducing a
- umform dielectric medium like glass is also dlscussed earlier.

We shall now discuss how the capacity, charge, potentlal difference, elecmc ﬁeld intensity
and displacement will be affected when the space in between the parallel 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 potential difference between A and B (Fig 5.7) .For calculating the potential

difference between A and B, we use the expression V = G§ E.dr for air and for dielectric.
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5.9 ELECTRIC DISPLACEMENT ELECTRIC POLARIZATION AND ELECT RIC
FIELD ,

]

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 is sufficient..,
For treatment-of - more complex problems — such-as finding E in a dielectric placed in a non
uniform external electric field. a new formation presented below is necessary

The induced surface charge per unit area of the surface is called electric polansanon.

P={qo/A) IR o ' (S.al)

The name polansanon 1S su1table because the induced surf‘ace charg,e q appears when the
dielectric is polarised. The electric polarisation, P can be defined in an equivalent way by
multiplying both numerator and denominator by d. the thickness of dielectric slab‘ '

P=(q YAd) : (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 induced 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'ggative induced charge to
the positive induced charge. :

if g and gl are the free and induced charges on the pla@pectively‘ ‘A’ is the area of the
plates, they are related by the equation. ?\

S..= 80- q o+ .ql Q~ . ) .
A (K& A) A Q) - j L “.'_(5.32)

We can rewrite this equation as

1 . . : '
> : . ~ny
q - g,E +P ‘ ' ' ..(5.33)

A

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

So D=g, E+P R L (5.34)

Where D = g/a | | e ...(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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In general if there are numbers of dielectrics with dielectric constants xy , k» and or

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

=2 ,Ilrd——(ti+t2++.,,+)+-t-!_ R ] and the
Eo ~ ' K3 Kz . (5.47)
Az,
Capacitance C :((d o otlko) o bke-l) )
[ K) K2 ... (5.47)
Ag,
orC=| 1, 2 . 3 ,
xl w2 K3 ...(5.48)

Eqn. 5.47 applies when d< [t +t; +t; +...] and

Eqn: (5.48) applies if there are various dielectrics in piace(iﬁ

But there will arise another case when dielectric igpartifiside the platés A and B and |
partly outside. [Fig. 5.7 (b)] 6 '

Then the capaéity can be worked out on the fo% lines.

Let Al and A2 be the areas occuipedQl'v above and the dielectric between A and B
b

respectively. 1f we assume that th es ®f force in air are straight except at the edges of
the plates and the dielectric.

D = A.zg-() 4 A]So
. d—(x-1E d
K ... (5.49)

Thus if A, is decreased, C (i.e., capacitance) decreases.
ltt=d[Fig 5.7(6)]), C = -KA% 4 A€
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
Ay [ . . _ ' |

x 1 -
A | »
I

AndAl = LoX ALA2 -
|
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E= ol = 89x107=20x10° vou/m

K&, 5x89x10"
5 PN}
D= gocE = 2 X89x107x89x10 Volts/m
5x89x 107"

pd E'd =2x10°%0.5x 10?2 =1 x 10* Volt
Example-2: : :
A dielectric slab of thickness 0.5 om 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 BA_ _ _ (8.9x10" Coul® Nm? (10" m?)
d . 1x102m

C=8.9 uuF
The free charge q=CV=8.9x 102 x 100

=89x 10" Coul. 0

Because of the technique uséd to charge the capacitor, @ charge remains
uncharged as the slab is introduced. If the charging batt3gis’ disconnected, this would
not be the case.

An application of Gauss’ law indicates.

== ) : . “
£0 IK Eds=g,x EA=q (Since k = 1, ¥ecause the surface over which we evaluate
the flux integral does not pass througl iclectric) '

-10
So.E =4 = __89X107 ¥y 10 Volum

gA  89x10x 107
Note that E remains unchanged when the slab is introduced. But electric field strenght
in the dielectric medium change and is- given by

_ | ek E'A =g |
Here x appears because the surface cuts throughout the dielectric and that, only the free
charge q appears on the right. Thus we have -

oyl y , I
gr=9_ - _E - 1xX100 _4i4510 Volvm

KEoA K 7

The potential difference between the plates
v=| Bd'=E (Id-—t)+Elt

=1x 10 (5x 107+ (0.14x 10 x 5 x 10°%)
V =57 Volt.
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10. would you except the dielectric constant for polar molecules to vary w1th

temperature? Why?

11. Discuss the following statement: the permitivity. is ‘2 measure of how easily a

dielectric will permit the establishment of electric field hnes wnth the dlelectnc

III Solve the following probiems S

1.

L8]

When a slab of insulating material of thickness 8 X 10 m is mtroduced between the
plates of a parallel plate condenser it is found that the distancé between the
plateshas to be increased by 7 X 10® m: to restore the condenser capa,clty to its
original value. Calculate the dlelectnc constant of the material '

. (Ans: K =8)
The dlstance between the plants of parallel plate condenser, is 2.4 X 107 m A
rectangular slab of thickness 1.2 X 102 m and dlelectnc constant 5 is place din -
between them and the distance

(Ans 36 x 10”°m)

. Two rain dl ops, & long way apart, have radius of 2 and 2mm respectlvely Their

potentials aie 40 to 60 esu. Respectively, What will be the change in energy if they

coalesce? What will be their potential?

(Ans : 408 ergs,856.es0)

A 100 ;tpi F capacitor is chzuged to 100 V After charging, the battery is
disconneccted. The capacitor is connected is parallel togother capacitor. The final
voltage is .)0 V. What is the capamtance of all second Sgpaditor.

Q Ans; 267 -u_u F})
For a gjven_: parallel condenser A = 0.01 sqep., ¢ 0.05m, p.g-= 100 V, when air is
used. If air s replaced by glass of K =6, c;% the new capacity and new p.d.

‘ : : (Ans 640 L F; 16.67V)
Find the mechanical stress pe; on the glass plate of a condenser charged to a

. potentiat of 30,000 V.K and t ss are 4 and 4 X 103 m. respectwely Find the
“electrostatic forece per unit area of an insulated spehre of 5 X 10-2 m radius,
charged to 177 X 10" C0ul

(Ans: 99.51 N/m’; 44.78 N/m?)
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Example — 4:. : - : o
Derive the express:on tor cahnoe in energy ofparallel plate condenser when a dlelectrlc
constant K and thick ness t is introduced between the plates:

(a) When the char“e remains the same:

®  When the potentnal remains the same.
Solutlon. o e
Charge remamb the same o

. IR - Aﬁ}}
(a) When the'c:apacity' = -
- d-t (I-1/k)
¢ ¢ 0o |
Soenergy —=-— | d-t(1-—) [ B
2C 2Ae, - k-

Thus the energy is reduced on thie insertion of thie slab by an amount equal to

2

t(1-1/x)

2Ag,
(a) Ifd=t i.e when the slab thlckness is equal to the air’ gap of the parallel plate
condenser the decrease in energy is__ q’t

2xAs,

{b) When the potentlal remains the same | ¢., when tI@ery is kept connected to the i
plates. : ' '

The new capacntv —'% ..
s [d-t(ll/k] Q, \

. - -
and hence the eneroy v, CVi =1 A@ _ o \
- Td _rmc)] o \

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

Thus the above two cases indicate that (a) the expressxon 15 to be used when the charg.,e i
remains the same and (b) ¥4 CV? is to be used when the potential remain the same. :

5.11 SUMMARY

The capacity of a parallel plate 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 : ' ‘

4nd P
Positive and negative chm ges will be separated by the introduction of a dielectric material -
in the electric field. This separation of charges is called polarization. Molecules - :
Can be divided into two categoreis, polar and non-polar molecular, Polar molecules have
permanent dipolemoment where as non polar molecules do not have permanent
dipolemoment. The dielectric constant is defined as the ratio of the capacnance with the
dilectric to that without the dilectric. The dielectric constnat depends upon pressure,
temperature crystalfine state and the fiequency of the applied electric field.- Dielectric
constant varies with rcmpemtme
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UNIT 6: ELECTRICAL CONDUCTIVITY

Contents

6.1 Objectives

6.2  lntroduction

6.3 Drift velocity

6.4  Resistance

6.5 Resistivity

6.6  Ohms Law

6.7  Temperature coefficient of Resistance

6.8  Resistivity from atomic view point and mean free path

6.9 Summary : o P ce
6.10  Model Answers \ | | 0 :
6.11  Sample examination questions _

O

6.1 OBJECTIVES ‘ ?

This unit troduces the concept of c:_ur'reQll density and resistaiice, resistivity and -

conductivity to tnake you understand the @t, the unif examines,
1
2.

The motion of elecivons m a cond¥ctor.
The flow of current ina conductor.

The relation between the conductmtv of a conductor and the mobthtv of' the )
charge carriers; (2) the variation of resistivity with temperature, ’

After going through the unit you will be able to

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

DHstinguish between the velocity of the variation of the electrical field and the
drift velocity.

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

Identify non-ohmic type of conductors.
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dg= N4 e Vadr | , e

The rate at which the charge 18 transported across a section of the wire is dq and 1t s
called the current in the wire. Current 1s represemed by 1. - -

= _dq S : ' L (6.2)
dt

From Eqns (6.1) and (6.2) the 115 given by
i = NAely ....(6.3)

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

dg = Adt (Nojy1 ViNaga Vs + Naga Vit ... 0 .(6.4)

and the current s : O
j= dg = AZN,Vy ?\ o . ...(6.5)
df . .

The free electrons in a metallic W€ Carrying current are distributed uniformly
throughout the wire and the curr e 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.

Jes i A =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= di -(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. 1n a conductor j is characteristic of a
point rather than the conductor as a whole. The relationship between I and i is that, for a
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i

I'ig 6.2 an impressed electric field causes the electrons to drifi with a velocity V. ,rrowa; ds
the: nght What is the direction of E?

The drift velocity Vd can be computed from the current densny J. fig 6 3 Shows
the conduction electrons in a

Fig 63 Electrons df'{fﬁﬁg ina a'irecm@oge to the electric field in a conductor

Metallic wire moving the left side of the wire with constant drift velocity Vgand where as
the field E is acting toward right If N is the number of conduction electrons per- umt '
volume the number of electrons in a volurne *Al’ is NAL A change of magnitude

g = (NAL)E ’ , : .(6:9)
passes through the wire, through its right end in a time ‘t” and is given by, _ _ |
f= L " o610y
v . : -
d

The current i is given by

Pcd M =NAeY, | ..(6.11)
t ¥vd

Solving for V and by putting J=1/A , Eqn. (6.6) yields
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102 Amp

(84X 10%electrons/cm’ 1.6 X 10Coulelectron)
Vi = 0.008 cim-s , .

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

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 meving charges lose much of their energy flow acauired as a
result of the electric field in the conductor. This lost energy always appears as heat in 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 potential difference of same magnitude V is applied between the ends of a
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'%gtio of the potefitial
difference v applied between the ends of the conductor to that @current I flowing

through it. It is represented by the sign. O
R=VIi

" To understand the concept of resistance #Ns cuStomary o compare the flow of
charge through a conductor with the flow of m%ough a pipe, which occurs due t

the difference in pressure between the e tNe pipe, established by a pump. This
pressure difference can be compared with tential difference established by a battery
between the ends of a resister. The flow of Water (let us say cm'/sec) is compared with
the current {coul/s or Amp). The rated of flow of water for a given pressure difference is
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 (SPECIFIC RESISTANCE) AND FLECTRICAL
CONDUCTIVITY

A

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. Since the viscous
retarding forces are proportional to the speed of the object, one: would "expéct,
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 '

= VaEq o - : . ..(613)
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- 6,6 OHM’S LAW

Example 1:

A cylindrical carbon rod has a diameter 2 cm and a length of 50cm. What is thé
resoistance measured betveen the two ends? The resitivity of carbon is 3.5 X 10° Ohin§ at
20°C. .

Solution: R = (33X 107 Ohmm)(©0.50m)
1 (0.01m

= (0.055 Ohm.

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

R=Vih
The units of resistance are volis/Coulomb per second or volts per ampere. This

unit is cafled ohm (Q). The units for resistivity are Ohmmeter. The units for conductivity
are Ohms (Q)/meter l

Eqn. (6.7). V = iR is always true provided a steady % is maintained through
4 resistance element by a fixed voltage V. The ratio V/i is d&ingh to be the resistance of
the element. This equation was first found experiment George Simon Ohm (1789-
1845). He implied that R is independent of V ag% d c%xeasonable ranges of V and 1.

The relation R = V/i is known as Ohm’s law. 1 | R is not a constant. We have to

discard Ohm’s idea that R does not vary,, Molgpver heating of material changes its -

resistance.

As a result Ohm’s law fails. Eqn.(6.7), one wajor portion of Ohm’s law, 1s
always true if V and T can be reproduce. As long as the temperature i kept constant
almost all the metallic. conductors obey ohm’s law. (Fig 6.2) Many conductors don’t
obey Ohm’s law. For .

o8
o6 ' / o Fig. 63. The current
: variation ¢s a function of
a-04 . / ' , potential  difference in a
£ ‘ ‘copper wire. This obeys
< _ . Ohm’s law -
s o: / hy ‘
0 0oz . O-4 o6
Y.VolLTs '
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.
pmf[]-l-(l(t—tmf)] o = . o | -...(6.15;0-)'-

orp= Prer [1+ a(t At)] B

o 2 e pot .’_ o | (6.21)

P _At - h..Pref -1 ref

In this relation p is the resistivity at temperature t, and prr is the resistivity at '
some reference temperature, ter o is an experimental constant called the temperature
coefficient of resistivity and is given by the relation (6.8a)

The resistivity of copper is 1.7 X 10° 4 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.

Marerial : Resistivity (P) ar 200C a at20°C(per’C)
Silver L6X10° ' 0 3.8X10°
Copper , 1.7 - 39
Aluminium 28 ' ' O ' 3.9
Tungsten ‘ 5.6 -~ . | 45
v Nickel . 68 v ' 6.0

Iron -' 100 5.0
Manganin - 44.0 Q‘ . 1000.0
Graphite (carbon) 35000 ' -0.5
Glass . 1ot @ . -
Amber TS & [ .
Quartz (Fused) 75 X 10" o _ -
Check Your Progress

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

2. Drift velocity of an electron is given by :

3. -Equation for temperature co-efficient of res15tance 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 1o L making six collisions. l
The dashed line show what could be the electron path in the presence of an external field =
E. Note the steady drift in a direction opposiie to E. ' i ‘ i ~

The drift velocity can be obtained in term of the applied eleciric field E and v and A.
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 jaw of Newton.

a=_—.—- = . . - I.

m mo Q {6.22)
Let us consider that an eleciron has collided with one po, itive ore. '

a (1/v), where (1/v) is mean time t taken between @T jons. The drift speed Vd, i3
' o {6.23)

Vo= a{ A)| =E. A, T=2 SN L P (.
v m. v v @ - v .I - : _ : o
We may write Vi in terms of the current den$ity J [ (Eqr;. (6-. 22)1 and combi:1iﬁg Ean.

(6.10) to get.

Naturally at.its.next collision the electron’svell! ity ¥l have changed the average by

- a
I Ee
Vd = —= k
Ne m ¥

Combining this with Eqn. (6.16) (E/J = p) leads finally to

Nea ' 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 eleciric
field E, 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 cf

| 10" cmysee and Va 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 8. Thus there is transfer of charge up from a potential V, to a potential V. The
energy W given p by the charge is '

AW =dgq (V- V) = idtVp ..(6.25)

The rate at which energy is given up is given up, or power mput

== g . 0 _.(6.26)
- |

. So the power nput only depends on the magnitud elative directions of currenis

and terminal potential difference, The power imput is dqualto the product of the current

and the potential différence. If & is in amps or % and the potential difference is in
a¥s '

volts or Joules/Coul, the power is in Joules/s E Walfs, since

. S Coul

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

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

Ve = R .(6.27)
Hence P=iV,= i x iR =R

P={R | \ | .(6.28)

orP '~ Vup (SinceVof =1R) : (629
. R

Here in this case we may set




. Example 2;

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

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

So, m this case 12.5 J of energy 1s lost each second and hence 12.314 185 or about 3
cal of heat 1s generated each second.

Example 3:

A buib rated 220V/100 W is operated from a 220 V power source. Find the current
flowing through it and its resistance. )

Selution:

P =Vi

- p = LOOW = 0.45 Amps 0
v 2200 I

Since the potential drop across the bulb 1s 220V a current is 0.45 amps, Ohm’s
law telis us

R- ¥ .2 —4840 ?‘
i 0.15 Q~ '
6.9 SUMMARY _ b

In a good conductor there are number of free charges. These charges move under the
influence i an external electric field. Current per unit area is 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 mobulity of the charge carriers & the
resistivity and conductivity are the intrinsic properties of the material and depends 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 s directly proportional to the current
flowing through it. It is known as Ohms Law. - Vacuum tubes gas tubes, semiconductors
and thermistors and thyristors do not obey Ohm’s Law. These are called no-Ohmic 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 their
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1.

111

© Answer the following quéstions byieﬂ_y .

Ao et P [ T A PR TR

Derive the expression for.electrical power in a conducior. -

Basing on the conduct1v1ty scale can you cla551fy the elements‘? If = what are they
Give some examples 1n each case. o

Can you mmagine a phenomenon at very low temperature {(near0’, K) the resistance
of a metallic conductor becomes almost zero? What 15 that phenomenon? Write a
brief note on this phenomenon. ' o

What 1s semlconductor? Explain why the resistance decreases with mcreasmg
temperature in the case of a semiconductor. :

- What i is magneto resistance? Gwe some examples.

Dlstmomsh clearly between the electron ﬂow and the conventional current.

What is wrong with the followihg statement the resistivity f a materlal is dlrectly
proportional to its length’? Rectify the statement and exp]aln :

Distinguish between current and current density. |

What is the difference between electromotive force @i‘temial difference? Are

they same? What are the units? T _ Q AR
10. Explain the concept of resistance of flow of /. conducior.

Solve the following problems. o Q~

1

W

‘density n the wire

irren
A silver wire has a radius of L@and it carries 2 amps current.. Find the current

(Ans:6.4 X 10AT07)

What voltage difference is reql.ured to sent a current of 2 amps through 50 cos or
wire in the above example?

*_ (Hint; Use the expression R = A/1) o (Ans: 54X 1 _0"’V)

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

A current of 5 amps exists in a 10 Ohm resistor for 4 min. (i) How many Coulombs

" and (i) how many electrons pass through any cross-seotlon of the resister in this

case? .
(Ans 1200 Coul; 7.5 X 102‘ electrons)

A square alummlum rod is edge 1.0 meter lunﬂr and 5.0 mm on edge

(a) What is its resistance between the ends?
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Avagadro Number x density | 6.0x107x89
[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 principle.

3. Thermoelectricity Thermoelectric eﬁ'ébts‘ involve conversion of heat enérg}" T
electrical energy, Example: Thermocouple

4. Thermistor thermally sensitive resistor, in which the resistance decreases with increasing -
temperature. '

o

o
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maintaiming the continuous flow of water through a system of pipes as shown in 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 to a higher potential. The work must be supplied at the rate at
which energy is lost in flowing through the circuit. '

\S

(e} - te) -

7.1 (b) Sources of emf'in an electrical circuit,

1. Water pump 2. Valve 3. High-pressure 4.
Low pressure 3. Switch 6. High potential 7. L tential.

By convention, we assume that the currenyconsists -of a flow of positive charge even
though in most cases it i1s negative electro ce 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 | ssure. When the shut off valve is closed, pressure
exists but no water flows, Similarly whg@the electrical switch is open there is 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

Fig 7.1 (a) Mechanical analogy of a water punmp 0

E = dw/dq, NeAY

Therefore the work done by the source in time dt 1s

dW =E dq. ' (12

And the rate of work done or the power is

P=£ =EE1 = Ei. I . A..(7.3)

d1 di

“ A source of emf of one volt will perform one Joules of work on each Coulomb of
charge which passes through it™

il
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Fig 7.2 (a) A single loop circuit. The rectangula @o is a seat of emf E with an imerial
resisignee r. i

the potential changes that one coms atross in traversing the circuit clockwise.
(1) Sear of emf (2) Exernal ;@ (3) Potential, Volts

fa} The same circuit is drawn for co. ien'g as straight line. Directly below are shown

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?
L

Solution:

Fig 7.3 Four resistances are connected in series between the terminals x and y
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Solving for Yields

i = EQ'E]
R+ +r1
i=_(8-4)volis  =4/16 = 0.25 Amp

(10+2+4} Ohms

(a) The potentual dlfference between x and y can be obtamecl by startmg aty and traversmg the.
circunts to x

_ th 7.4 a) Single loop unit _
a) The same crrcmr for convenience is schematically shown as a sir aight line. :
The poteniial differences encountered in iraversing the circuit clockwise direction p‘rom

 Point x being represented directly below. In the lower figure the potential at point z was °
asswmed 10 be zero.

1.Seat of emf 2, 2. External resister, 3. Seat of emf I,
4 Potential volts. E; =4V, E; =8V, r; = 20, ry = 4Q,
= (Vi) = iry~ By + Ey=E; =ir;
=8 volts —.(0.23 Amp) (4 ohm)
= 7.0 Volu.

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

~ {b)For points z and x we start at z and traverse the cireuit to x
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Applymﬂ' 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

E|+i3R3—i|R1:0 - . o . oo (7]0)
The right loop gives : e _
E;-i;R:—i:R:=0 : ' RN R
' using- the three equations and solving for 1), iz and ix we get '
h = (R +Ry) By ~EE; o , ..(7.12)
RiR: + RaR: + RsRy
= EiRz—-E:{(R;+Rz) Co ) . ..{7.13)
RiR: + RaRs +R3R; ' - .

ii= -ERa—EoE; o C L AT14)

RiR2 +R2R: +R:Ry '

Suppose if Ry is infinite then

i] = iz = E} —E, and i3=0
Ri+R2
When the loop theorem is applied to the enop ACBDA of Fig 7.5 the loop
theorem yields. . : '
iR, — Rz —E +E, = 0 ?* - (1.15)

Which is nothing more than the sum of Ean.TU) and (7.11)

Check your progress:

1. The two laws of Klfchoﬂ’ s (a) Law of currents (b) Law of emfs are stated as...........
2. Kirchoff’s- laws are apphed M eieenanns :

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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8.

Fig7.7 _
Zi(entering) = X 1 (leaving)
=0 +ti

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

E=R : .

6V + 2V =i, (3Q) + 2 {5Q). R0

8V = (3Q)i+ (50) iz 0
Dividing throughout by 1 £} an# transposing we get

O LW
Another voltage equation can be writte@agng from ‘m’ and tracing clockwise around the

3 + 512 = 8 Amps. (1V/Q =1A)

right leop

BV =5 (Q) + 12 (50) + i

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

21" + 81 51 =-3A
- 101z + 512 =_3A .(I1D)

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

Wtri+i=0 . (_[)
3iy + 5i = 8A. ..(IT)
10i; + 5y = -3A. _ ...(TIn

From the Eqn. (1) we have

h=k-1%
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Check your progress: Answers

1. (a) First law states that the sum of currents entering a junction is equal to the sum of
currents Ieavmg that |unct|on or at any junction the algebraic currents must be zero.

(b)

' i entering = =" leaving

Second law states that the sum of emf’s around any loop of current i1s equal to the

sum of all the voltage drop across the impedances in that closed circuit,

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

P,

7.8 SAMPLE EXAMINATION QUESTIONS

I Answer the following quotations in detail

1

2.

11 Answer

1.

2.

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 muitiple loop circuit and obtain the cxpresmons for -
the potential difference and current.

the following questions briefly. 0
What is electromotive force? What is internal r of a source of emf.

Discuss the meaning of Kirchoff’s laws n t%f the conversion laws.

Why would one connect two bat‘w%ﬂl series? In Parallel? Why should unlike
batteries never be connected i%ailei; :
Distinguish between terminal poténtial difference and emf.

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 individual resistances.
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PD.across Yi=E;-Ea
Yz = Ea - Eb

Yy=Eys-E:.-E:

Y,=E, :
Ys=E,—Ec
Y¢=E.

Let 11,i2,]a.14. 15 and 16 be the currents in different admittancés respectively, applying
kirchoffis Ist law for Junction ‘a’

i| - i;‘g - i.l =0

.Vl (E'l _Ea)" YZ(TEG_Eb)‘_'Y.lEa:O

Ea(-y1 —y2—-ya) + Eyz=-yEi ..(8.1)

For kirchoffs 1 law for jn‘b”

i1-i;—-i5=0 0

Y2 (Ey = Ey)— Y3 (Eo — E.—E2) — Y5 (En - Eq) =0 O
E.(Y2) +En(-Y2—Ya- Ys)+E. (Ys+ Ys)=-Y; E- ...{8.2)
From kirchoffs 1* law for jn ‘¢’ ' Q

ir+is—14=0 ¥

Vi (EyoEo—Es)+ Vs (En—E - Ve (E)=0 .

Eo(Y:t+Y;)+ E. (-ya—ys— Y6) = Y:E: y ...{8.3)
. . . - .
From the above three equations E, £y ap‘g; 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. ifthere 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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| 5.. Use Kirchoff's la%vi to solve the currents thrqﬁgh the circuit illustrated in 3.

N

Q.
e __( i .

i

1L

[T Y 7

~ . Fig3 . 0

[Ans i =23 8ma, iz = 190ma 3 4ma)

--6 Apply the Klrchoﬁ’ s laws to the followmgvgt and obtain the currents through

A

each branch

[Ans 11 = 546ma b= 732 ma, 12 =439 ma, i;= 634 ma ]- )
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UNIT - 8 NETWORKS

Contents ... .., .

81  Objectives

82 l-rlit_rﬁ'c'i‘uct-i;n

83  Mesh and Node Analysis
34 Superpositioﬁ theorem

84.1 Proof 6f 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

87  Norton’s Theorem 0
|

871 Procedure for application theorem O
8.7.2 Application of Norton’s theorem =

88  Duality of Thevenin's & Norton’s Eg ivaldnt Circuits

.89  Summary

-8.10  Worked out Examples @

8.11 Sample Examination Questions

8.1 OBJECTIVES

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

(i) .Meshand node analyéis
(1)  Super position thec\)rem-
{ ii-i) Thevenins & Norton’s theorem.
(i) 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=4"Z +Z)+1" Zs L{8.8)
And E; = fz N (Za+Zy+ L Zs | B9
Adding Equa';ions 8.6 & 8.8 we get )

Evm () +h ) (Ze 4 Z0 + (1 '+ 1 2 (8.10)
Addi_ng Equations 8.7 & 8.9 gives

Ea= (L 'L ") (Z2+ZY) (1, '+ 1)z, L(B1T)

Equations 8.10 and 8.11 are identical with the equation 8.4 & 8.5 respectively. if
L=1 1y 1 "
And To=T'+1L"

This proves the truth of superposition theorem. The superposition theorem simplifies
network calculations when several generators are present. 0 .

8.4.2 Procedure for application
The procedure to apply superposition theorem is as givw,

Gy Only one source is considered ata t all other sources are replaced if
there is a current source, it is replaged By an open circuit because its internal
resistance is infinite. We must k one source E;

(i)  Current in various resistors apg theMyoltage drops is then calculated due to this
single source . '

(iiiy  This procedure is repeated foNgfher sources one by one i.e Ez also.

(iv)  Algebraic sum of current voltage drops over a resistor due to different sources is
then calculated to obtain the net current and- voltage drop in any branch /
resistor. '

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

In any network containing more tham one voltage oi current source, the current
through any branch is the phasor sum of the currents due to each seurce aciing
independently. '

It the above-mentioned way problems can be solved.

Examples: Find the current | in the circuit given below using super position theorerm.

Solution: Considering first the voltage source alone, the circuit is reduced to fig, 8.3 when
current source is open circulated, then




Proof : To prove the theorem, consider the arrangement shown in fig 8.6 in whichE is a
emf source is in the first mesh. Let the current in first & 2nd meshes be I, and 1.
respectively taking 8.6 (a) alone. '

Applying kirchoff Tl law to the two meshes, we ha\:;e
) Zi+2Z2)-1Z:=E " L (812)

Andl:=(Z> +Z3Y-L Z> =E o - .. (8.13)
Substituting the value |, from 8.12 in to 8.13 we get.
L [ (Zy+Z) (Za+Z5) _Za)=E

Z:

Ol‘ [2 = EZ 2 .
(Z)+Z) 22+ 25} -227) ..(8.14)

Considering Fig No 8.6 (b) in which the source of emfis in second mesh, let the current in
the two meshes be l ' & I

Applying kirchoff's 1T law to the two meshes we get

12y +Z)-(: 'Z.=E ;.,3.14(a)0
And L (Zo+Z) -1 'Z:=0 _ ---3.1
Substituting the vaiue of 1 " from eq 8.14 (a) inio Equaigp$,8.14 (b} we get

@+ I T2,

L[ ‘Z,1=E . & ,
Z» N _‘}
Or @ '
1 2 !:’n S
L' =EZy / [Z)+Z2) (Z2+Z3) ~ 2] (6 . P )
. ]
‘* Ny Ey
From equations (8.3) & (8.6) We'get . . U ! £
L=l ‘
Which proves the reciprocity theorem. 4 ) : L
Figs 8.6 (&)
(a) &(b)

The ratio of emf in one branch to the current in another branch is called the Transfer
impedance.

*n

8.6 THEVENIN’S THEOREM

This ‘theorem is useful in reducing a complicated network containing several voltage
generators & resistances into a simple equivalent voltage i.e. generator equivalent voltage is
E, & resultani resistance Ro, It can be treated as a circuit contaimning these two
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LR +HL -L)R:=E 1‘

el (Ri+R)-LE=E o

Re-@19 7
and bR2+ L [R: (I -L]Rs=0 N

Lo LR +Ry+R) ~[ Re=0 Figss | & . -.(816)

From(2), i =L (R: +Rs +Ry)
' R:

Substituting this value of I, in equation 8.15 we get

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

This gives I = FR: o
R:[R1+R3]+‘R| R;(R1+R3) o - : ... (8.17)

This is the current flowing through load impedancé R; Equationi 8.17 may be put in the
following form ' : :

L RIR: _
R+ RitR: /+ Ry

Fig 8.9 L (BA8)

This current is same as it would flow in Ry if R, were connected to a generator of emf
ER; and internal resistance [R2 + RiR;

R1+R3 RI+R3 .|
IfR; is removed (i.e termiﬁal A and B are open circuited) the current in Ry & R will be

I E

®tR) S  §15%
i.¢ voltage across R3 will be " . |
V_L, Ri- ERs R L (8.19@)

(R1+Rs)
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Statenient : The current in a load resistance between two terminals of a networki.of
generators ‘& resistances In is the same as if the load resistance were connected 1o 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. -

The schematic figure of Norton’s theorem is shown in fig.8.11

v
Net otk ot A |

Fronclen X TR R
Ineas, Regielminceg .- % & g&' H
5 |

9% .

Fig 8.11

Toapply the theorem, the following steps are adopted. \>

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

Suppose we want to find the current through resista connected to terminals A & B of
the network of generators & linear resistances. '
{1) Ry, is disconnected from termipals %d B and terminals A & B are short

circurted, : @

(it)  The current in the short circuit is found by usual metheds. This current is
usually called Norton’s current ky -

(1)  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

(iv) Norton’s'equivalent circuit is sketched, keeping current source. In & resistance
Rn is parallel & again load resistance RL is connected between A & B finaliy

current in load resistance Ry 1s calculated.

8.7.2 Application of Norton’s theorem .

Re

To practically 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 I; in equation 8.24 we get

(R +Rs)
(Rg '!"R3) - k-4 R:=E
R

Solving for T, We get Iy = ER;

R; R; + Rz + R; +R: +R: +R; - R3*

ER;
RiR:+R: Ry +R:>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 resisiance given by

Ri= R: + RiR;

Equation 8.23 (a).

Ri+Rs | 0 ..(8.27)
Thus knowing the values of by and Ry the current in load @e ound by using

8.8 DUALITY OF THEVENIN’S & NOCRTON’S %VALENT CIRCUITS

Constder the thevenin’s & Norton’s equivaler@lﬂts of same network shown in

fig. 8.14 (a)and 8.14 (b) | Q

L
Ry Re
—)m
4
()

) Fig 8.14(a) & 8:J4(b,

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

Ix o
Rn +Ry : ~...{8.28)

The current I1. 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 By be I; & 1, respectivély.

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

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

Ia o |
. , 0 S
0r20.5 1 +206L=10 o A '-'4"| Ii-—ku-—a'
’ !

Applying kirchoffs I law, to CDEFC e

_ & I—-—w.—)
L+1+(L+)x20=15 A - B
ie.21L+20 =15 tE ""'"'-’-‘:;_b » =
Solving equations (1) & (2) we got N » 0
I, =2.94 Amp & I, = 3.525 Amp.

, 1
(2) - -Find the current I in the cnrcult gwen below uQuperposition theorem,

Solutlon Considering first the voltage
source alone the circuit is reduced to fig.
Below when current source is open
circuited Then 11 = 20/30 = 0.66 Am

Now considering the 2 Amps. Current
source alone (short circuiting the voltage |
source) fig. Below is obtamed

FEC TR
- bV"w ““h-u-»ﬂ- .
u-l—l' I}
l oV 20
b) Figla,b,c
The current flowing through 20 &2
resistance. _
R=2x_10 =20 =066 Amp
10420 30

Applying principle of superposition the total current through 20 Q resistance in
[=l1+1; =0.66+0.66=1.32 Amp.

Find the current in 20 Qresistors in the circuit shown T by thevenins theorem.
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SOLUTION : The open circuit voltage 1.e.
when Ioaq R;. 1s disconnected. 1s given
by S

Rs 6 x'6
- — = 3 Volts
R +R: . 2+6 .

E'=E

The impedance across load terminals -
after disconnecting the B load Ry, 1s .-

Ri+R: 2x6
=6+
Ri+R: 2+6

=6+1.5=7.5Q

‘ Z=Ra+

: Fig VI (a)
Accordlm_ly Thevenins equwalent circuit is shown as the one beside is Fig VI{b)

6) Find the Thevenin's equwalent for the circuit gwen ' below Fig \%

Solution: With terminals A.B open the b
P.D across A.B is theorem same as across
40 Resistance. Therefore 2

] zlu - 4

= -gq JL Q§

12%4 ‘ Lo o

Van= — 8 Volt "t}'\f T . -
244 | 3 8

In order to find the impedance between A.B We short cn‘cmt the 12 V bafiery, 30 that 2 Q
& 42 resistance become parallel, and their effective resistance 1s

2x4
R= =4/3 O
2+4 A
20 o & A a0 : _ 5
M A A AVA__- 4 .
—:|:- ‘ ' 4 . Ry=zi.n ¢a
. 54-“- Tu : g.l,n.
5 B T “s
Coy ' I \b)' L(’.)
The resistance between AL 1S now
Z =43 4+4=16/3=530 Fig VIi (2) & (b)

"And the Thervenin’s equi ivalent of the above network 15 shown i fi igVIlb



R]R;: 1.0 (] +02])\ 0.8

Ry Ra+ & Ry = : 1+048=1488
Ry+R: 08+12
E
= =1.256 Amp
R+ R;

Norton’s equivalent circutt will be as shown in fig given below

v = Eyy/Rin = 4.8 /1.48 = 3.24 Amp.

Currentin Load () =Rx=Rx=/(Rx+ Ry }xL -3
Ry=Ru=148Q

1.48 -
= — x3.24=1.025 Amp.
(1.48+3.2)

Problems to be Solved: 0

1. A battery of 1.5 volts is connected is series isistance of 20 & 30 Q. Find out
equivalent voltage and resistance acm?p Jints of 30 Q resistance. Ans:0.9v,

12.5Q.

2. A battery of emf 6 volts & inter istahce 5 Q is joined is parallel with another
of emf 10 volts & internal resist¥ice 1 ohm the combination is used to send a
current through an extem stance 12 Q. Caleulate the current through each
battery. :

Hint: Apply Kirchoff’s I law to two meshes L.e.. ABFEA & CDEFC fig . for
above problem given beside

1 | . Ans: & = 6/11 Amp.
L=14/11 Amp

A ‘— ,lm 2 26 . 5L
t B, 5N _ YA, - Vvt
{0, = dSses Lo
. - .\\‘y hY
(L4502 GJ ‘
o BT - | \
120 |
- Fig (1)
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5 Find the currentin 10 ohms resistance in the circuit shown by thevemins theoren.
Hint : (1) Draw circuit for V 1y ‘disconnecting load, the find R 1 ) Draw equwalent -
eircuit and Find curfent through 10€ load.” '

FYYIVY - _ T Ans: 0.4 Amps.

-:;r-.—---l' -
e % o 1 £
wv -]

& Draw Thervenin’s eq uivalent circuit for the g 1_.,1ven network fi ig. Below & then obtain
Norton’s circuit. :

Hint: 1) Find open circuit voltage when Ry, 1s disconnected i.¢ E' = 8 volts. 2) Then find Ry,
& impudence
Value = 9Q) then draw Norton’s circuit.

7. Find the thevenins equivalent for the circuit given below
Hint - With A and B open Find P.D across A X B Then resistance between A & B
{2) Then Draw thevenins equivalent of above network.

- Ans V \n=24V

Z =6Q
_3‘12- -
AWA——) MA— 4
- {_‘; J‘?—'
36y
¢ B
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10) Draw the Thervenin’s & Norton’s equivaient circuits for the following & Norton’s of

resistance, Calculate the currént.in the load in each case.

2) Then Thevemins emf E s Apply kirchoff’s law IT to circuit.
Find E 1 & R 1y by formula.

Then 1. -vaiue to be found

Ry
- 3)find Iy =E 1/ R__Tl.l &1, by -1
Rnv+Ry, .
Ans: Emy=12V- -
l. =30/11 Amp.
Iz =10 Amp.

R’[']-] =120

8.11 SAMPLE EXAMINATION QUESTIONS

S

1. Answer the following questions in detail \)
1. Superposition principle & Reciprocity theorem — stateove them

2. In general network what is the use of superpositio%rem

3. State and prove Thevenins theorem Q“
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.
1 Answer the following questions in brief

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

)

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

tad

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

5. Distinguish between the two theorems Norton’s & Thevenins.

*
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UNIT 9: AMPERE’S LAW

- 95

Contei_iié} _
9.1 _ Objectives o
92" Ihﬁ'oductidné . |
93 Magnetic ﬁeld
94 “IDeﬂn_ition oﬁB
A-mpére’s Law :
96 'Magnetlc ﬁe;d atapomt due toacurrent carrymé stralght wire o
9.7  Magnetic lmes of Induction - , ' i
08  Summary .
9.9 ModélAnsuEers : I 0 ,’

92.10 Sample exammatlon questions

9.1

OBJECT]VES

This unit dlscuss&s of magnetlc @‘ e effects associated-with them To

-help your understand them the Unit expla’

1) Oersted s expenment

2) ) Amperes Law

After going through thls unit you w11| be able

1) to calculat___e the magnetic field caused by"c\prreﬁt.carrying straight wire;_and

2)  explain thei coricept of magnetic lihgs_’bf"i}_}diuétidn o

9.2

INTRODUGTION '

Our knowledge of magnetism and magnetic phenomena is as old as science itself.
During the 16" century, the English 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 s:mllar to the magnetic field around a magnetic sphere. In 1820 Oersted
discovered that a magnetic field exists dround a wire carrying electric current. This basic

observation proved the way for producmg high magnetic fields.
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If there exists both electric and magnetic field, the, force on the p's.rtncle is Lorentz
force.

F=qE+qVxB

9.5 AMPERE’S LAW

. When an electric current flows through a conductor three kinds of ef&*cts may be
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 Oersted that a magnetic needle was placed near a current
carrying conductor, the needle was found deflected from its north south setting,
indicating thereby an electric current produces as magnetic field. Reversmg 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’s law we write the quantltatwe relationship between
current and the magnetic field B as 0
8B A= i | ..(93)

This equation is known as Ampere’s law O

It is appreciable to know the hist@%eriment performed by Ampere which

led him to formulate above equation. Th iment consists of measuring I at various
distances r from a long straight wire @u r cross section and carrying curiant L.

Let us put a small needle at a Wistance 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 pote pointing in the direction of B. The direction of the B is along the tangent to
the circle of radius r céntered on the wire.

Let us turn the dipole through an aﬁglé 0 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 1, angle of deﬂectlon 8 and the magnettc field B are related by an

equatlon which gives the magnitude of 7.

T= szinG : ...(9.4)
ort =uxB . (Vectorial representation) ...(9.3)
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9.6 MAGNETIC FIELD AT A POINT DUE TO A CURRENT CARRY]NG
STRAIGHT WIRE

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

~dB = _u_ dlsing | | | (9.10)
pie 2 .

Expressing d), sin 8 and r* in terms of the angle 6
We find that '

+m‘2

B = uoi I cos8do
dar w2

B = uoi
- ..(9.11)

The magnitude of B thus falls off inversely as k@ance from an infinity long
wire and is in the direction perfiendicular to a plage coMadfiing the wire. The lines of
induction B are circles lying a in a plane perpendi@o the wire and are centered on it.

T li
[
| f
|
D
e ®

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
concentnc rings with the pomt at centre.
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B .
. .
Ik et
5 5
: :
I
i
1
2
i .
H .

Fig9.4 Lines of B near a long carrying );:rre ﬁldced'fn an éxremal Jfield B.

_ ‘Fig 9.4 shoivs the resultant line‘f of magnetic induction associated with a current

in a wire, 1.e., oriented at right angles; to'a uniforin external field B. at any point the

-resultant magnetic induction B will be vector suni.of B, and B; Where Bi is the magnetic

induction set up by the current in the wire. 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 itis essentially
- duetOBi. " : . S - : . P

§
:

Example 1: ; Co

~ A hollow eylindrical conductor of radii a 'andg'lieé a current i uniformly -
spread over its cross section. Show that the magngficield B for point inside the body of
the conductor i.e.,;a<r < b is given by “ - _

B Mi _ _ fab ?\
et r Q-
Check this?formula for the limiti caseora=0

Solution: ‘ - |
- Since the f;ulj}'ent is spread over its cross section unjformly, the current inside the '
circle of radius r is given by s _ _ | _

- mbia’)

=i (e
(t*2%) -
| Fig9s = ¢
The field B fqr po;nt inside the cross s_.g_ction‘ (a<r<b)is giy__e’h by _
m (b -2) ' S < '
S " " (Applying Ampere’s law)

Whena =0,B =  pir '_
o p2 SN




9.8 SUMMARY -

Qersted first discovered that a current carrying wire produced magnetic effects, -

Magnetic field is a vector and it is denoted by_ﬁ. where?g} is a 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 Weher.
2. Ampere’s law, § B. dl=
According to this Ampere’s law the magnetic induction along a current carrying

.conductor is the integral of the element of length carrying current i equal to Lo 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 magpeti§field ata point due to

a long current carrying wire? How do you visualize agnetic fines of
mductton of a current carwmg wirer?

.  Answerthe followmg question briefly. ?\

1. Write the integrai form of Amper

2. Whatare magnetic lines of @on explain the strength of magnetic field at a
3. point due to a current carryin

e




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

10.3 BIOT-SAVART’S LAW

Let AB be a linear conductor through which a current ‘1’ is flowmg Accordmg to Blot-
Savart’s law the magnetic field at any point P due to a small element dl 1s

(1) directly proportional to the elemental di of the conductor.

(i1} directly proportional to the strength of the current ‘i’ flowing the conductor..

- (1) inversely ﬁroportional t the square of the distance ‘r’ of the element from the point,
- and '

(iv)  directly proportional to the sine of the angle made by the line joining the element to
the point with the element.

ThusB-ac id] sinb _ : (10.1) .
2
‘t* is called a displacement vector from the element dl to P and-0 is the angle

— =%

between this vector and dl. The direction of B is that of the vectc@ r
Thus the Biot-Savart’s law may be written in a vectc@n

T
r.‘.\

...(10.2)

...(10.3)

Fig 10.1a current element di coniributing db ar a po:'nr P.

The resultant field at P due to the whole length of the wire is found by mtegratmg the
Eqn. (10.3) : »

.‘:;:




Sowe obtainB= ..(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
ficure. As we integrate dl around the loop dB describes a cone. The horizontal components

- cancel, and the vertical components combine to give. '

BI= go_i,[icosﬁ . ‘ ...(10.8)

P

4n r

Fig10.34 cncr carrying current
Figure shows that r and O are not ind entof each other. . Let us express in terms of a new
variable, Z, the distance from the cente loop to the pomt P.

The relationships are

=R -Z%F - [10.5)]

! Coso =R = /__R RE’ =
- r ¥R+ Z .. [10.9(b))
Substituting these values into the expression for B i/,
Eqn. (10.8) gives . '
g= poi $_R a . ..(10.10)
4n ) (R2+ 22)332 . ‘ ' -

Iz{tegrati ng this equation, and noting that § . dl is the simply circumference, 2 R, So
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B= moi = _4nx107x15 = 9.4 weber/m’
2R 2x 10"

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

7= Ni1AB o
7= 50x1x nx (0.017x 30%x 10°
7= 15% 10°Nm

10.6 TWO PARALLEL CONDUCTORS CARRYING CURRENTS

Let us now examine the force between two parallel wires 2, b carrying currents i, and i»
separated by a distance d as shown in Fig 10.4

Wire (a) carrying current i, will produce a field of induction B, in its surroundings. The
magnitude of B, at the site of second wire is

Ba= _Loia - ...{10.13)
2nd

The direction of the B, at the location of wire b 15 down a‘s’_sho@l?ig 10.4

O

(1]

Fig 10.4 Force of atiraction betveen two pamﬂemres carrying parallel currents.

Wire B is carrying current Iy finds itself immersed 1n an external field of magnetic induction Ba -
The length of this wire b experience a force (11 x B ) whose magnitude 1s '

Fb = ib ]B,.

TR - ' - : .(10.14)
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Hence the wire behaves magnetlcally almost like a long straight wire and the line of B due o 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 solenond

O

Fig 10.3 (b) Magnetic lines of induction in and amQ solenoid.

For the sake of understanding, if we see e uction of a solenoid with widely spaced
turns, it suggests that the field partially get near the wires. It also suggests that B gets
reinforced at the center and 1t is parallel toze sOlgnoid axis for the points which are far from the

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 current sheet, the
induction outside the solenoid approaches zero. For practical solenoid, if its length is must greater
than its diameter, the field external to the solenoid is weaker or inéigniﬁcant For the solencnds
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 séction of the solenoid as shown in the Fi g
10.5(c) -

- S

&n;—n-m::: |

Fig 10.5(c) The field must be zero outside infinitely long solenoid.
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i Example 1:

Field of a toroid: Fig 10.6 illustrates a toroid wound with N turns of wire carrying current
*. The mean radius of the toroid is ‘d’. S

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

The tangential field b is contif®® across the boundary separating the toroid and the air
region just outside but inside the helix winding. Therefore the flux density B in the interior is
much greater than that outside the toroid. Thus most of the flux lines are concenirated in the

.intertor as shown in the figure 10.7. . _ Q
Applying Ampere’s law to circular path of integratag of Tadius d
S O™
B(2nd) = i Qs

Where ‘i’ is the current in the foroid w@s and N is the total number of turns.

B= o iN
2n d

Example 2: :
‘Two long wires at a distanced ‘d’ apart carry equal and anuparallel currents ‘1. Show that

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

B= _2uqd
R(AR*+d%)




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

B=nearthepointp=4 x _40i _ ¢og0
; 2ra/N2

= 4x4m10"%x20 1_ = 8x10” weber/m’
27x0.2/N2 V2 |

Example 4:

A solenoid 1 meter long and 3.0 c¢m in mean dlarneter It has five layers of wmdows 8“0
turns each and carriesa current of 0.5 Amp. What is B at the center?

Solution:
B = Holen
=4n X 107X 5X 5X850

—2.7X 107 Weber/m® | . 0
10.8 SUMMARY | , O

‘The magnetic field at any point due to a sggall %ntal length of the conductor is directly
proportional to he elemental length of the cm‘%&s rength of the current flowing through the

conductor, sine of the angle made by the line jo the elemental length of the conductor to that
‘point and elemental length and inversel ortional to the square of the distance bétween the
reference point and the elemental length of'tg’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 péi'allel wiresisgivenby F — [ olalp _
I . 2nd
The magnetic mducnon of a solenoid depends upon the number of turns n, woirhd .on the
solenoid and the current ‘1’ passing through the solenoid.

B=pni
Check your progress: Answers

Lo 1 dixr

_>
1. dB=
' 4 r
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Fmax=gVEB. - S IR

" In the:equation 11,1 except q all other quantities are vector quantities. Hence a vector
definition:of B, may;be defined as follows: ' :

l{a p,os,iti{ce:test charge g is fired with a velocity V through a region and if a side ways
.de_ﬂectmg.fqrcq‘l_?e is experienced by the moving charge then a magnetic induction B is
presentat that-region-satisfying the relation. ' '
F=qV:XB . | ..(11.2)

ie F = QVB sin 0'where 0 is angle between V and B as shown in figure. ... (11.3)

st

-> "

v .

Fig I_i_.,;},{(’e_cr,orig{ representation ofﬁ‘i B -

Ka char@-_pgl;ﬁgle;moyes, through. ion Where an electric field E and a magnetic.
induction B-are present then the resu rce experiencing by the moving charge is

F =qE -+'Iq VXB : : .o (1 1'.4')'

'_l.‘-li'is"eq_uatipnais_known as Lorentz force equation.

114 MAGNETIC FORCE ON A CURRENT

" A.current in a wire. may be visualized as

assembly of moving charges. Hence ifa L TECRENTE -
gurrent earrying wire is placed in-magnetic field o .
‘a fosce of the Loventz type will act in the wire . ~—
We shall catculate this force on the wire. . (@ impu
‘Let a wire of length i carrying a current 1 o =g
-be.;-placed i a.magnetic field of strength B. - —\\h/__/""— =
This direction of current density vector J.and o S
~.magnetic field vector B are taken to be o it
. Perpendicular 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 in Newton
Meters.

Consider the rectangular loop as shown in figure 11.3 (a) with sides of length | and d placed
in a magnetic field of uniform flux density B. The loop carries a steady current 1.

As per the equation (11.8) the force on any element dl ofloop 1s

— -

dF =idl X : (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

Ft=1iBcosd | di
0

...(11.10)
= iBI Cos® 0
The total torque on the loop is then O

aI | v
T= ZFt :
2
= iBldcos@ 2
Since id = A the torque b

SoT=1AB cos 6 : - (11.11)

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 is situated. '

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

With pn=NiA
" Where N is the number of turns in the loop

Then the torque T="U B costd
OrT=pBSmmo LL(112)

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:

L A wire of 60cm length and mass 10 grams is suspended by a flexible leads in 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‘ofrtl'xe; wire r—-l'mg =-0-‘001 *98 = 98 % 1&)‘2‘ In order 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 = mg/IB =08x%x10%/0.6x04=041 Amp’

i=041 Amp

2. A rectangular loop of a wire having sides 10cm, Scm, carries a current of 0.10'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

5
webers/m”

Force on the conductor =F=NiB X 1

~20x0.1x05x0.1 0
=01N O
1 =F x 0.05 Cos 30°

: ‘-1:=0.1x0.05x(:§(i§ -
. T Tr=azxaety N
11.6 SUMMARY | %

When the moving charge is placed in magnetic field, it produces a torque on th
charge. '
~.Check your progress: Answers .
' e > o -
1)Force exerted is given by F=il1B (Where B is the magnetic field intensity & ‘1’ is
the current flowing through a conductor of length 1) '

e moving

— — -

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

medium.).
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UNIT 12: MOTION OF CHARGED PARTICLES

Contents.
12.1  Objectives
12.2  Introduction
123  Charged particles in electric fields
124 Cylclotron
12.5 Hall effect
12.6 Determination of charge of an electron b)lx Millikan’s Oil Drop Method
\{2‘7 Thomson’s eiperiment ) |
12.‘\3 Summary

12.9° Sample examination questions

b N

12.1 OBJECTIVES \ )

- This Unit discusses the effects of electri anc@hetic fields on electric charges
at rest or in motion. To make you unde l’%

1S e effect the basic principles are

particle moving through the electr would increase and that the motion of charged
iform magnetic field would not be effected.

illustrated.
After going t_h\roug'h this Uni%ou zould be able to make out the energy of the

12.2 INTRODUCTION

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

~ In the period between 1914 and 1916 a controversy has arisen between F.
Ehrenhaft and H.A. Millikan about the elementary nature of electron. In 1897 1J.
Thomson showed cathode rays to consist of a stream of negatively charged particles. In
the early. part of 1897 E. Wieehertand W. Kaufinann, in Germany reported results of their
measurements on the path of cathode rays in 2 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 discharge tube. Wieehert 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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V= 2ay = 2 . CL(12.5)

The kinetic energy attained by the charge particle after mbving a distance ‘y’ is

-
<

KE =-mV

1
2

Tal-yv
m{-gE\1

1
qEy |
= *Ef'/2m : _ ..(12.6)

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

Fig 12.2 slﬁows the path of a charged particle of mass ‘m’ and charge ‘q’ moving
with velocity Vo at right angles to the uniform electric field E along ‘y* direction. We -

field. As the electron emerges out of the field, it travelg in ®straight-line tangent to the

will show that the. motion of such charge particle will be parabolic as long as it is in the
ﬁn be described in terms of

parabola at the exit point. The general motion of the part
‘ its motion along the horizontal direction by 6

X = Vot - (12D

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

Rl

Y = 1raf = gER 2m - ..(12.8)
Combining the equations 12.7 and 12.8 we get '
Y= (g 2m VAX?

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

~* An electron moving with a speed 5.0 x 10° cmisec is shot paralle] 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 . N .- pewr gt L

= {1.2Weber/mA)(1.60 x 10™coul)
: 1.67 x 107kg

=1.15x 10%sec”  (i.e. rad/s)
The corresponding frequency (in Hz)is = = . o R N

=Ico)’2:rc=l.i'l?nv:_10"'se'_c:‘1 o

(h) qVB = mvry ‘
' V=qgBrim
 KE=%mV R TR T S

= th m (gBrym’)

= 4 q2}32r2 /m

=1/2 (1.60 x 10" coul)’ (1.2web/m)’ (0.1m)* x L oy
! eV/1.60x 107" coul ' 0 g
1.67x107kg T NG

= 1.7x 10" eV ,

Example 3:. Q‘ .

A 5.0 cm length of wire ganies a cuffent of : 0 Ampf ':;fl"he_re is a uniform B field of
magnitude 107" Weber/m”, whose di ?ﬁa is shown in the diagram. Calcuiate the
magnetic force exerted on the wire. L !

= |7 MeV

N
N,

\\
N
B RS PR P A

“

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 "1’

it =q
i=qit= 9= aV
ortl=qV
But the force on this current element from equation
F = Hil = BqV o g S (29

" 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 F = 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 leave this plane.

xxxxxxxxxvath
x n X - X

,Xxxxxxxxxlxgx
Fig12.3 . '
Having defined the force, the kinematic relation can be shown as follows: .
qBV = mV? - (12.10(2))
R : '
mv : T .(12.10(b)
qB I : L e

orR=

Which gives the radius of the path. _
The angilar velocity o is given by V/r from equation 12.9 we have.
. The frequency V measured in Hertz is given by . ‘ _
y_® S C.a21)

w = =
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 and
with magnetic field. '

. Fig 12.6 cyclotron
P =Magnetic/ pole pieces
- 5= Hgh frequency oscillator

o DD = Deflectors _
Fig 12.6 is a sketch of a cyclotron. The magnetic ﬁel@ected upwards as shown.
The Dees’ (so called because they are like a letter e ow copper boxes that are
connected to a source of alternating potential (calfed ak Oscillator) that their polarity
changes regularly. When a charged particle, for inst€Ce a proton, is injected into the
space between the Dees from a suitable sourcevaﬂrac ted by the Dee that is negattve
© since its own charge is positive. Within thesDee§ the magnetic fields compels the proion

to traveél inid:semicircéle, as in Fig 12.6. \Q&comes out a t other side, if the alternating

current has-the proper frequency, theppoSite D will be negative and the proton will be
accelerated.across the gap betwee‘ “Then it circulates with in the second Dee and
again receives acceleration when 1t™emerges and so on. Ultimately the proton -has
sufficient energy to leave the cyclotron, through the opening shown. The principle of the
cyclotronis -to use a relatively small electric field to accelerate charged particles by
.causing them to be acted upon by the field repeatedly, If the period of the oscillator is
exactly equal to the period of the protons in the magnetic field théy will always be
attracted to the opposite Dee when they reach the gap between the Dees even though their
spged (and the radius of their orbit) is greater each time they arrive there.

I‘_Thé accelerated particles are usually protons, deutorons, and particles. The eneigy
acquired 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

Vs = BgRy

{where Rd 1s the radius of the Dee)

o
Emax = ‘/zvbl'l’lax

=1 m (ﬁg&d)
2 [
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12.5 HALL EFFECT

We have seen that a metallic 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 strip-of metal foil, and when the magnetic field,
perpendicular to the plane of the foil is applied, a measurable transverse emf called 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.

X %

lx x‘x' x.]xw: KB'
zxg-)—f yf x' ulé}» 'sx{
xVdx [ x X XQ X
x x| X X

A ¢i§

“gX
Fig 12.7 Q&'f o '
of®lectrons moving upwards (i.e. in the direction

If the current is due to the moy
opposite to the conventional %}, then applying Fleming left hand rule to the

conventional current as shown in 12.7 the force on the charge carriers is towards the
edge P2 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
curvent in a metal is the result of negatively charged particles i.e. electrons.

S0 X

From the above discussion it follows that hall Voltage is due to the transverse force on
the carries in the conductor. T

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 Py & P: in equilibrium,

Since F = 0 1s given by °
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-

ke = a e o e e -
A — a— e~
-

o

NN
—

Fig. 12.8

When such a drop falls the influence of gravity, it is hindered by the air it passes
through. The way in which the fall of small spherical body is 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(2))

The proportionally constant K was found by Stoke $ ex involving coefficient of
viscosity of the resisting medium and the radius of t@d

A falling droplet of oil is acted as on by its we:g,h he buoyant force Fy of the air.
And the r3515t1ng force R =KV (Fig 12.8). Th?&tant downward force F is

F=W_FeKV Q’ ‘ ] ©(12.1500))
| : . fy fe

o w R
(o) L

Fig 12.9 a) on falling down b} on moving up

Tnitially the velocity V is zero, the resisting.force is zero, and the resulting downward
force equals to # ~Fp. 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 called
terminal Velocity. Vg since F = 0, ¥V = V,, we have from equation (12.8)

W-Fp=KV, S ..(216)
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/ ! E =300 iVoh.s'f’cm o

| "= 30, 000 Volts n
weszsxietg el T
_ -‘29.?;5)'(1-1'0"5@" R oo
-_.and g= 580 m; 57

here gl ‘-—~mg : o |

fqh_—.n__t_? 0755 1075598 -
' E 30000 -~ T
=3185X 10" Coulombs -

Examplez 5

A charged oil drop is prevented fiom falling under gravity by a vertical eléctric
field between two horizontal metal plates charged toa potenttal difference 6920 V. the
distance between the plates being 1.3 ¢m.” When thé field is cut off the drop falls in air

with uniform velocity of 1.9x 10 . Calculate (a) the radn@e drop (b) charge on

the drop? 3 _ o
| Density ofoil = 0.9 X 10%kgom’ + - | ‘ s
Coefficient of viscosity of air=1.81 X:10 I S AIVIPEE VI
The density of air may be neglected?gmpanson to that of mi :
( ) Qubstltutmﬂ the gtven values Q§ Yoo |
‘ B ) TR S LT e W I
9x981x0.9x10* ' :

R TP
o

=1.75 x40°m - o R o , ‘ _
() gE=(4 30" | R R
- Hence E—.;@L Volt/m
12x107 -
o x 6920 _ 6920 = 4/3(7.75x10%) x09x10'x9.81
12x107 T e '

solving we get

e=4.042 x 10™° Coulombs:
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E= B , o (12:24) -

e = electiog) and being designated as the charge of the electron.

Equation |2.24 shows that fuq giyen yajye of V, the zero deflection can be achieved by

= g
adjusting the value of E and B. “he main points in Thomson’s method can therefore be
summarized under. co

I. The position of the undeﬂ‘ét

_ ed beam on the screen is noted when electric and —
magnetic fields zero. v

2. The deflection on the ﬂ"‘0"'33CQ"“':-.:_r_eer'l 1s then noted when a fixed eleciric field E
is applied, and L _

3. Finally the magnetic field B is applie:

' and its value adjusted until deflection of
the electron beam is back to zero. N

12.8 SUMMARY

The energy of the charged particle increases when it is rhg,_in g along the electric lines of

forcg.[ Whe]n the charge]d patrl'tlci:e I[?i r;.ovu:_g in .?r Imagnetblo.vl- the force acting on the
particle 15 always normal to the field direction. The moti v particle is unaffecied

when the charged particle is moving along the field directio
Check your progress: Answers

I. Cyclotron. N
Vi ) N ‘

12.9 SAMPLE EXAMINATION QUESTIONS o

I Answer the following Questions in detail
1. Describe experiment for the determination of e/m an electron.
2. 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 briefiy
1. What 1s Hall effect?
2. Describe Millikan’s oil drop method.

3. Give the principle underlying the determination of e/m an electron.
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UNIT - 13: ISOTOPES AND THEIR MASSES

Contenis

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 OBJECTYIVES : \

This unit explains the methods of 1S0tOpiC  separation X)omic masses and the
determination of atomic masses through the use ton’s and Dempsters mass
spectrographs,

After gong through this unit you should be able to%late the isotopic content of atomic
masses. , Q~

13.2 INTRODUCTION Q |

Goldstein in 1886 observed streams comi g out of perforated cathode in cathode ray tube.
Since the particles associated with these rays were positive, they were 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 cathods particles
striking the atoms and molecules of the gas in the tube. The mas..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 impurities, 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 yields informatiomn about the actual composition of the gas
is an important branch of study called the mass spectrograph.

13.3 ASTON’S MASS SPECTROGRAPH

Principle

Aston’s mass spectrograph is an apparatus of h igh accuracy to determine the isotopic
masses. The principle and working of the instrument differs from that of Thomsor. In 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 recom Bines the particles which are b}ought to focus in the
form of sharp lines 6n a photographic plate (detection system) CD . The linés are similar to

4

the lines 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 ‘= --mvz
1 - Ee
or — — —
r . mV’

Where E = Electric field, m = mass, V= vel&city of the particle and e is the charge.

Hence the deflection 8, which is proportional to 1/r is given by;

E e .
0=C— =c13—
mv* mv? :
where Ci =cE '
. o e 0 0
. dispersion d0 = -2C) — =-2 — - L130)

v T v O

ifr is the radius of curvature in the magnetic ﬂe%

' mu2 " Be Q~
Bev = (or) . p=C__ :
R mv @

1_ - Be ' :Bisconstant
rl my -
=C2_;§_
‘me

' Wl'lél’é'Cz = C] B
again dispersion
, e _
4 = _Cl=-% - ~(13.2)
dv mo®  ° o -
from equation 13.1 & 13.2 we have _

6 = 2 .46 _
8 9 . : ' ...(13.3)

Thus for a given deflection the dispersion due to the electrical field is twice that of -
magnetic field. The small changes d® and do refer to the particles with identical mass and
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Comparing equations 1 3:?_(b_) and 13.8 it is observed that the two equations are. same when
o = 6. This focusing condition js thatthe photographic plate must be plaged at an angle @

with the direction of the incident positive ray beam.
. ' O ST TSN TP T Y O
Thus we find in Aston’s apparatus

(i) All the particles of same e/m are brought to the same focus irrespective of T

(it) Particles of different masses are brought to the different foci

Aston investigated positive rays from various different elements and found that the relative
masses of atoms were more or less integers .Integers are found to-contain atoms having two
or more different masses proportional to integers and also with different abundances.
Xenon with 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 plathgum strip, coated with salt of
element under observations and bombarding the vapor with elgbtrons from a filamen:. All
- the ions are accelerated by the electrostatic field to site same energy by allowing them to
pass through a constant potential difference and ar 3 subjected to the magnetic field
perpendicular to the place of the paper, where ‘ﬁéhey favel in a circular path.
e

The ions traversing the same circle of radiysemelges.out.at the slits {13.2)and are collected
at E, connected to the electrometer. We@e following refationship.

I]JEDE -
e :
r T AT S
! A
> | |
{ : 3 £
[ .
: '
! '
{ '
| "
g _ v
lomccs mm e m i )
Fig 13.2 Dempster’s Mass Spectrograph A= Electrometer "’

- B= Magnetic tield.
C="Positiveion
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. >
Bev =mv i

Or r=mv__
Be

90x10%x1.7 x107
2x10% 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 .

The beam of +ve ions produced in a discharge tube is collimated by two slits S; & Sz and
enter a velocity selector. The velocity selector consists of (1) a steady electric field X
maintained at right angles to the ion beam beiween two plane parallel plates Py & P,

and 2)a magnetlc field B. :

Fig13.4

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 velocrty selector are so adjusted that the deflection produced by one is nullified
by the deflection produced by the other. If X and B are the electric 1ntensrty and magnetic
mductlon then, - - .

Xe =BevorV= X/B ' ' . {(1310)

Only those ions, havmg this velocrty 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 DD are subjected to a strong uniform magnetic field of intensity B,
perpendicular to its path. The force acting on each ion w111 be Bev. Ions with different
masses trace cxrcular paths of different radii gtven by
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Separatlon of atomic masses- on the hasts of spe01ﬁc charges were descnbecl and the
lsotoplc abnndance of atomlc masses, were calculated

o

PP . Tep i

L Answer the followmg questuons in detall )

1.How are isofopic masses separated? -~

2.Discuss the principle and application of Aston 5 exp eriment.

3. Determme the lSOtOpIC masses by usmg Bambndge mass Spectrograph

:_t‘,.. i
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The growih of the current thrOugh the coil produces a change in the magnetic flux lmked
with the coil. According to Lenz’s law an emf gets induced in the coil, which opposes the
applied émf 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 1s called the emf

due to self-induction or self-induced emf. The finite time of growth or decay depends on

~ the flux linkage through the coil and in turn it is also dependent on coil shape. The couls of
the nature and shape are known as inductors. :

.

Fig 14.1 (a) and Fig
_Coefﬁcient of self induction

Consider a long solenoid having N nquﬂgms and the flux associated with each turn is

b

-~

¢B .
According to Faradays law of indu@the induced emf’is given by °
g . -d (N$ p)

at .. (14.1)

- Where (N¢B) is the total flux linkage. For a given cotl the flux linkage ¢B 1s given as
N$Bal | S

. N¢B=Li ..(142)

Where L is the proportionality constant and is called coeﬁicnems of self-induction or
inductance of the inductor.
Combining equallc'm 14.2 and 14.1
Wegetthateé=  -d [N{bB ]
' dt
£=-L di
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. It is observed that

N¢l]3 ol

Nép = Mi | _ S 14.5

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 14.1

4 (Ngp) =M
dt dt
di
c—&=M—
dt _
M=—g /8
dt ...(14.6)

volt, when the current in the other coil is changing at theate §f 1 amp per second.
The practical unit of mutual induction is henry. @

14.5 CALCULATION OF INDUCTANCE SOLENOID

It is possible to calculate the self indum@?;solenoid

For an inductor

L= B @
i (147

_ i _
Let us consider a solenoid having n number of turns per unit length, consisting length 1 and
coirectional area A '

Thus the coefficient of mutual induction is said to be one u:'t, if the emf induced is one

~.the flux linkage N¢g =n1 BA

Where B is the magnetic induction giving flux B
We know the magnetic induction B for a solenoid

B = poni A (14.8)
Combining the equationé '.

Nég = nlugiAd

Nep = nor” lid | ..(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 1s

. i
M=—-——g¢/—
dt

The coefficient of a solenoid is
L=-p,n IA
- Check your progress: Answers
1. when a changing current flows through a condue@ changing magnetic ﬂu;lc

surrounding the conductor should induce emf withiwi#seifie in the conductor itself.
This phenomenon is known as self inductiz@ '

2. Henry is the unit of inductance.

14.7 SAMPLE EXAMINATION QUQ@\"S
I. Answer the following question@t&il

1. Derive the expression for the coefficients of self induction and mutual induction+

1I Answer the following questions briefly.
1. Derive an equation for the Calculation of inductance of solenoid.

I Solve the following Problems

1. Find the self inductance per unit length of a long solenoid of radius ‘R’ carrying ‘N” .
turns per unit length. ' _

2. Find the self inductance of a toroidal coil of rectangular cross section, inner radius
‘a’, outer radius ‘b’ and height ‘h’, with ‘n’ turns. - '
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UNIT 15: FARADAY'S LAW AND LENZ’S LAW
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151 OBJECTIVES
This unit discusses the concept of e 'mZ;tic induction and Faraday’s Laws of
induction. To make you understand the cOffcept the unit explains

1) Electromagnetic inductior@

2} Faraday’s Laws

3) Mathematical equations for induced emf.
After going throﬁgh this Unit you will be able to explain

1) What is meant by electromagnetic ll‘ldUCtIOIl and the principle under lying behmd
the workmg of a moving coil galvanometer.

152 INTRODUCTION

We have seen in the proceeding umts that a current flowing through a wire produces
magnetic field around its surroundings. It 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 productnon of electric power,
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Fig 15.2 (a) Motion of a bar magnet B in a coil C. ‘ .
(b) Motion of the coil C between the pole pieces of a permanent magnet.

The current that appears in the experiments is called induced current and is said to be
set by an induced electromotive force. Faiaday 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 expertmental evidence of el_eptromagnetic.i@n has been summed up in
the form of two laws, which are stated as follo
These laws are known as Faraday’s laws omo magnetic induction.

(1)  Whenever the magnetic flux is link%h a closed circuit changes in iﬁduced |

emf is set up in the circuit, ¢ magnet at any instant is proportlonal to the
rate of change of magnetic fi1nk ed with the circuit.
je,e=-4d¢

dt

{-ve sign because decrease influx with induced emf)

¢ = Magnetic flux linked with the circuit at any instant.

(i)  The direction of induced emf is such that it opposes the change in flux that

produces it. .
B

This law is known as Lenz’s Iaw. 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

ie,e=-4db --(15.1)
dt '

in this ¢ = induced emf, ¢ = instantaneous flux in Weber

To explain Faraday’s laws of electro magnetic induction, we consider the coil
and magnet 1n the experiment.
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automatically opposed.

We have seen that the Faraday s law is wntten as’

¢;-N.ﬁ_ g - | ..(15.6)
dt : '
Where ~ve sngn indicates the direction on which the induced emfacts. This result could

. also be stated in!terms of Lenz’s law, stating, the induced. emf always acts in such a

direction that it opposes ithe charg&s causmg it: . This 15 a consequence of the law of
conservation of energy o e

To.predict the dl_ljeq_tlon of the induced emf, let us consider a simple experiment of single
twin coil (loop)-and a bar magnet as shown'in Fig.15.5 Let the north pole-of the

-él

Fig 154 If the magner wu‘h its north pole is moved toward the Ioop, the induced curreni
deve!ops as shown, setting up a magnetic field that opposes the movement of the magnel.
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. Accordingto Lenz’s law, if the loop is to oppose the

motion of the magnet towards it, the face of the loop towards the bar magnet must
becore a north pole. Thus the two north poles, one being of the conducting loop and the
other is beirig 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 rrght hand face a south pole, the current must be opposite as shown
in the Fig 15.5, Whether we pull or push the magnet its motion will always be
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R

By the left hand rule, this force is directed from Q to P. This will resuit in a flow of
positive charge in the direction Q to P. The charge will be acted on by a force F over the
length of wire 1, in the magnetic field and it will consequently gain energy.

Fi = 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 info the
circuit. The magnitude of this emf would have to be equal 1o the product Bev to produce

_ the same current as we now observe).

_ Thus the movement of the circuit through the magnetic field generates an emfin
the conductor P Q of magnitude.

¢ = Bevl
e
- = Bvl | ..(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 .

given by :
‘e = _Bvl ' ~..(15.10)
- O )

Where R is the resistance of the wire. ?\

15.7. TIME VARYING MAGNETIC FIQ’

It is also possible to have indu mfs without any physical motion of objects,
i.e., 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 emfin the loop.

" Let us consider the following quantiiative illustration of certain arrangement as
given in the Fig 158 related to changing, T -
. . ¥ -

| Fig 15.7 Time varying magnetic fields.
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15.8 MOVING COIL GALVANOMETER

Fig15.8 ~ 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 used 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 @0 measure momentary
currents. ‘

A design formula can be derived for the movi galvanometer as follows.

A moving cotl galvanometer consists o?ﬁht coil of insulated wire which is
suspended between the poles of permane rseshoe type magnet. Usually the coil ts
suspended by a phosphor bronze wire. \\@womentary current is passed through the
coil, 1t produces its own magnetic fgld. Where will be an interaction between this
magnetic field and the field due to@nent magnet. Since the field provided by the
permanent magnet is radial in the regioW where the coil is free to move. The plane of the
coil is always parallel to the field. Hence the coil 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
it. :

Fig 153 Moving coil galvanometer-
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15.9 DAMPING CORRECTION

Ga]vanometere are used for quick meaSurement of steady currents. A moving ¢oil
galvanometer can either simply, register-the. deﬂect;on\wnhout oscillating, about it mean’

_position (dead beat condition) or oscillate about its mean-position. (Ballistic condition).”

Under ballistic condition the vibrations are considered_ to be ideally simple harmonic.

But in actual experiments, the amplitude of the swing prooresswely “decreases due to
severdl reasons such as air resistance. Thus- the deflection’.is" ‘damped;  Hence’ the’
observed deflection is less than what it would have béen nider ideal condition. Therefore
a correction is to be added to the observed throw (Oscillation) to comperisate the
damping. The correctlon 15 called dampmg c,orrectlon “

i

Experimentally, it is found that the ratio of any two consecutive deﬂectlons will
be constant. It means that the rated of decrease of the deflection is constant:

Let &) ¢2 93 ¢4 '.‘ _etc are the recorded deflections on the left and right consecutively

di=do = = d - | ' ' ‘..(15.18)
$2 ¢3 ¢; | ’ o
Where the ratio d 1s cal led decrement and log d.= A called loganthmlc decrement _
Hence " = d : o - :(15.19)
Therefore Eqn (15.18) can be written as 0 ~

AT | " | |

AR At - (15 20)
b b s

The deflections ¢ and ¢2 are sepatataQ_baif an oscnllatlon wh1le c]n and b3 are,

separated-by one complete oscillation

OB TR _ _' : o _
-————x—-—ee—ez - : (1521)
d b2 ¢ ' _
Slmllarly ¢y and ¢ are separated by three and half oscil]atlons and related by
¢ ¢'* $3 S o _ -
—_—=— —=¢" &=t | - ..(1522)
¢s 2 ¢2 b - o | I

If ¢¢ is the ‘undamped first throw which reaches its maximum ¢ after one quarter '
of an oscillation, from the analoay of Eqn (15. 22) one can write

o= ..01-1)0 et o _ | :..'(1‘5‘23)
g1 - : '

or by expression
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Hence the total induced emf is also zero.
Example -2:

A uniform field of induction B is normal to the plane of a circularring 10 em in
diameter made of 0.1-inch diameter. At what rate B must chanoe with time 1f an mduced
current of 10 Amps is to appear 1n the ring.

Solution:

Radius of the copper wire =0.127 x 10" m

Resistance of the wire R = 1.7x10%xnx10x10”
78 (01277 5 107

=105.4x 10° Ohm

@B - BA = 78.54x 1078

dt

i=10Amp;, "~ ¢ = 1p0=2834x10" dB = -
R 1055x 0% dt 0
dB = 134 Weber / m"-s O
dt : ' '
Example - 3: o ' ; :
The figure shows a copper rgg mg'ng with a velocity. V parallei to 2 IOII'I{;‘-

c= doB = 7854 x 107 x &
dt

straight wire carrying a cusrent, 1. C the induced emf in the rod, assuming that V.
=50m/s

Solution

1= 100 Amp, a= 10 cman-db=200m‘

D A

—
|

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.

1 I. 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 ig made small.
15.11 SAMPLE EXAMINATION QUESTIONS é

I Answer the following quesltions in detail O
1. Describe the Faraday’s taw of induction a%z‘s, law to explain the induced

the damping correction helps ctual value of the currents being measured
by the moving coil galvanomete

emf in a circular loop.
2. Discuss and describe the workin:r pri%’ le of a moving coil galvanometer. How
1. Answer the following questions briefly.

o Explain about the time varying magnetic field.

2. How do you explain the induced current voltage in a loop in the basis of law of
- _conservation of energy?

IIl.  Solve the following problems

t. Auniform 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_ _di3 where P is the resistivity of
depd dt
the copper.
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4. InFig 15.13(c) a conducting rod A B makescontact with the metal rails A D and
b C which are 50 cm apart in a uniform magnetic field of induction 1.0 Weber/m
perpendicular to the plane of the paper as shown. The total 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 circuit.

r- u - " » “ -

b om

l i “ b » = L
- C

Fig I (3)
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Informanon regarding electsic and magnetlc fields was avallable to scaennsts about the’
middle of the nineteenth century. Indeed the 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. Prekusly fields had been looked upon-as convenient means of visualizing the
arrangement of force that resulted from electric and magnetic action;’ ‘But to Faraday the
macrneuc field was the actual means by which magnetic force was exerted

From the time of Ampere’s work (1820 to 1825) it has been conSldered that one wire
" carrying current exerted a force on another wire carrying current and' no intermediate
;agency for exerting force was taken into account. This was the action-at-a-distance 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 relatlons involved.

16.3 ENERGY STORED IN A MAGNETIC FIELD "

In a similar way, an inductor stores energy in its surroundmgs when the current is passing
through it. This may be demonstrated with the help of the circuit shown in the Fig 16.1
When the switch § is closed the lamp glows. But, when. the'switch is opened the bnghtness
of the tamp increases momentarily. This increase in its brightngss ;s_due to the magnetic.
Energy stored in the magnetic field of the induction, as the %‘id.ﬁe!d;pf the inductor

induces a large current momentan ly when the ﬁeld collaples S

Fig 16.1 Cirenit for dé:'nonsriwing'ehergy'Stm‘ed ina nmgne;icj_: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 cons1sts of R the resnstance mductwe
coil with self-inductance L. di E and emf of the battery '
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Consider a solenoid consisting'of length 1 and cross sectional area A. Then 1A i$ ‘the -
volume assoctated with the length of the solenoid.. : T T I

.. The magnetic field energy densi HyVg=_18
: Al
Since Ug = 12 Li*

Us= WL ...(16.6)
1A

But the coefficient of inductance of a solenoid is pon” Al and the magnetic induction
B = pom Substituting L and 1 values in the equation

We get Us =% B°
" o (1677

Though this magnetic field density equation is derived for the special case of a solenoid, the
formula of equation 16.7 holds good for all magnetic fields.

16.5 PRINCIPLE OF A TRANSFORMER

into a high alternating voltage, however the initial current ge ced proportionately or.
vice versa with the increase in voltage. The same device Iso be emploved for

converting high voltages to low voltages. Q
The transformer consnsts of two coils wound on a $ ore. The core is made of high™
i

A tranisformer 1s an electrical device by which a low altematini:voltage can be converted

permeability material such as soft iron. The functio is core is to increase the magnetic
flux linking the coil, hence increasing the | influctance between each pair of them.
The coil P connected to the voltage to be chra%ﬁi called the primary and the other coil §
between the ends of which the alternate & Itages obtained is called secondary. "The core
carrying the coils P and S are usuallyup of thin layers of magnetic materials, also
known as laminations, which are electiically insulated from each other by layers of
laminating paper. The figure 16.3 shows a cross sectional view of a transformer and
conventional circuit symbel for a transformer. :

; 1s ?r COF‘G
“ ‘;—ﬁ v f‘ﬁ f’ 9
o 1o
i1 § @
- Ty b L I
hariend _ il
‘ {a) {bi
Fig 16.3 (a) (b) ,
16.3a .a model transformer 16.3b - Transformer in a cr’rcm’t

When an alternating voltage is applied across the ends of the primary coils, it causes 2
varving magnetic flux in the core. By Faraday’s law of induction an alternating mduced :
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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

in the cotf ?
@ _E = 100 - 10amps (equilibrium current)

R 10
(b) Stored energy = ¥ Li®

=% x 2x10°

=100 joules
2. A circular loop of wire 5 ¢m in radius carries a current of 100 amps what is the

energy density

vB= 1 B’ gndB = _uoi
2 uo 2R
vB= 1 pi i’ : O
4R’

2

1.26 x 10 x (100° x 10" ?‘

I

8x3ix5

= 0.63 Joule /m*

3. An ideal transformer has a tum: ratio of 2, i.e, N2/N1 =2 Anacemf of 10 V is
applied to the primary. Find the emf or voltage appearing in the secondary

terminals,
€ = Ng 21
N,
=2x10=20V N

16.6 MAXWELL’S EQUATIONS

These equations are based on the several crucial experimental results obtained as mentioned

below:

(a)

(b) Divergence of electrostatic field is proportional to charge density.

An electric field is found to exist and 1s defined.

A magnetic field is found to exist and is defined. But it is impossible to create an
1solated magnetic pole,

(¢)
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““Once again, the phye ical megniﬁg of It'hes'e equations can be inferred as follows:

Equation 16.18 says that a changing 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. It will be seen.at once that, if a changing electric field produces a magnetic field
~ and that in turns produces an electric field which produces a magnetic field and so on, some
~ kind’ of series 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 16.4 &
16.5). - ; -

o

"

(i)
R

Uy U

. ()

U U
_ Fig164

If(as 15 actually true) the magnetlc energy 1s 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 thls more clearly an analogous situation as described below:
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16.7 THE POYNTING VECTOR

A very important aspect of V\}ave propagation is the flow of enérgy through space. As the
wave passes through a surface in space the energy get iransported too. At any instant there
will be a flow of power (watt / meter®) through each unit area of the surface and is

denoted by the symbol P P. The product P Ais the power passmg through in area. A. Thus
“The rate.of energy flow per unit are in an electromagnetic wave can be described by a
vector P. known as the Poyriting 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. :

¥a

Fig
Consider a region. of space, enclosed within Hi-imaginary surface. The rate at which
electromagnetic energy flows out of thu is found by integration P. over the enclosed
surface. The outward flow of ‘po%ﬁ .dA. But, if the energy is flowing out of the

region, there must be a correspon oss of electromagnetic energy stored within that
region. This is the sum of electric and magnetic energies given by the volume integrals:

 Electric energy % [D.E dv : _ ...{16.22)
* Magnetic energy = . { BH. dv ...{16.23)
Total energy = % I (BH+DE)dv g : ...(16.24)

The rate at which this stored energy dlmmﬁ'hes 1 obtamed by differentiation i.e.., the rate
of decrease of - : ‘
Storedenergy =d 1 {(BHDE)dv. - _

a2 ..(16.25)
Assuming that there is no loss of energy by other means, we have

— ] —_ =

$PdA=— 1t d.f(BH+DE)dv
d

il
2
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As a simple example of the Poynting vector field, consider a long cylindrical conductor
carrying current. As shown in figure 16.7 a steady currentls 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 tangential component that terminates on
some other part of the circuit. The magnetic field within the conductor 1s circular, and its’
strength is proportional to the radius.

Iy
P ——"

——————— "

{ C’E),) b} j H

i\

y

A~ Current, B - Elecr@d. ' — Magnetic 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 of energy. 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 energy in the
conductor. Only atound a conductor of perfect conductivity would the pointing field the
wholly parallel to the conductor.

Note particularly 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 (ie H x E ) 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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VxE=- B )

dt
v 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 transverse in character and they transport energy from one place to other
place. Poynting vector represents the energy flow.

' s
Check your progress :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

(i) VXH=i+8&D

SR
(i) VXE=0 | O
(i) VXE=-0B '

a ?‘
(v) VXB=0 Q‘

16.9 SAMPLE EXAMINATION g; EESTION

I Answer the following question in detail.

1. Discuss in detail the principle of a transformer. _

2. Discuss about the construction and working of electromagnetic cavity oscillator.

3. show that electric and magnetic field vectors represent the wave amplitude,
traveling with finite velocity n space.

I1, Answer the following question briefly.

Obtain the expression for the energy in a magnetic field.
What is Maxwell’s equation?

‘What is pointing vector.

What are traveling waves.

Lol s e
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UNIT 17: - LR AND CR CIRCUITS

Contents

17.1  Objectives

17.2 Intl-‘oduction

173 Simple A.C generator

7.4 Graphical representation of alternating emf and currents

17.5 EPFecti-ve or RMS value of an AC current

176 Power factor of an AC Circuit

17.7  Enetgy stored in a LR Circuit T -

17.8  Resistance and capacitance in series AC Circuit

179 L.C Circuit 0
17.10 Summary - O

1711 Samj)le Examination questions v
17.1 OBJECTIVES

This Unit d_iscuss&s the pa f eiectricity through electrical elements. In order
to make you understand the effec uitent passed through different combinations of
electrical elements are set forth,

After going through this unit you should be able to understand the principle of
operation of the alternating current generator; and the relation between the instantaneous
and the effective values of current and emf for different combinations of electrical
elements.

17.2 INTRODUCTION L

In this unit the principle of operation of the alternating current generator 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.




Also, at any time’t" the orientation 6 of the coil is given by | _ o

e‘-__.mt _1_.6.‘. PRSI - . R im ' - - . -H‘(] ?‘5)
Wheré 8 répréseiits the' v;‘a'lu'é“o'f Baft =0 ‘When equations 17.4 and17.5 are substituted
into ei:luatlon 17.3; the ¢ expressmn for an mstantaneous value of emf induced” m the
rotating'loop becomes ' -

E = Ema\-sﬂ? (&JI + é) ,.(176)

Thus as asserted above, the induced emf behaves like harmonic oscillator.

17, 4 GRAPHICAL REPRESENTAION OF . ALTERNATING EMF AND
CURRENTS

Equation 17.6 1 represented by ﬁgure 17.2 as a solid curve with E as the ordinate and ot
as the abscissa.

E guntt
" "\ - -
{ e S T
I’.-‘ i
. "\ I
377N | g
SN
+ ]
! i
I
'
1
)
1)
\
~E - -
’ . -EM,Sq:h(uhS)
Fig. 17.2 Graphical repr on of alternating EMF and currents.

As shown by the solid curve in figure 17.2 the instantaneous emf varies between the
limits + where Eqng is 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 Enne sind. The phase of E at any subsequent time is determined by the instantaneous

phase angle, ot + &, one complete altemnation of emf is called one cycle and-is
accomplished in a time known as one period T.

- 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 initial conditions and circuit parameters are such that the
instantaneous current and emf may be written as

| = Taesin. (@t + &) ‘ a1y
E= Eas sifh (ot + 82) (17.8)

Where 8; and §; 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 angie.”
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We can evaluate equation 17.15 vizZ.,

. | .' —r—
e Fmax |(t- sin2amt ) = I_zm,_{_l'_
2T 20 0 2T
or it = Pmax’ VAL
2
Thus L= \(? = Lz = 0.707 bnas : ..‘('17.1.8) )

N2 '

Where the effective value of AC current is 0.707 times the amplitude of its maximum
value. Following the same arguments as given above, we have ' -

E... = 0.707 Emas - | ..(17.19)

AC measuring instruments like ammeters and voltmeters, unless itis specifically stated to
the contrary, read effective or rms values. As a result, effectisalues are ones normally -
dealt with - -

Example 1:

The equation for an alternating current is i = 42.42 si@ t Determine (i) its maximum
value (ii) its frequency (iii) its RMS value. '

We know Q~
1 = Iinax SiN O | T
(a) Toue = 4242 Q}

(b)~cot=314t
o=314

Now o = 2nf
f=314/2n=50Hz
(€) Toms= / V2

—472.42 /2 = 30 Ampers
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- 17.6 POWER FACTOR OF AN AC CIRCUIT

t
L]

At any instant the rate of energy consumed in a circuit 1s given by the
product of the current through it and the potential difference across it

Instantaneous power dissipation =iV ..(17.20)
Average power dissipation =iV L A17.21)
T
1 f et - 2
T o T

T
§ 1 5 ot Vi sin (ot + 8 )dt
a N

T

= Loy Vinax .[ sin ot(sin ot cos 8 + cos ot sin &)

T o
= Loy Ve I (1-cos 26t } cos & + sin of cos ot st
T o 2

-
= L Vinax E Cos § sin-oicosd 4
T 2 4o

= Lmax Vs Cos & @

=lVeos§ - ' (17.22)

b

Cos 8, 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

=

Consider a circuit containing 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 in equation 17.23 can be written as B ...(17.24)
i=V/z |
or V=iZ : C..(17.25)

A triangle whose sides are proportional to the voltage V, VL and Vi is called voltage
tnangle. A tnangle whose sides are proportional to R, XL and Z is called impudence
tnangle Fig. 17.5

VR=R1

Fig 17.5 Impedance triangle - '
It is clear that the vector V leads the vector the ‘v’ b@gle. “The cosine of this

angel 1.e. ¢os O 1s called the power factor.
Power factor = cos =R/ Z - _ , ... {17.26)

Assuming voltage leads current by an angle 8 th$nt and voltage can be shown as

V = Viee Sin ot . '
i = Tag 5D (008 -5 Q‘
We know that power is equal to the t of current and voltage
P=WVi - '
" = Vinay 510 Ot Inac SN (@01 -8 )
+ = Vs Lnas $10 @0t s111 (01 - 8)

=2 V s L imax [ €08 (2001 - 8) ]

Now the value of cos § is constant in a given circuit where as cos (2ot - 8) 1s a vanable
quantity and 1ts value ts zero. Thus the average power.

Pn\ = !/2 mas m\_\ COS 6

y,l s X _lm\ .Cos & ) (1727)
‘P |
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- In series same voltage but opposite, in parallel the same current but oppostte.

Thus at resonant frequency & when R=0, the line current would be zero but there

s an oscillatory current in L & C. The applied emf merelv supplies the energy to
compensafe for any circuit losses -

One finds that. for fixed values of L,C & R, the impedan'cg, ofan L.C & R circuit
depends on (@ - 27f). Hence it varies with frequency. 1n such a circuit, W,
27fl. 1 2xc ie If the inductive reactance = cap
frequency of Ac. fis such that

=~ Lo or
acitative reactance. or at a particular

— or f = —1

47°LC 22V LC

L (17.30)

f ) E) ] |
Then m equation Z = v R® + (o + (/07" . |

Maximum current will be admitted through the circuit and the circuit will behave
as tf the coal and condenser were absent. The circuit is said to be in time or Resonance

with applied emf (i.e. the value of the frequency of applied emf) for which Wy = l/ac, is

called resonant frequency (fo) and is given ag so many cycles /sec. When L is in henries
& Cis in Farads. This gives condition for%nance,

In a circuit like this

LA, T, O i . (17.31(a)
dr ¢ ?\

PR Q~ (1731(bY)
dr I,
d @

& ——+ Kg=0

‘ ' L (17.31(0))
dr- :
& W=KwaKk= L (17.31(d))
VILC S
or 2nf'= _! = ]_
V¢ 2aVIC

Which is the same as equ.17.30 above. This is the frequency of the oscillatory discharge
in a circuit of inductanee L and capacitance C when the resistance is low.

Thus the strength of AC in any series circuit due to a given applied emf'is greatest
when the frequency of applied emf is equal to the natural frequency of the circuit. a




‘condition analogous-1o that necessary for resistance in the case of sound. The above

circuit is then called a series resonate resonance circuit with R, &
t .

foz —— ' L (17.32)
2N LC ' : - N
A - 3
el Q
4 )

\50 ' >

Fig 17.10 s

the maximum current in the circuit is given by ¢~ ¢
la=E,/R Iy ' (]733]:1
& Erm\' = lrm,u R ~ . (] 734)]3

Also at resonance the altema.ting 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 condensgy) to the voltage across
resistance or applied voltage at resonance is called the Q or wgltag magnification factor
“of the circuit also the voltage across inductance or (capacjgnce |
=WLlnr ‘
Voltage magnification or factor

_ Wlly - WL ﬁE»» \
R‘[l'l!!!‘ ) R - . I
i If the frequency of a C supp[% (s \‘2ied or it contains a no. of frequency

| components {as in a receiving serial) a LCR circuit across its supply will or accept ‘
a maximum current. i.e. a maximum respse for only that component of a supply which

has a frequency

o S (17.37) )

27V LC ’ _ . |

provided the resistance R is very low or neghgble.

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 at the resonant frequency 1.e. in LC circuit in other words,

Check your progress- 11
1. Deline Power factor

2. What is resanance [requency?
3. IR = O. what happens 1o the impendance in L C circuit}
-Noke:  a. Space is given below for vour answers.

b. Compare your answers with those given at the end of the unit.




UNIT-18: TRANSIENT RESPONSE IN CIRCUITS

Contents
18.1  Objectives
_ I 22 Introduction

s 18,3 F Resistols

oo
(PR
-2

2 Inductance
. 1833 ‘Gapacitanée' s
184, Gr owth and Decay of the Current n LR Circuits

8.5, 'Gromh and deca\ of current in CR Circuits

18.6. Transient behavior of series LCR ¢ircuit

fi

[8.7. Summary _ I
1.8 4° Samjilé exanmination questions L - 0
18] OBJECTIVES - Q

gro%h'and decay of current in LR, CR and

This Unir discusses the phenomenon
LCR series circuiis,

To make vou understand th nomlenon, circuits containing inductances and
capdcwmces are exp]amed :

f\rtel woing throus_h this Unit you should be able to eva}uate the growth and decay
of current in LR. CR and LCR cireuits :

18.2 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 pendulum
if it is displaced from its equilibrium position and then released. Depending on the
amount of friction, or damping, the pendulum will either- oscillate back and forth, with a
gradually decreasing amplitude, or will move towards its equnhbrlum posttion without
oscillations. We discuss the electrical analogue shown in Fig 18.1
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T he result is just the Ohms law which works equally well for both ac anci steadv
voltages. The nomenclature for R can be g generalized as resistive impedance.”’

18.3.2 Inductance .- e e

Fig I S 2 showq a sunple mductance counected to a source of smusmclal PMF and
the coil is assumed to be of pure inductive mture .

Fig 18.2 Inductance connecied AC r,ucmro

As per (he circuit equation we know that v
E - E|, = 0 %

Where Ei, is tnduced voltage across the@«nce coil. The induced EMF Ei. 1s thus
E@=Ldi/d) ..(185)

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 lasl [wo gqualions we get

E=V ({1)= Vgcos ot ' ...(18.6)
Since B =-E

L {di/ dt)=Vycos ot L {18.6(a)) -

The interpretation of the i (1) is such that the slope (de / di) 1s also a varying
tum,uon of time baving the same phase as the generating voltage and amplitude is given
by Vi ! L. An expression for the current (1) t can be obtained by integrating the expression.
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1(t) = Yo sin oot
ob

=Vocos(mt-n/2) \ - (18.9)
mi. T e e '
Equation 18 8 manifests that the quantity {oL) plays same role as does R in resistive case
and oL s known as the inductive reactance.

18.3.3 Capacitance

The instantaneous voltage V across a capacttor ‘C” is shown in Fig 18 4

=L e T L (1810)
¢ .

A 40 B
4

41 ' ‘
N ;
c -

Fig 18+ Cirenir consisting of a capaci nected to a AC source

The circuit equations for this case has to dified to accommodate the voltage

across the capacitor. caused by the charge nmy instant of time. Choosing zero

time when the voltage at’A caused by th

charge on the capacitor starting from an insfa
t

) = Lo i.dt : | 1811

-

erator 15 positive and say. increasing the
t when its charge was zero, 1s '

The situation at time t is described by the circuit equation, i.e.
vt =+E@®)=0 . . (18.12)

In order to express this result in terms of i(t) , since i = dq / dt we differentiate equation
18.12 to find

oCVa sin otdt = dq
or -oCVesinot =dq/dt=1(t) .. (18.13)

We can now write the current as 14 sin ot with | o being equal to CoV 4
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where " = cosB +jsin @ ..(18.16)

Where N is a real number, called the modules, and © an angle, in radians.
Touether 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
identity shown in appendix [L
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 8 be a function of time using 8 = ot. then equation (15.16)
becomes.

i('ll

e’ = cos ot + ] sin-ot .. (18.17)

¢! now represents a unit vector rotating with constant angular velocity ©, and 1$
thus suited for representing any rotating vector in an ac circuit. The two terms cos otand
j sin mt give the real and imaginary components of the rotating vector. Either one can be
used to represent a sinusoidal functions of ime.

Resistor \
We replace sinusoidal voltage E(t) = Vo cos %he expression

E (1) = Voe'™
This gives the vector amplitude Vy rd

per the eqn. 18.17 one can get either cosin sine
voltage The circuit equation now gives

YR = \"nei'"l =V [cos Q ] s wt]

P(t) = [Vo/R] & = cos ot +j sin ot] ...{18.19)

..{(18.18)
at an angular frequency o, As
nction of the time variation of

The ac resistive impedance of the resistance is the real number R.

Inductor
From equation 18.6a the generator voltage in a complex numbers notation
is given by
di = Voo™ ...(18.20)
dt L
This may be written in integral form
di = Vo e'™dt L (18.21)

I
Which immediately integrates to
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Xem L = o/l (1827
twc '
In this case a¢ Lurrent vector, according to egn. 18.26 1s reql number joVy multiphed by
j. As shown i Fig 18.8 this 10tate5 the current vector 90", ahead of the voltage to lead it
hy 90" -
| To summarize the current amptltude _

4 \MAGINARY

jeCyYe
' XC

- N
- wev., ¥
O gEAL

Fig 8.8

_each kind of element R. L and C can be wntten in terms of@impedance Z, using the

equallon . LT O
. e ..{18.28)

/
Where Zy = R resistive inped [ n;n phase with V,
Zi-= job = X mduc wstance o fags Vo by 90"

Ze= | = X@citve resistance l leads V, by 90"
jloly . )

All three terms may contribute to the total ac impedance of a current in general.

o

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 carrving current, the sudden application or removal of an apphied
voliage causes a momentary changing response in the circuit while it adjusts to the new
conditions. Here " this we discuss few cases. :

To begin with we discuss the case of an inductor and a resistance In series {0
whrch a \roltaue Ciourcc s connected w1th a closing and opening switch.




| - Rdi_= - Rt
V-Ri L

(Where we have multiptied both sides by ~R to make lefi-hand side a perfect differentiai

and integrauny we get

mw\Rn—Mv {18.31)

Where the integration constant € can he ewludtcd from the condition that at t=0, (when
the switch is closed) i=0. This gives C =log {". We put this in above equation and

convert it to be exponential form

V- Ri=y, R : L(18.3D)

The current is given by

i — 1 l‘ 1 . e'lR |.')I]

R

=lo(1-e ¥ ..(18.33)
jon 15 given in Fig iS (AR Qhe circuit is completely

A plot of this solution i
determined by the value of R/L. or by its reolprocal @ 7. the relaxation time of the

cireuit, with the use of T as deﬁned the equation becorves

i=lo(b-e'") L (18.34)
- is the time for the current to bmld Q 1 0r0.632 of
its final value We see this by putting t= T =R+ hA
¥ |
i |
i
- \
L]
v 1t o
g 18.11
=1 (11 )=L(1-0318)=0.6321 .. (18.33)
e

There are many phvsical situations which lead to equations like V = Ri + L {ch/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 a fina! value. When this identification can be
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This removes battéry from the circuit, 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 circuit becomes. - ' : S A

0=Ri- Lg—i(because of(%i_- ve) | ...(18.39)

This problem could be solved by separation of variables; but instead we go directly to the
solution by applying the boundary condition of the problem fo an assumed exponential
solution. In this case at t = 0. V —Ri = Iy since there is no voltage drop across the
inductance when the current is steady. Also after a long time the current will go to zero,
So the obvious solution to equation 18.39 is of the form

I1(h=loe'i= Vet - ’ ...(18.40)
' R ' - o
it is easy to verifv that T has the same value L/R. A plot of the current against time is
shown in Fig 1813, Here T is the decay of current in RL circuit after the voltage source 1s
removed. time for the current to fall to the fraction i/e of its original steady state.

3

t i

l

!

| l

i ]

t:U t

Fig 18.13 '

18.3 GROWTH AND DECA CURRENT IN CR CIRCUITS
b The RC circuit is shown in Fig 18.14

2 | .
L

/=
1

Fig 18.14

The equation that apphies when the switch is closed is

Vo=R.dq + ¢ ...(18.41)
di t :
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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 +R-da =¢
C dt e ‘\1

Fio.834i6 15 ib

Fig 18.16

The solution of the above equation

q = Q¢ ...(18.47)

1= _d& = Qge_l‘r‘]lc p— ngpth- (1848)
dt RC R ; B

This result is identical with equation 18.40. Howevcurrent is flowing tn a direction
to discharge the capacitor in the later case, Wh§i'. *the former case the current was 1n

the direction to charge the capacitor. S
N

18.6 TRANSIENT BEHAVIOUR o@ms LCR CIRCUIT

2

Fig 18.17 LCR Circtit

Initially, we charge the capacitor with a charge q producing a voltage across the plates

Vo= g0 .. (18.49)
C

DALt = 0, the switch is closed and the charge q begins to leak off around the circuit
through the inductance L, = the resistor R. Positive current will be defined clockwise
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The second term in sinusotdal term expressed in complex —number notation.

We can rewrite equation 18.55 in a more concise form and take its derivatives as
required for substitution in 18.54
V. ( t.) = Vn e {jea-can .

_d_y:t_} (j(l) R 0:) Voe (Jn -
dr
d_z.:’v:_g_ .

dt

Substitution in equation 18.54 and simplification gives

(i - et

(j(’-) - (1)2 Vge

i . ) .
- o -2jo0ta” + Rjo o) + L=y
l. LC

This equation has both real and imaginary 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.

N
org=1R O
21,

the real part gives ?\
o +o-ak +L=0 Qs
1, 1.

Replacing & by R/L leads to

o= L. K
e 2
ki

These values of o and & make proposed solution satisfy the differentiat equaiion.

We now see the condition for critical damping of the LCR circuit. Since
oscillatory motion requires @ to be real, oscillations occur only if '

] R*
—_

LC 41! C

Otherwise & in equation 18.55 becomes imaginary, the exponent in the term ¢ becomes
real and negative and the term become a camping term.

Whenever 1/L.C exceeds R*/4L" the voltage oscillates according to

Vc ( t) = Vn e -R12L eiml




It the terms 1/LC can be neglected in comparison with the resistive term, the solution
becomes

\/.'0 (t) = Vrne-]u 1.

SUMMARY

b .

AC voltages are applied to the resistors, inductors and capacitors. Current passing
through the resistive impedance inductive resistance and capacitive wiil 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\ircuit.

Discuss the growth and decay of currentam R CTrcuits

2

3. Discuss about parallel LCR circui% $ response circuit

4. Derivean expression for the fMylity Tactor of series response LCR circunt.

il. Answer each of the follow@ie A
I. Give a graphical represenfation instantaneous voitage of a capacitor “C”

Discuss the growth of current in CR Circuits

I

3. Write notes on i) Parallel LCR circuit ii) resonance circuit
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t

Fig 19.1 LCR Series Circuif

In a series circuit with no branches, the current — continuity equation Xi = 0, leads to the
result that everywhere in the circuit the current is the same. Thus for example, at a point A
in the figure. the current coming from the left equals that going on to the right. This

principle applies to all points in the circuit, such as B and C:
The AC current everywhere in the circuit thus has th &litude and phase. 1t can
therefore be written in the form 6

1=1,Cos ot , . o ?\ ..(19.1)
Ori=1, e 4<3~ : ..(19.2)

But if the currents are everywhere@ne, and if the phase and amplitude relations

we have just developed for individu¥l 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 uenerator. This satisfies the second circuit equations, as modified by the
inclusion of voltages across the capacitor.

SE=3iR+¥q/C ' | .. (193)

The effect of inductance 1s contained n the left hand term. That is > E contains 11ot 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 \roltaﬂe can be replesented 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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In neither case the vector sum is given by the dotted vector labeled V ac.The angle 0 is the
resultant phase difference between the current in any of the elements and the voltage across
the combination V ac.

According to the circuit equation this voltage Vac must be just equal in phase and
amplitude to the driving emf E. Therefore we may write

E=Va=Vrt+tVi+Ve ...{19.4)

The magnitudes of these separate voltages are given by

Vi =Rlr

Vi =o Ll ‘

Ve=[1/aC)l ...(19.5)
But since

Ir=l1=lc=lo ...{19.6)
Equation 19.4 can be written as 0
E=lo[R+joL+] (/o CO)=lZ ..(19.7)

the vectors. The meaning of this vector equatio hown in fig 19.5 (complex nofation
has been used). The diagram is identical Figh 9.3 (a) except that each voltage vector is
expressed as the current times the appro pedance term. It is apparent from the

9 v- .

figure that the magnitude Z in equapony 19.0%s given by -
7= V R+ (oL~ (197

The impedance tesms have been written as ﬁgc‘ro@llow for the different phases of

afeoL -+ )
B 5 144

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 is given by :
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Vo U
| D whenVLEVe g 19.600)
Ve . W NotagesVR o
In the case. of this parallel circuit, the voltage rather than the current, which is the same on
each element. As a result. the currents in three branches have different amplitudes and
phase. I the amplitude applied voltage to the circuit is V,, the current amplitude in R.C-
and L will !)e' : ‘ ’

boo= Vo

. R .
lt‘= \(’n = \,ﬂ'o I . ' -: ,(I()‘il)
: Xc 1/jwe S
o= Vo - e

iwl CL

The requirements of the three currents atany instant is that they add'to give the total current
passing through the source of emf. Th is requirement is satisfiedqf the generating vectors of
the three AC currents add vector ally equal the total current vegto .

As.in the last section. the relative phases of vectors car tained bv rotating the current
voltage diagrams of Fig 19.4 until the circuit requi s are met. In this case the -
requirement is that the phases of the voltage 15 of the three elements are same.
Fig. 19.7 shows the resulting current phase diaurarx%ch is more convenient to use in the
form or Fig 19.8 ﬂ ' ' ' :

FFig'1y.7 - ) - ) Fig 19.8 . :
This diagram gives the basis of calculation of the total current in the circuit as follows.
Using lo for the amplitude of the total current we write.

o =l + L,

= Vo Ill+|'+i'_ o

=Vo 1. ool - (19.12) -

The impedance terms are written as vectors to allow the phase information of Fig 19.4 to

be induced, using this diagram{ the reciprocal impedance can be evaluated as
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Since Lo - =— = 0, the magnitude of impedance is given by . ,

Co

-

7= N RS (X XY

=, v R:"-“((.'JL_—';_!.):
"o C

The effective reactance of capacitive reactance dépends upon
Ny > X or}{;, < Xe

The inductive reactance X is directly propottional fo 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 (f;) At resonant
frequency the two reactances are equal ie. X1.= Xeor Xi'=Xc¢ =0 then

T

AN

V.=V (See Fig I.C)'C)I)

| S
. when Vi =Ye ‘ ,
47 T ek VelteqesVp |
‘ ! it
ol =-— oy ==—-
oC LC '
. . .
or 2z fr = —— (as o = 2xf) . (19.20)
N e 1 '
1 ;
fr=— —Hz |
oo NLC G

Where X;, = X., at resonant frequency. The impedance is minimura and equal 1o the

resistance i.e Z = R.

Hence current in the circuit under these conditions is given by
i =V : '
R




= | /é:

RVC [ (1922

Generally. speaking the higher the Q value of the circutt, higher is-the i:»éiik‘ of its response
as a function of driving frequency @ : '

Jof=-====~=—7
Tofm-m—- A®
= 8
5 "
Current ',
'
- I '
j '
| s
]
s S .
S o5 1o 5 0 29 30

Fig 19.10 ' - |
Figure 19.10 is a plot of the response (current) in case ofas circuit as a function of the
cu

frequency of the applied emf. Tt can be seen thatethe cutfent and, herce, the power
dissipation in the circuit is maximum at the point of redgfiance ( C). Referred to this curve

A is the full width of the resonance peak at A JgIe the power dissipation dr’ops-to half .
its.peak value (or, where the current drops 1g, | /W& of its peak value.

19.7 PARALLEL RESONANCE Cl_RC'E% o |

A parallel resbnancé circuit is shown in Fig 1911 Ttis assumed that the resistance 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 '

e 2

Fig 19.11
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Check Your Progress:

1. Define Quality factor.
2. What are acceptor and rejector circuits.

Note: a} Space is given below for your answers.

| d i
- b) Compare your answers with those gtven at the end of the chapter.

Example — 1:

n 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 1o

produce resonance. Find also the P.D. across the inductor and the capacitor.

Let fr be the frequency of the applied voltage at resonance.

e 1 i 0
2nyLC 2m x02 x 0.5 x10° O

=. 139 x 10°cpsorHz ?\
The current flowing through the circuit at resonanQ~
| ir =200 = 20Amp
10

P.D. across the inductor

=L X 1
= 002x2 Trfr % 20
=0.02x2nx1.59%10°x20 = 4000 volts. |
P.D across the conci/enser plates

1 X
Co

- 20xV 002x05%x10°
0.5 x 10°

= 4000 volis |
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UNIT 20: ZEROTH AND FIRST LAW OF THERMO DYNAMICS

Contents

20.1  Objectives
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203  Thermal Equilibrium of a system

204  Adiabatic and Diathermic walls

20.5 Thermal Equilibrrum between two systems
206 Zeroth law of thermodynamics

207 Coﬁcept of temperature

208 Measurement of temperature

209 Difterent types of thermometers

20.10 Nature of heat

20.11 Work done by a gas as it expands 0

20.12 Summary O
20.13 Sample examination questions

20.1

OBJECTIVES E '

formulation of zeroth and first la

This Unit discusses the oncepts of thermodynamics feading to the
ws ermodynamics. To make you understand the

concepts the unit explains

1) the conditions under which a therm_odynamic system will be in equilibrium;
2)  theterms adiabe.ltic 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 whiie expanding
20.2 INTRODUCTION

In recent times we have studied, in case of a flow of energy into a system,
when svstem is working, that means heat energy converting into mechanical
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Fig 20.1

S . rav {b)
If two systems are brought mnto 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

e

Two systems are said to be in thermal equilibrium with each other when they are
in contact with diathermic wall in between them and their thermodynamic variables are
constant in time ‘ '

29.6 ZEROTH LAW OF THERMODYNAMICS

Let us suppose that we have two systems A and B with an adiabatic wall in
between them. Let A and B are in contact with system C throug diathermic wall. The
whole assembly is surrounded by an adiabatic wall Fig (20.2). ftef sometime systems A
and B will come to thermal equilibrium with C. Nowgffwe remove the adiabatic wall
between A and B and put a diathermic one, there _wi-o further change. In other .
words A and B will be in thermal equilibrium wighgach other even if we first allow A
and C 1o come to thermal equilibrium with each o@d then allow B and C to come to
thermal equilibrium with each other (Provi e sthte of C is unaltered through out)

—

| S - o v
Fig 202
These results are stated in the form of a law which says “Two systems in thermal

equitibrium 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
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T (X =273.16°K . ..(20.4)

We get - _
T(X)=27316'K — N ..(20.5)
oL X s . . .

20.9 DIFFERENT TYPES.OF TRERMOMETERS, .

" If we use as a thermometer a system with two thermodynamic variables, for
example, an amount of gas, it will be necessary te 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 temperature by theé equation’

TP)=273.16"K_" ¢ | ' ... {20.6)
'I?Ir
The second is the constant pressure thermometer in which only the volume ts allowed to
vary and we get temperature from the equation

T(V)=27316"K2. L .(20.7)

Vy .
In addition to these there are systems in which the anon of a single physical
property can be used to measure the temperature. Thuf thévolume expansion of a liquid
is used to measure. the temperature in the case of liqNgufi glass thermometers like the
mercury thermometer. The change in electrical ¥@9siance of a wire is used to measure
temperature-in the platinum tesistance thergagmetgr. The increase in the length of rod
can be used to measure témper,ature.. _Th%o e.m.f generated by a thermocouple 13
used to measure temperature in theggopi The variation in spectral composition
{colour) of the light emitted by a,bbd%ed to measure temperature in pyrometers.

20.10 NATURE OF HEAT

© We assume that when two systems at different temperatures are brought together,
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 calorie. A body which is 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 into 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 caloric fluid contained in them is squeezed out and we feel therefore
heat to be generated. - . S

300




initial state to the fina) 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= [ U, = -dwi_,{ : ) - ' (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 ot 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. o

dQ = Up-Uj + dWiy | ..{20.10)
or
dQ = dU + dW (20.11)

This is 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 agasYvith a piston which can
move freely (fig20.3). The work done by the gas wli th

F

ston 15 pushed up by a
distance dx is equal to r ‘

[ av
r—B

Fig 20.3 -
dW =F dx =P Adx=PdV ...{20.12)
dt ' - :
where A is the area of cross section of the cylinder and dv is the increase in volume. In
general, 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= [pa (20.13)
Vi :

This integral is graphically the area under the curve along which the system
moves in the P-V diagram between the limits V;and V(Fig 20.4)










UNIT- 21; REVERSIBLE AND IRREVERSIBLE PROCESSES
"Contents . AT
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214 Summary
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LA

Sample examination questions

21:1 OBJECTIVES

This Unit explains the reversible and irreversible processes..

After going through this unit you should be aple to make out what reversible and

reversible processes are,

21.2 INTRODUCTION

A change in the physical or chefieg] state of a system can be brought about by a
variety of processes. If the systeipdoe{not interact with the surroundings, it is called a
closed system. A process Is S8 e cyclic if the system returns to its original state
after undergoing through a sgries 8 operations. Any actual process however complicated
it is, may be considered %equivalent to a sequence of simple processes. Simple
process may be classified a isothermal {change in temperature is 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, ' '

213 REVERSIBLE AND JRREVERSIBLE PROCESS

The characteristics of reversible 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 cylinder-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 reservorr 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. Out of many ways of achieving this two ways are quite important.

[
Y
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Fig.21.1

Process 1: The piston is moved very rapidly. Afier some time the system comes
into equilibrium with the reservoir. Durtng the process the gas is 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
would have had at a given volume. The system passes from one equilibrinm state i to
another equilibrium state f as illustrated in Fig 21.2 through a series of new equilibrium
staies.

S T Constant

0O - z ib 0] v
. v
(o) (b
Fig 21.2

Process 11. The piston is moved very slowly say by adding sand to the top of the
piston, In this process the pressure, volume and temperature at atl times could be well
defined. Let a few grains of sand be added on the piston which is considered to be friction
less. As a result the volume of the system reduces by a small amount leading to a small
raise in temperature. The system departs from equilibrium state slightly. There will be
nansfer of heat from the system to the reservoir but with ¥n a short period the system will
reach a new equilibrium state, its temperature being of the reservoir. Let a few grains of
sand be again added on to the piston. The volume of the gas in the system reduces. After
some time 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 always in eq utlibrium with the reservoir. If the entire process
is carried owt with elemental changes in pressure. the intermediate state will depart from
equilibriuin even less. By indefinitely increasing the number of elemental changes, the
size of each elementai change can be reduced correspondingly. This will lead to an ideg]
process in which the system passes through a continuous succession of equilibrium states.
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process H 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 pressure by dP. The .
gas expands and the system goes to an equilibrium state, which it had earlier while

contracting. By successive elemental decrement of external pressure on the system by

dP. we can trace bacl\ the equilibrium states through which the system has passed through
earlier. :

Process 1l 1s not only reversible but also tsothermal because the temperature of the
gas differs at all times bv 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 g ¢as 1n the system can also be reduced adiabaucally by keepino
the cvlinders on a non-conducting platform say sand. In an adiabatic process no heat is
allowed 1o enter or leave the system. An adiabatic process can be either reversible or
treversible. In a reversible adnbatic process the piston is moved exceedingly siowly b)
employmtT the sand-loadmg technique. In the lnevemlble adiabatic process the piston IS
pushed down qmckl}

In an adiabatic compression the temperature of the gas increases, because as per
the first law of thermodynamics, the work W done in pushyog down the piston must
appear as an increase dU in the mnternal energy of the $stely W will have different
values for different rates of pushing down the piston and the coresponding
change dT will not be the same for levers:ble and irr hle adiabatic processes.

A process whether reversible or irrevers epends upon the staie of the system
and the nature of the process. Only reversible pro€esses can be mathematically described
n thermodynamics .or represented by graphs like Fig 21.2b. It 1s a maiter of
concern to know why all naturally odguiring processes in thermodynamics are

_imeversible. particularly when in mical processes reversibility can be at least
. progressively attauned as a final hmW#® elininating friction n elasticity etc.. As per

Boltzmann, irreversibility is confined to the behavoiur of the complex structure like a gas
reated as a whole and is not to be expected in the behaviour of the individual molecules
and arises 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 almosi
infinitely improbable.

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 is called a
closed system. A process 15 cyclic iIf the system returns to its orginal 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 propeities of the
system.
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OBJECTIVES

This Unit discusses how the efficiency of a heat enging calybe estimated.

In order to make you understand it explains whapt®amot Cycle, and
1 how 1t is useful in converting heat 1nto en®red. and

&
2) the factors that control the effigiency¥6f heat engines.

After going through this Unit Wgu shiould be able to understand
1) on what principle a re r works; and

the efficiency of heat engine depends on the temperatures of hot and cold
bodies and not on the working substances.

I~
—

22

INTRODUCTION

The laws of thermodynamics have a negative quality. which distinguishes them

from other laws of physics. The first law of thermodynamics 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 noi 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 n
locomotive. gas turbines employed in large electric power stations and i 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.
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fig 22,2
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Step 1: To start with let the gas inside the cylinder be in an equilibrium state whose
pressure. volume and'temperature represented are Py, V) andJ; respectively. This state
is represented by the point A in the P-V diagram illl_lé;trate_ i I 22.3. Let the system be
place on the heat reservoir at temperature T .as shown IINB#& 22.2a and the gas be
allowed to expand slowly. The process is reversi ma thermal expansion. Let the
expansion take place for some time when the pressureNyglfime and temperature attain the
values Py. Vs and Ty, This state is represented e point B i Fig 22.3. During this
process heat energy Qi is absorbed by the ggg by &nduction through the base. - Since the
expansion is isothermal at Ty the gas doe wdn raising the piston and its load.

P

~ - “Fig 22.3.
Step 2: The system is put on a non-conaucung stand and the_gas 1s aliowed to ex‘pan‘d ‘
slowly 1o P;VsTz This state is represented by the point C in Fig 22.3. The expansion 1s
reversible adiabatic process. The gas does work in raising the piston and hence its
temperature fails from T, to Ta
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2.4 REVERSIBILITY OF CARNOT CYCLE

Since the processes, isothermal expansion, adiabatic expansion, isothermal
compression and adiabatic compression are reversible processes because of total absence
of friction 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)
achabatic compression (C to B) and (4) isothermal compression (B to A). In this process
an amount of heat Qx is removed from the reservoir kept at lower temperature T2 and an
amount of heat (3 is delivered to the reservoir kept at higher temperature T,. In the
reversed Camot Cycle work must be done on the system which extracts heat from the
reservoir at low temperature. Any amount of heat can be removed from the lower
temperalure reservoir by repeating the reverse cycle. Thus the system functtons as a
refrigerator transferring from a body at a lower temperature that is freezing compartment
to one at high temperature that is the room by means of work supplled to it in the form of
electrical energy.

2AEFFICIENCY OF HEAT ENGINES

The efficiency of a heat engine q can be defined as the ra% the net work done by
the engine during one cyele to the heat taken in from t@h temperature source in one
cycle.

For the ideal Carnot engine we have

n= W =0Q1-02 =7- Q. Qs . .(22.2)
o3 Q |

Since Q> Q- the efficiency of § t 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
eneruy beat engine rejects some heat during the exhaust stroke. This is the amount of heat
absorbed by the engine, which is not converted into woik in the process

The efficiency of Carnot engine can also be expressed in terms of the
temperatures Ty and T of the source and sink.

Rd‘enm o to Fig 22.3 when the sy sten1 is taken through the path A B by reversible
isothermal expansion process, the temperature and internal energy of the ideal gas remain
constant. As per the first law of thermodynamics the heat Qi, absorbed by the gas in its
expansion must be equal to the work Wy, done in this expansion. Hence,

Qi =W, =MRT log | v- ' .(22.3)
V)

Whese M is the mass of the gas in moles and R is called gas constant. The value
of Ris 8314 Jmol 'K~




Example i: . _
" Calculate the theoretic eﬁimency of a steam engine opelamm at H) AtMos phersa af
which pressure water boils at 180 °C. The temperature of ihe condenser s 30°C.
The efficiency of heat engine can be expressec’ as o o

Ti—da= (27341800273 +30) : : : :
T (2734180 -

3

)

: 4;3) . G : . !
The efficiency of the heat engine 15 33%
Example 2:

A Carnot Cvcle uses 1 mole of an ideal gas whose € = 25 J mole” ™ as ‘hﬂ
working substance. It operates from the most compreesed stage of 10 aini- Piessues and
500 K. It expands isothermally to a pressure of I atm. and ther aidabaneatly reaches 2
most expanded stage at a temperature of 300 K. Delermine the numer teal vaines of F.em
and work done in each-stroke. Determine the efficiency of me syster.

The data givcn;}in the problem is presented m Fig 22.4

;1
'. APV, T, (100 ¥ VY, goor) 0
; \\ ALY ’-,-‘J-O ‘

\F;_ . -~
. =) ] v
Faly "z\? %

‘p‘?» Y3 Aer

The work done by the gas when the system goes fiom A to B m the sothermiai
COMPression Process.

i Vs
; . v
W, =j PdV = MRT, j dV=MRTylog _2
Vo ¥
Vi . i

Since the gas containéd in the cylinder is one mole M = 1. For the isoihermal procoss we , ;

ha\"e PlV] P"\""‘ Hence V? e El
YV P2

: [ P
Therefore Wi= RTilog, _L =2303RTy logw 1
p P

" it




22.6 CARNOT’S THEOREM

From the study of practical heat engines and the analysis of the ideal, Carnot engines
Camot 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 between thie 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 wo:]\mn
substance and depends only on the temperatures.

~ N . . . i
To prove the Carnot’s theorem let us consider two reversible engines E and E' as
shown in Fig 22.5

The engines E E' operate between the temperatures Ty and T2 where T, > Tz The
engines may differ in their working substance, or in their initial pressures and lengths of
stroke. Let the engine F runs in the forward direction (dxrect mmot Cycle of operation)
and let the a

- Fig 22.5 .
Engine E' runs in the backwald direction (reverse Carnot cvcle of' operation). The engine
F takes heat Q, at Ty and gives out heat energy Qa at T, The backward running engine
E' (sav refrigerator) takes heat Q:at T» and give out heat Q,, at Ty. Let the engines E and
E' be connected mechanically as shown in Fig 22.5 and the stroke lengths be adjusted so
that the work done per cvcle by E is just sufficient to operate E'

Let us assume that the efficiency of E say n be;, great'e\’ than the efficiency of E‘

say v _
LU Y 1 ) N I ...(22‘7)
Then Q:Q: » Q,-00_ SR S : L (22.18)
O Q' : .

Since the work done per cycle by one engine is equal to the work done per cycle
by the other enging. We have
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The actual efficiency of the heat engine is less than the maximum efficiency,
which is possible.onlv under ideal conditions. Energy is lost by friction. turbulence and
heat conduction. In steam engines the usual effi iciency attainablé is above 15%. Lower
exhaust temperatures or moreé complicated steam engines may raise the maximum’
efficiency attainable to 35% and actual efficiency realisable to 20%. The actual
efficiency of ordinary automobile engine attainable i1s about 22%. In the case of large
diesel otl engine actual efficiency realisable is about 40%. '

u

22.7 SUMMARY,

Camot’s Cycle is useful w iconvert'ing heat into energy. Camot's Cycle is &
reversible cvele consisting of four process namely (1) isothermal expansion (2) adiabatic
compressmn (3) lsothcnnal compressnon (4) ad:abatlc expansnon

The work done by Camot engine is given W = Qy = Q.. Where Ql is the heat
gained by the system from high temperature heat source and Q2 is the heat given out by
the svstem to lower temperature heat link. The efficiency of heat engine is given by

vio= Ll - The efﬁciency of heat engtive depends on the temperaturé of hot
T Q' ' _ o
and cold bodies and is independent of workinig substance.

Camot’s theorem may be stated as the eﬁici@f reversible engine operating
between the same two temperatures 1s the same an irreversible engine working
between the same two temperatures can have ter efficiency than the reversible

engine, : _
22.8 SAMPLE, E\A’WINATION tE g-IONS

i Answer the following questio detail.

.\ I i . q L. .

1. Show that in a Carnot Cycle the net work done by the system is equal to the
difference of heat gained by system at tempemture Ty and the heat given out
by the system at temperature T- :

19

State and prove Carnot’s theorem.

3. Define what is meant by efficiency ofa heat engine. Derive an eVplessmn
for the efficiency of the heat engine for the efficiency of the! heat engine in
terms of temperature of the source and sink.

1 Solve the following pl‘oblems

F

1. Anideal heat engine operates in a Carnot cycle between 300 and l)O"C It
absorbs 50 X 107} of heat at the higher temperature. How much work per
cvéle is turned out by this engine.

' {(Ans: 13.1J)




UNIT - 23: SECOND LAW OF THERMODYNAMICS AND ENTROPY
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233 Deﬁniri_on of Entropy
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3.8 Second law of thermodynamics interms of Entropy

23,9 Entropy and Disoyder
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23.10 Summary :
23.11. Sample examination Guestions 0

23.1 OBJECTIVES - . 0

This Unit discusses the formulation of sg€onid law of thermodynamics and tts
application. Also discusses the concept of v and its application in understanding the
second law of thermodynamics.

To make vou understand the co@his Unit explains
(1)  Formation of second law of thermodynamics

(2)  What is meant by entropy and how it changes in reversible and irreversible processes
and ! S ‘

[

(3} The second law of thermodynamics interms of Entropy

After going through this unit you will be able to explain thermodynamic temperature scale,
and make out that ithe Entropy is a measure of disorder.

23.2 INTRODUCTION

The first law of thermodynamics ‘estabiishes the internal convertibility of heat and
work. Experience tells us that no law achieves [00% efficiency in converting work nto
heat. For example: by devising a machine whose sole function is to create friction between
moving pait. The convert progess, that s complete conversion of heat into work. has not
been found possible. .Investigations on the possibitity to achieve complete conversjon of
heat into work led to 1;']1e 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 tn two different forms, Lord Kelvin along with Planck stated the
law, which is as follows:

It is 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 — 1t 1s 1impossible to construct a
device which, operating on a cycle. will produce no other effect than the wransfer 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 in either way can not be proved directly since it is
in the negative form. — To show that the two statements are equivalent it is enough if we
simply prove that i one statement is false the other statement also is false.

- Let us suppose that the Clausius statement be false. Then we can — have a
refrigerator operating without external work. By connecting thig perfect refrigerator to an
ordinary engine as shown in Fig 23.a heat would be returged 1§ the hot body without
expenditure of work and would become available again for us the heat engine. Hence
the combination of an ordinary engine and the perfect rator would constitute a heat
engine, which vio]a_tes Kelvin — Planck statement. '

¥
!
1
]
& n & |

IRL
e

_..'....._____.I
}
'

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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Q = __1_ =F(8162)

0 -feey T o | (23.4)
Where F denotes some other function of 6, 62. Fora reversible engine working between €,

and 0. Where 8. >0z, we have

Q. = F(6:83) S :
42 ‘ ' ..{23.5)

For a reversible engine working between 61 and 83 where 61 >63 we have
Q= F(6193)

Q3 , . | ..(23.6)
Multiplv Eqs and 23.2 and 24.5 we get

Q x Q= Q = F(6:8:)= F(6;:.82)x F(6:9:)

Q: Q: Qs (237

Eq. 23.7 is valid only if L - '
F 00— ©(8) | - 0

3 ©2) B Q ..(23.8)
Where ¢ is another function of temperature. Thﬁrefm whOr any reversible engine we can

write

Q = 06 . Q,
Q. 2(©:) _ .(23.9)
Since 8, >8> and Qi > Q> we have& $(02).

This indicates that $ (8) is a linear function of & and may be used to measure the
temperature. Let ¢ (8) be denoted by 1 . Then Eq 23.9 becomes.

Q_= "
Q: = B ‘ L2310

Equation 23.10 can be used to' define a new scale of temperature r, which is called
thermodynamic scate or Kelvin scale. This scale is 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 in and rejected out by an engine working
reversibly between these two.temperatures. '

The zero of Kelvin’s temperature scale i.e., T = 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 Q2
becomes negative implving that the engine would draw heat both from the source and the
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The above theoretically developed Kelvin’s tempeéreémfe scalecan bé realiiéd i
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 ‘ c T .

n=1-Q: = 1-T: o - -
- Q T | _ L(23.11) .

s

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 . : ¥ o :

T = 0 . SRR L 2312)

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 meiting point of ice measured %perfect gas scale we have

T —T:5100"

: Co : : ' LA2313)
" Onthe Kelvins temperature scale we have for the td points .’

T-T:=100 ) o~ Q T e (23.14) - |
We can writ'e‘ - . 2 SRR 'h . ' : |
n_= T]—‘Tg = 100 - : @ e SoTo . _ .
o T ;Tl : v C : (2313 '
Andalso _ | N o "‘ _. ' - . o A “
n'=T1-T2 = 100 ° Sl

T T1 -

Egs. 23.15 and 24.16 mdicate 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 two scales and hence the two scales as identical. The melting point of ice .
given in Clausius scale as O° Cis equai to 27315 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 temperature, the more difficult it is to go still lower. This practical experience
has led to the formulation of the third law of thermodynamics. It can be states as that it 1s
impossible by any procedure, however idealized it may be, to reduce any system-to the
absolute zere of temperature in a finite number of operations. Since.we cannot have asink-
at absolute zero, {o realize a heat engine with 1 00" efficiency is a practical impossibility,
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T Qa"'T =0 }1 ’ ST ‘ . (23 18}

in the limit of mf’ nite small temperaturé difference between the 1sotherms we get

g} & LA " "_.:.(23.'_'1'9)'

' The sign tpswmf" ed mtegm’non around a complete cycle A zero value fora cycllc mtecrral
implies that the function being integrated is independent of the path over which the
integration is niade. Such a function is called.a state function a thermodynamic property.
This thermcci\ namic property 1s called entropy and hence we have - .

640 L ...(23.20)
LT '
And
lds= 0 o - _ @2y . |
The units of enf't_ropy isJK -l : N _

" Entropy. miy be defined as that thermal property of a'substance which remains
constant when the substance undergoes adiabaticqghanges since heat 'is neither
communicated to the system nor taken away.ﬁ'om it . @)hysical quantity which can not.

f"""he felt“like temperature and pressure. It is 3.gdefi single valued function of the
* thermodynamic co-ordinates which define the @a the substance namely temperature,

" ._'_pressure \:o|ume and mtemal energy.

236 CHANGE IN ENTROPY IN %EIBLE PROCESS IR
| ' t

=
. Consider any two equil s A and B of a system and the paths’ connectmnr
“them are feversible as shown i 3.7 ‘Fortliis type of system-where the process is a

" “reversible progess we have S S e :
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Sp-Sa=ASw=:4Sw - | . ..(2328)

Eqn. 23.14 mdlcates that.the heat which is absorbed or lost by the system durmg 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 surroundings. Hence the sum of entropy changes of the system and the
surroundmgs must be zero. Hence .

A'S an (System) = ‘3|A S as (Surroundings) : ‘ ...(23.29)
ASTm;ﬂ:ASBAS_\:;,-‘FA:SAB(_SUI'I'OUI‘ld]‘l‘lgS) ' ...{23.30)
| Example - 1 I.

Determine the change in entropy in the conversion 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 reservoir
at 100°as shown in: ﬁg 23.8,

Fig238 - .

. 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 ent;n;opy of the system. “
AS=] _dQ
: T

~SinceTis constant

as=_1.Ja=0

T T . | | : ,

i
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A S ool hode = ﬂ(zz_

T2 ..(23.32)
The entropy change of the sysiem
A Ssystem= A Shovody + A S coldbody ... (23.33)
ASSystem= _ Q + Q =Q |1__ L
- T T 2 Ty | ...(23.34)
Since T; > T, ' : ...(23.35)
A 8§ System >0 ... (23.36)

In the irreversible adiabatic heat conduction process the entropy of the system increases.
(1) Free expansion.

Consider an ideal gas of volume V| expand into vacuum and let the final volume be
V2 Since ne work is dene on the system in the expansion process and the gas is enclosed by
non — conducting walls as shown in Fig 23.10 . : '

s e j
PN Ny Y

QO

F.Q = 0 From the first law of thermodynamics AV = 0 that is Ui = Uy wherciand £ _
represent the initial and final states. Since the gas is an ideal U depends on the temperature
and not on volume or pressure. Hence the temperature of initial and final states is the same
e Tt=Te=T - '

The free expansion is a iveversible process. There occurs a change in entropy of the
system when the volume changes from V; to V2. 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 achieved. This is an isothermal process. The heat absorbed can be calculated based
on first aw of thermodynamics. Thus

dQ=dw=Pdv=pRT & _ |
v - (2337)
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In terms of disorder we can calculate the change 1n 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 15 proporhonal to W, Hence the probablllty of ﬁndmg a smgle molecu]e n V 15
givenby = 7 - B s
WI1'=cV o : S .(23.44)

Where ¢ is constant. The probabthty of ﬁndmg N molecules samultaneously in the volume
Vis W given bv ’ - -

W= w\ (CV) " ...(23.45)

Subst:tutm;_ Eq 2345m Eq 23. 43 we get
S= KNloccV I\N (logC +1onV) T ...(23.46)

The dlffe‘rence In entropy between a state of volume Vyand a state of volume Vi when T
and N are constant can be given by :

Sy - §i=KN (logC + Log V)= KN {log C +log V) 0 ...(23.47)
S-S =KNlog_ " =RN log Vf | O
S v N v {?. ..(23.48)
*Si=pRlogi"-’- SR
ooV Q‘ ...(23.49)

Where Ne represents the Avagadro’s
Eq. 23.39 s the same as the Eq (‘23 39)

Due to irr e»emble expansion if the volume of the gas doubles then W goes from
(CiV) to (C2 V)™ Since W represents disorder, it increases in the natural 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 (Accordimg to Kelvin).
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for reversible adiabatic process and
SF>Si - S ..(23.47)

for irreversible adiabatic process. Where Si and S;represent the initial and final enitropies
of the system. '

The statement of second law in terms of entropy of the system is 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/Th. 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 is a decrease. This violates the
principle of second taw and if the law is to be retained as applicable then there is no such
thing as perfect refrigerator. : '

The statement of second law in terms of entropy of the system is also consistent with .
Kelvin-Planck statement. which implies that there is no such thing as perfect heat engine.
If there is a peifect heat engine then the entropy of the reservoir at temperature T should
decrease by Q/t where as the entropy of the system femains unchanged giving rise to anet
decrease in entropy of the system pius environment. This violq‘tesge second law stated tn
terms of entropy and hence there is no such thing as a perfect h ine.

Example — 2.

Determine the entropy chan@e of a system é%sisting of 5SKg of ice at 0" C which

melts, irreversibly to water at 0" C. The lat t of melting is 333 Jg. Since ice is is
made to melt irreversibily, it must be _kepWin contact with a heat reservoir whose
temperature is 0°C by only a differenti nt. When the temperature of the reservoir1s
lowered by a differential amount the m | ice begins to freeze. Since the process is
reversible the change in entropy. . o ‘
as~f R
s T T

now Q=5x 10° g x 333%/g = 1665 x 10°J

A S System:= _ 1.665x10%] ' = 6.1x10°JK"
' .2713° K

The change 1n entt‘bpy of the environment

AS environment = — 1.665x10°j=~6.1 X 10°JK ™
273K .
The net change in the entropy of the system plus reservoir ts zero

In practice melting of ice is an irreversible process. Suppose 1ce 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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£

24.1 OBJECTIVES

This unit discusses the equation for thermodynamic potentials and their derivation
by combining the ™ Law of thermodynamics and Carnot’s theorem.

After soing through this Unit vou should be able to find out the mathematical
refation between E, H, A and G.

242  INTRODUCTION { \
N/

Manv useful thermodynamic relations ca btained, based on the laws of
thermodynamics and the properties of the syatem YFrom the first law of thermodynamics
we have ' < ?Q,

d& = dQ + dW % ..{24.1

Where dE represents the change in energy of the system dQ represents the
elemental heat produced and dW represents the elemental work done. Eq. 24.1 applies to
hoth reversible and irreversible process.

For a revrsible process we have, based on Camot’s theorem.

dQ="Tds ...(242)

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 - ©..{24.12)
Comparing Eqs. 24.8 and 24.12 we get
dH| =T | o {z813)
dP jp
and

[d_} Y o | | L(24.14)
IdP ) | : .

" The Helmholtz free energy of the system A is characteristic function of Tand V.
1t is defined as

A(TVY=E-TS ..{24.15)
Since '
A=A(TV)

dA = ar + v O {24.16)
\ T - |
Also since st \
- A=E-TS _ @ e
' {24.18)

dA = dE - TdS - SdT

We can write h ' 0
{dA} [dA ]

dT dv

Using Eq. 24.4 in Eq. 24.18 we get

dA = TdS - PdV - TdS —~ 8dT

or _

dA =-PdV - SdT L. (24.20)
Comparing Eqs. 24.16 and 24.20 we gei

(49 = -S ~(2421)

LT v

and




i

_ The parameters E, H, A and G are called the thérmodynamic potentials The -
sequence for transformations leading to these thermodynaimic potentials was ficst devised
by Gibbs. From a knowiedge of any one of these potentials as a function of its natural
varables one can calculate the otlier thermodynamic potentials. To illustrate if E (5. V)
is know e éan determine T (S: V) and P (8. V) from Eqsi24:5%and 24.6: By ehniiuiting
S from the equation 24’5 and 24.6 we can get the equation of the state F (P, V., T)=0

' Since conditions of constant pressure are more prevalent than the conditions of
constant volume. H and G occur more, naturally in experimental thermodynamics than E-

and A, e
Since volume can be more easily defined theoretically than pressure. E and A are

more fundamental quantities in statistical thermodynamics. A and G are important in the
study do thermodynamic equilibrium. The.four differential expressions '

dE = TdS - PdV
dH = Td$ + VdP o - -
dA = -SdT - PAV _

4G = -SdT + VdP - 0

Provide a starting point for the derivation of -uséful relationships among
thermodynamic variables. To remember the above diffegg 1al relations a device 'can be

used as illustrated in 24.1 ?\ _

Fig 24.1

The four independent variables Py S, T’V (in alphabetical order) are placed at
the comers 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 by the quantity diagonally opposite.
Add if the diagonal move follows an arrow and subtract if it opposes an arrow. To
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251 OBJECTIVES © . - . ’6

This unit discusses the Maxwell’s thermodynamic ’dns and its applications.
- After going tthllg:h this unit you will be able '&\ .

(Y - Understand the l\fiaxwell'é thermodyn@wations,__ -
(i)~ Explain the applications of these@ons .

25.2 lNTRODUCTlON

| The main am of this chapter is to make use of 2 Iaws of 1hermoca\rnamics in -
convenient form and o a set of fundamental relations, known as. thermodynamic
relations. which find ready application to particular problems. ; Here the main aim 15 to
deduce these relations & indicate their appllcanon to some thermal phenomena

. In genera] the condmon of a substance is comp!etely detelmmed by any pav ot

| the quantities P, V. T & S. In solving therefme ANy thermodvnalmc probleni, the pair

most suitable is chiosen as mdependent variables. Also, the applications aspect espeualh

to that of (1) clausius clapyron s latent heat equatlon & (2) Joule —Kelvin Effect’is dealt
in this chapter, though there are many other applications, +The: c[uantmcs dea!t above as P,

V, T & § are pressure, volume. temperatu re & en tromf respectwelv '

253 Mf\\W ELL’S EQUATIONS

B

Maxwell’s Equa‘nons can be’ deiived darectlv ﬁom thelmoclynamxc potent:als &also
usmg, 1 law of Thennodynamlcs »
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Which give df | =-pandidf [=-S
dg [T dt |V

Partially differentiating w.r.v.t andwh.v. respecti‘vely
We have

Hf = and d f QS
d\rdt dtdv dv
T

Since df 1s a perfect differential we have [_p] [ :lThxs is Maxwell’s 3" equatlon

P
e

‘ V. Relation: Glbb s Function G=U+Py-Ts

In terms of basic coordinates

dG = Vdp - sdT, Which gives,, Ed_g]: Van{ _:ﬂp = -
P dt ,

Differentiating w.r.t. T & differentiating w.r.t.P. respectiveéhe above equations,

we have
&EG =|dv|&
dpdT 1 dT|p dep

Since dG is a perfect differential ?
dp dp

Hence we write

th 2 ‘
dv | = |[_ds| Thisis Maxwe equation
dT | p dp

These above Maxwell’s thermodynamlc 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 equatton

Ap d .. (25.3)
47 v

Multiplying both the sides by T, we have
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One essential condition of Joule-Kelwn S. expansuon ‘of a real gas 15 that the
enthalpy of the gas h = u + Pv must remain constant 1.e. h = 0. although there is a
pressure difference across the throtthng valve of porous plug,

Joule Kelvins coeﬁ' cient is deﬁned‘ as the satio of the temperature of a gas to the
change of pressure upon lhrottllng at constant emhalpy & represented by u

Thusp =(dT/ dP) h .

- The e\pn for jucan be achleved 1e. Joule Kelvin coeﬁ'lclent is terms of the basic
thermodynamics coordmates from enthalpy & second T ds equations.

Enthalpy h=u+Py _— _- o o (25.9)
and dh = Tds + udp | ' 2 [ |

Taking the second Tds equation R
Tds = cPdT - 1[ ] dp @56
and subststutmg_the value in equ-atig':oﬁ (Iés‘ﬁ),ébdye @é@

dh = cpdt 11 g] dp+Vdp - i O '
det—dh+[ d\] ~-v] dp@

dT= dh [T[ o
dT v —v]dp

dh = 0 since enthalpy b is constant ,

dre | [[ma —v]dp L
CP ) dv L ]

BU‘dT [ ] -d'; dp .' - . .‘ ! o ‘

: 50 we \\meEdI:l _L [T dv ___- ] L

cr s
[]we have R ; N [4 W .I-I_' 1 . _._"._;‘.I; P
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FACULTY OF SCIENCE
SECOND YEAR (3 YEAR QEGREE COYURCE) EXAMINATION
MODEL QUESTION PAPER
COURSE I: ELECTROMAGNETISM & 'l'HERMODYiﬂAMICS

Time: 3 Hours Max Marks:70

Min Mayks: 25

SECTION-A
(Marks: 3X15=45)

Instructions to the candidates:

1)  Answer 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 € theorem find the intensity of the
* " field of uniformly charged sphere. : _
3) Drive an expression for energy stored %eld of a charged condenser,

4) State Kirchoff's laws. Applymg ese laws, calculate the potential difference and
current in a multiple loop :

: t
5) Describe Thomson's method of experiment for determining e/m of an electron.
6) Drive differential relations for thermodynamic potentials.

SECTION-B
(Marks: Sx5=23)

Instrmctions to the candidates:

1) Answer anv five of the following 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.




