Gf —Gb

. E = (2.17.6)

€9

Thus the net electric field inside the dielectric is less than the applied (external) electric
field. (But recall that net electric field in the conductor was zero.)

Moreover, it is found that if the external electric field (E)) is not very strong, then the
polarisation (P), is proportional to the net electric field (E) inside the dielectric.

ie. P o< E

. P=¢gxE (2.17.7)

where x, = constant, which is called the electric susceptibility of the dielectric medium. It
depends on the nature of dielectric and the temperature. The dielectric obeying P o< E is called
a linear dielectric.

P
From equation (2.17.7) x, = SO_E (2.17.8)
°f
Using E) = = and P = G, in equation (2.17.6), we get,
0
g Bg—P
E= ") — (2.17.9)
0
. ¢E = ¢gE — egxE (" From equation 2.17.8 P = €, E) (2.17.10)
. §E + gx,E = €E/ (2.17.11)
Ee (1 + x,) = Eg, (2.17.12)
€,(1 + x,) is called the permittivity(€) of the dielectric medium; i.e. € = g, + x,)
(2.17.13)
. Ee = Eg, (2.17.14)
E= 2.17.15
. = oleg (2.17.15)
Here, g is called the relative permittivity € of the medium and is also called the dielectric

constant of the medium K. Value of K is always greater than 1.

Thus, =~ = ¢, = K (2.17.16)
0
) go(l+x,)
From equations (2.17.13) and (2.17.16), T e = K
0
.K=1+«x (2.17.17)

e

This equation shows the relation between two electrical properties x, and K of the

dielectric.

Now, equation (2.17.15) can be written as

Ey
K
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Thus if the electric field in certain region in the free space is Ej, when a dielecrtic is

placed in that region, the electric field in the dielectric becomes Kt part (i.e., % times), the
value in free space.
Electric Displacement : When a dielectric is placed between the plates of a capacitor, the

Gf—G

net electric field produced in the dielectric is given by E = 2 , where G, = value of

0
surface density of free charges, ¢, = Value of surface density of bound charges.
c,—P

Since ©, = P, we get E = —L (2.17.19)
0

. ¢E + P = G, (2.17.20)
. . - N - - . . . -
The directions of E and ) are the same. €,E + P is called electric displacement D.

- - -
D =gE + P (2.17.20)

It is a vector field. Using the definition of B, many equations regarding electric field

become simpler in form. Gauss’ theorem in the presence of a dielectric is written as

§D.ds =gq (2.17.22)

where ¢ is only the free charge (it does not include the bound charge). Thus in case of

. . . . ® ... ® . =
dielectric the field related to the free charges is not E, but it is p, that is E E + P.
2.18 Capacitor with a Dielectric

When there is air (or vacuum) between the plates of the parallel plate capacitor, its
. . . goA
capacitance is given by C = 5 (2.18.1)

where €, = permittivity of vacuum, A = area of each plate and d = separation between two
plates. Now if the entire region between these plates is filled with a dielectric medium having

permittivity €, then to obtain the formula for its capacitance C', € should be placed in place

of g, in the above formula.

. L cA

s C' o= = (2.18.2)
c _ £ _
c =5 =K (2.18.3)

where K = dielectric constant of that medium.

. C' = KC (2.18.4)

Thus, putting a medium of dielectric constant K between the plates of the capacitor, its
capacitance becomes K times and thus its capacity to store electric charge also becomes K
times.
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Ilustration 11 : A capacitor consists of three parallel plates of equal area A. The distance
between them is d1 and dz' Dielectric material having pemittivity € and €, is present between
the plates. (i) Calculate the capacitance of such a system. (ii) Express this capacitance in terms
of K1 and K2.

Solution : As shown in the figure, the two capacitors are connected in series. If C is the
total capacitance, then

1 _ 1, 1 pieo b o2t
C — C c, Ut T g and by = Ty
1 2
d d
1 _ 4 22 .
T~ gA T 5A Cy G2
dig,A+gAdy  dgy +dyE
£,8,A” ggx A el €,
. L W & *
' T dgytdyy 0T Y T d, , 4
g & B
i
dy a5
& o o
From K, = Ty we get € = €K . Similarly €, = ¢ K,, where € = permittivity of vacuum.
L C = A _ Ag,
: 4 d, 4 d,

gk, ’ gk, K, ' K,
2.19 Van-De-Graaff Generator

With the help of this machine, a potential difference of a few million (1 million = 10° =
ten lac) volt can be established. By suitably passing a charged particle through such a high
potential difference it is accelerated (to very high velocity) and hence acquires a very high

energy (%mvz). Because of such a high energy they are able to penetrate deeper into the
matter. Therefore, fine structure of the matter can be studied with the help of them. The
principle of this machine is as under. =

Suppose there is a positive charge Q, on an insulated conducting
spherical shell of radius R, as shown in the figure 2.20. At the
centre of this shell, there is a conducting sphere of radius

r(r < R), having a charge gq.

Here the electric potential on the shell of radius R, is

Vi = % + ];—q (2.19.1) .
Figure 2.20 Principle of
and the potential on the surface of the sphere of radius 7, is Van—de—Graaff Generator
r = R r 4.

It is clear from these two equations that the potential on the smaller sphere is more and
the potential difference (p.d.) between them is
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— kg [1_%] (2.19.3)

Hence, if the smaller sphere is brought in electrical contact with the bigger sphere then the
charge goes from smaller on to the bigger sphere. Thus charge can be accumulated to a very large
amount on the bigger sphere and thereby its potential can be largely increased.

£y, spulley The machine based on this principle made by Van-De-Graaff,
is called the Van-De-Graaff generator.

As shown in the figure 2.21 a spherical shell of a few meter
radius, is kept on an insulated support, at a height of a few meters

from the ground.
conducting . .
belt A pully is kept at the centre of the big sphere and another

pully is kept on the ground. An arrangement is made such that a
pulley  pon-conducting belt moves across two pulleys. Positive charges are
obtained from a discharge tube and are continuously sprayed on
the belt using a metallic brush (with sharp edges) near the lower

Figure 2.21 pulley. This positive charge goes with the belt towards the upper

Van-de-Graaff Generator  pulley.

There it is removed from the belt with the help of another brush and is deposited on the shell
(because the potential on the shell is less than that of the belt on the pulley.) Thus a large potential
difference (nearly 6 to 8 million volt) is obtained on the big spherical shell.

Mlustration 12 : Q amount of electric charge is residing on a conducting sphere having
radius equal to R,. This sphere is connected to another conducting sphere of radius R, by a
conducting wire. Calculate the electric charge on each of the spheres. The two spheres are
separated by a large distance.

Solution : Let g, and g, be the electric charge present on the two conducting spheres
after being connected with each other.

- Q=gq, +q, (D

The electric potentials of the two spheres have to be the same, since they are connected
by a conducting wire

a4 R o)
R, 7 R, " g = R,

Hta,  Ri+R,

a R

Q R, +R,

@ — R,

R,

- 4, = R+R, Q 3)

Substituting the value of g, in the equation (1), we have

R2
Q=4 + R+R,Q

This gives ¢, = R IR
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Ilustration 13 : Find the effective capacitance of the network shown in the figure and
find the charge on each capacitor.

Solution : Here, C, and C, are in series. Their equivalent Cy, Ilm pF
I
C,C
. . . v 23 _  200x200
(effective) capacitance is C' = C,+C, = 2004200 . 200 pF 200 pF
21 | 3 |
= 100pF. 1 1 +
©300v
This C' and C, are in parallel connection. Their equivalent Cyf | ?_
capacitance is C'' = C' + C, = 100 + 100 = 200 pF. “m:l-l
This C'' and C, are in series. Their Equivalent capacitance is C'"" = C.."C4 = 200x100
4 : q p C'+C, = 200+100
200
R

. . . 200x10~"2 5
Now the charge supplied by the battery is Q = C 'V = | = 3 |(300) = 2 X 10°C.

". charge on C, and C'' are equal and each is equal to 2 X 107%C.

. Charge on C, is Q, = 2 X 10°C = Q"' (on C'")

Charge on C'' is divided on C' and C,. Since C' and C, are of equal values, that charge
is divided equally on them.

. Charge on C, is Q, = 3Q, = 1 x 10°C = Q'... (on C")

The charge on C' has the same value as on C, and C,.
L Q,=0Q,=1x10°C
Ilustration 14 : Find the capacitance of the capacitor shown in the figure. Area of

AB is A. K, K,, K, are dielectric constants of respective materials.

. cA KSOA A B
Solution : We shall use the formula C = a - 4 &
and also use the formulae for series and parallel connections. 4 K,

Here, the capacitors formed by K, and K, are in parallel
and hence their equivalent capacitance is

Koe (A2) K (A2) K K,
_ _ 270 3%0 2
Cu=C+C = —gmy t ~wan

_ §A
= LK, + Ky

The capacitor formed by k1 is in series connection with this C The equivalent

23°
capacitance of the entire system is

KigoA [@(K +K )}
c - CCy a2 | 4 7?2 3 _ 25,A K(K,+Kj)
Ci+Cy KpeoA ) Teoh o e ) d QK +K,+Ky)

/2 d 2T
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‘ Illustration 15 : A capacitor has air between its plates having
separation a. Now a metallic slab of thickness b is placed

‘[ between its plates as shown in the figure. Show that now its
. . €A . .

a Ih capacitance is C = OT;,' Does this value of capacitance depend

J on the position of the metallic slab between the plates ?

Solution : One capacitor is formed in the upper region with

thickness x,. Let its capacitance = C,. Other capacitor is formed
in the lower region with thickness x,. Let its capacitance = C,. In
| the thickness b, there is metallic slab, hence no capacitor is

o= < == formed (because its two surfaces cannot be considered as isolated
¢ . . . .
[ _ — _ I ' from each other.) Here, C, and C, are in series. If their equivalent
i Ii 1 1 X X X, +x
: O P LR D S 2 AThH
l i i i I_i_: capacitance is C; c - + C, = A + A T £oA
| . C = 8OA
o X tx,
. goA .
But Figure shows that x, + x,=a — b .. C = e This value does not depend on the

position of the metallic slab. Put it anywhere but (x; + x,) remains constant and only in this
much region capacitor is formed.

Illustration 16 : The area of each plate of a parallel plate capacitor is 100 cm” and the
separation between the plates is 1.0 cm. When there is air between the plates, the capacitor
is charged with a battery of 100 V. Now the battery is removed and a dielectric slab of
thickness 0.4 cm and dielectric constant 4.0 is placed between the plates. (a) Find the
capacitance before the dielectric is introduced. (b) Find the free charge on the plate and the
surface charge density on it. (c) What is the electric field E; in the region between the plate
and the dielectric ? (d) What is the electric field in the dielectric ? (e) What is the potential
difference between two plates after the dielectric is introduced ?

Solution : A = 100 X 10™*m* d = 1 x 107m, V, = 100 V
d' =04 x 107”m, K = 4.0
(a) When there is air between the plates, the capacitance

A (8.85x107"2

c o= SA )100x107*)
o d 11072
(b) g, = CpV, = (885 x 107'%)(100) = 8.85 x 107 C

This is free charge. The surface density of charge is

= 8.85 x 1072 F = 8.85 pF.

9 _ 8.85x107"
A 100x107*

(c) The electric field between the plate and the dielectric is produced by the charge on the
plate, that is by the free charge.

c = = 885 X 107 C/m?

8
LBy = == 2820 0000 Vim
0 8.85x10
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(d) In the absence of dielectric the electric field at that place would be E;. Now on putting

E
the diclectric there the electric field is E = 2 = % — 2500 V/m.

(e) Now, the potential difference (p.d.) between the plates (from V = Ed) is
V'=E(l - 04) x 107 + E(0.4 x 107
10000 (0.6 X 107%) + 2500 x 0.4 X 1072

=60 + 10 = 70 V.

Illustration 17 : A substance has a dielectric constant 2.0 and its dielectric strength is
20 x 10° V/m. It is taken as a dielectric material in a parallel plate copacitor. What should be

the minimum area of its each plate such that its capacitance becomes 8.85 X 1072 UF and it
can withstand a potential difference of 2000 V ?

Solution : K =2; E =20 X 10° V/im , C = (8.85 X 107%) x 10° F
V =2000V, A =2
Charge on capacitor Q = CV = (8.85 X 10_8) (2000) = 17.7 X 107 C

-5
surface density of charge on the plate 0 = Q _ 17.7x107 C/m?.

A A
If there were air between the plates, the electric field would be E0 = %, but here a
. . - . _E, o
dielectric is placed. Hence the electric field is E = = = Ke, -
¢ 17.7x107 )
. 20 X 10° = = A =05m

(A)(2)(8.85x107'%)

If the value of A is smaller than this, E becomes greater than 20 X 10% and dielectric
breackdown occurs.

Ilustration 18 : Two identical thin rings each of radius R m
are kept on the same axis at a distance of R m apart. If charges on

them are Q, C and Q, C respectively, calculate the work done in
moving a charge Q C from the centre of one ring to that of the other.

Solution :

It is clear from the figure that AO' = BO = VRZ+R? = (J/2)R

Centre of each ring is at equal distance = (42 )R from the circumference of the other ring.

. Potential at O is V1 =

. . 19 19
and potential at O" is V, = 4me, R\2 +
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‘. Potential difference AV = V

. Work W = g(AV) = “meR

1 1
TV, = 4me R Q, - Q) + 4ngORJ§ [Q, — Q]

1 1
= dng R (Ql - Qz) - 471780R-\/5 [Q1 - Qz]

= 41:;01% Q - Qz)[l—%]

= 4n;0R Q - Q2)[ «2/5_1} Y

q(Q,—-Q,) [2%} |

SUMMARY

The information about the work done in taking an electric charge from one point to the
other in the electric field is obtained from the quantities called electric potential and
electric potential energy.

B

Jﬁfr is the line-integral of electric field between points A to B and it shows the work
A
done by the electric field in taking a unit positive charge from A and B. Moreover, it does

not depend on the path and jSEcZ’ = 0.

“The work required to be done against the electric field to bring a unit positive charge
from infinite distance to the given point in the electric field, is called the electric potential
(V) at that point”.

P
Electric potential at point P is Vp = —J‘ﬁd_;
.. joule  _ . _J
Its unit is onlomb = volt. Symbolically V = C

Its dimensional formula is M'L>TA™!
Absolute value of electric potential has no importance but only the change in it is important.
“The work required to be done against the electric field to bring a given change (g) from
infinite distance to the given point in the electric field is called the electric potential
energy of that charge at that point.”

=

U ——fpﬁd = gV
P 6100 =AY,

The absolute value of electric potential energy has no importance, only the change in it
is important.

S

Electric potential at point P lying at a distance r from a point charge ¢ is Vp =

._
=
>

The electric potential at a point at distance r from an electric dipole is V(?) = Jmg, 2
r

... (for r >> 2a)

1
g

Potential on its axis is V. = +7 . Potential on its equator is V = 0

\.\)l..B
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10.

11.

12.

Electric potential at a point r due to a system of point charges 4, 45 - g, situated

at positions o P aor

The electric potential at point 7, due to a continuous charge distribution is

p(ﬁ)dr'

1
V( 7) = 4,

- o
volume | y— 7'|
The electric potential due to a spherical shell is

1

V= dne,

4q - _1 4
PR (for r 2 R) and V = g, R (for r £ R)

A surface on which electric potential is equal at all points is called an equipotential

surface. The direction of electric field is normal to the equipotential surface.

E = _Z—ZV gives the magnitude of electric field in the direction of di . To find E from V,

in general, we can use the equation

= oV, dV =+ dVp
E = —(a—xl‘i‘g‘]ﬁ‘a—zkj

The direction of electric field is that in which the rate of decrease of electric potential

with distance (—;i_lV) is maximum, and this direction is always normal to the equipotential

surface.
The electrostatic potential energy of a system of point charges ¢,, ¢,, ... g, situated
respectively at r,, r,, ... 1,18
L kq,q
i1y
U=Z P where r.. = r. — r.
=1 i o !

i<j
s
The electrostatic potential energy of an electric dipole in an external electric field E, is
-
U=-E.p =-E p cosb.

When a metallic conductor is placed in an external electric field,

(i) A stationary charge distribution is induced on the surface of the conductor.

(i) The resultant electric field inside the conductor is zero.

(iii) The net electric charge inside the conductor is zero.

(iv) The electric field at every point on the outer surface of conductor is locally
normal to the surface.

(v) The electric potential everywhere inside the conductor is the same constant.

(vi) If there is a cavity in the conductor then, even when the conductor is placed
in an external electric field, the electric field inside the conductor and also inside
the cavity is always zero. This fact is called the electrostatic shielding.

When electric charge is placed on the metallic conductor :
(i) The electric field everywhere inside the conductor is zero.
(i) That charge is distributed only on the outer surface of the conductor.
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13.

14.

[y
9]

16.

17.

18.

19.

(iii) The electric field on the surface is locally normal, and is given by E Z[%]ﬁ.

@iv) If a charge is placed inside the cavity in the conductor, the electric field in
region which is outside the cavity but in the conductor remains zero.

“A device formed by two conductors insulated from each other is called a capacitor”. Its

<l

capacitance is C = = constant. The unit of C is coulomb/volt, which is also called

farad.
1 WF = 10° F; 1 pF = 1002 F

A
The capacitance of the parallel plate capacitor is C = 807.

If the effective capacitance in the series combination of capacitors is C,

1 1 1 1
S = =+ & + = F o
c ¢ "¢ T

If the effective capacitance in the parallel combination of capacitors is C,
C=¢C +C, +C, + ...

2 2
The energy stored in the capacitor is U = (22_C = % = % and the energy
density = energy per unit volume = %SOEZ, where E = electric field.

When a dielectric is placed in an external electric field E, polarisation of dielectric occurs
due to electical induction. The electric field produced by these induced charges is in the
direction opposite to the direction of external electric field. Hence the resultant electric

field E, inside the dielectric is less than the external electric field E . The dipole moment
produced per unit volume is called the intensity of polarisation or in short polarisation

PP = o,

Since P o< E, P = gx E. x, is called the electric susceptibility of the dielectric medium.

€, (1 + x,) is called the permittivity € of the dielectric medium. & is called the relative

permittivity of that medium and it is also called the dielectric constant K.

E
K =1+ x, E= =2. Thus in the dielectric the electric field reduces to the K" part.

@ K
= - = . . .
D = gE + P is called the electric displacement. Gauss Law in the presence of
-
dielectric is written as § D d_§ = ¢, where ¢ is only the net free charge.

When there is air (or vacuum) between the plates of a parallel plate capacitor, the capacitance

. goA . . . . . .
is C = OT.On placing a medium of dielectric constant K, the capacitance is C' = KC. Thus

the capacitance becomes K times, due to the presence of the dielectric.

With the help of Van-De-Graf generator a p.d. of a few million volt can be established.
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EXERCISE

For the following statements choose the correct option from the given options

1.

For a uniform electric field E = E (7), if the electric potential at x = 0 is zero, then
the value of electric potential at x = + x will be ........ .
(A) x E,| (B) —x E, (C) x? E, (D) —x? E,

The line integral of an electric field along the circumference of a circle of radius r, drawn
with a point charge Q at the centre will be .......... .

(A) 4,1180 Q (B) %o” (C) zero (D) 2nQr

A particle having mass 1 g and electric charge 10 C travels from a point A having
electric potential 600 V to the point B having zero potential. What would be the change
in its kinetic energy ?

(A) =6 X 107 erg (B) =6 x 107° 7

(C) 6 X 107° 7 (D) 6 X 107% erg

The area of every plate shown in the Figure is A and the separation between the
successive plates is d. What is the capacitance between points a and b ?

(A) g, A/d (B) 2¢, A/d

a >_11

(C) 3¢, Ald (D) 4¢, Ald

A particle having mass m and charge ¢ is at rest. On applying a uniform electric field
E on it, it starts moving. What is its kinetic energy when it travels a distance y in the
direction of force ?

(A) gE% (B) gEy’ (C) ¢Ey (D) ¢’Ey

A parallel plate capacitor is charged and then isolated. Now a dielectric slab is introduced
in it. Which of the following quantities will remain constant ?

(A) Electric charge Q (B) Potential difference V
(C) Capacitance C (D) Energy U.

A moving electron approaches another electron. What will happen to the potential energy
of this system ?

(A) will remain constant (B) will increase
(C) will decrease (D) may increase or decrease

Energy of a charged capacitor is U. Now it is removed from a battery and then is
connected to another identical uncharged capacitor in parallel. What will be the energy of
each capacitor now ?

@ & (B) U © 3 @) 3

A uniform electric field is prevailing in Y-direction in a certain region. The co-ordinates
of points A, B and C are (0, 0), (2, 0) and (0, 2) respectively. Which of the following
alternatives is true for the potentials at these points ?

(A) V, =V, V, >V, B) V, >V, V, =V
€V, <V, V, =V

C

. (D) V, = V,, V, < V_
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10.

11.

12.

13.

14.

15.

16.

The capacitance of a parallel plate capacitor formed by the circular plates of diameter 4.0
cm is equal to the capacitance of a sphere of diameter 200 cm. Find the distance
between two plates.

A)2x10*m @B 1x10*m (C)3x10*m (D) 4 X 10* m

The capacitance of a variable capacitor joined with a battery of 100 V is changed from
2 UF to 10 UF. What is the change in the energy stored in it ?

(A) 2 x102J (B)25x%x 1027 (C)65x%x102] (D)4 x 1027

A parallel plate capacitor is charged with a battery, and then separated from it. Now if
the distance between its two plates is increased, what will be the changes in electric
charge, potential difference and capacitance respectively ?

(A) remains constant, decreases, decreases

(B) increases, decreases, decreases

(C) remains constant, decreases, increases

(D) remains constant, increases, decreases

6 identical capacitors are joined in parallel and are charged with a battery of 10 V. Now
the battery is removed and they are joined in series with each other. In this condition
what would be the potential difference between the free plates in the combination ?

(A) 10 V (B) 30 Vv (C) 60 V (D) % v

Six identical square metallic plates are arranged as in figure. Length of each plate is [.
The capacitance of this arrangement would be .......... .

3¢, 4 gyl
A) 2o B) = 2
(a) = ® 39
d 3 g,° 4yl
2 %0 D 0
© 3% D) =
3d -

In the following table, the area of plates and separation between the plates are given. In

the nearby Figure, g — V graphs for them are shown. Determine which graph is for
which capacitor.

Capacitor area separation
il C, A d
C, 2A d
C, A 2d

(A) 1 - C, 2 - C, 3 - C,

B) I = C 2 - C, 3 - C,

<1 - C, 2 - C 3 > C

>y (D) 1 - C, 2 - C, 3 - C,

A V—x graph for an electric field on X-axis is shown in the figure. In which region is

the magnitude of electric field maximum ?

M

v

ol [ i i i M

A) A

) C

(B) B

(D) D
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17.

18.

19.

20.

21.

The distance between electric charges Q C and 9Q C is 4 m. What is the electric
potential at a point on the line joining them where the electric field is zero ?
(A) 4 kQ V (B) 10 kQ V (C) 2 kQ V (D) 2.5 kQ V
If a capacitor having capacitance of 600 LF is charged at a uniform rate of
50 nC/s, what is the time required to increase its potential by 10 volts.
(A) 500 s (B) 6000 s (C) 12 s (D) 120 s
Two metallic spheres of radii R, and R, are charged. Now they are brought into contact
with each other with a conducting wire and then are separated. If the electric fields on
their surfaces are E, and E, respectively, E, / E, = ... .
(A) R,/ R, (B) R,/ R, (C) R?/ R? (D) R*/ R}
For a capacitor the distance between two plates is 5x and the electric field between them
is E. Now a dielectric slab having dielectric constant 3 and thickness x is placed
between them in contact with one plate. In this condition what is the p.d. between its two
plates ?
13Ex 9E x

3 2
In the figure area of each plate is A and the distance between consecutive plates is d.
What is the effective capacitance between points A and B ?

(A) (B) 15 E, x (C) 7 E, x (D)

(A) gA/d (B) 2¢,A/d A 2
3 B
(C) 3eAld (D) 4eAld
4
ANSWERS

I.B) 2. (C) 3 (C) 4B 5@ 6 (A
7. B) 8 (C) 9. (A) 10. (B) 1. (D) 12. (D)
13. (C) 14. (B) 15. (C) 16. (C) 17. (A) 18. (D)
19. (A) 20. (A) 21. (C)

Answer the following questions in brief :

1.
2.

8.

What is line integral of electric field ? What does it indicate ?

If the electric potential at point P is V,, what is the electric potential energy of charge
g at this point ?

What is the electric potential at a point on the equator of an electric dipole ?

What is electic potential gradient ? Give its unit.

Electric field is always .......... to the equipotential surface and in a direction in which the
rate of decrease of potential is .......... .

Give the formulae for the equivalent (effective) capacitance of capacitors in series and parallel
combinations.

How does the energy density associated with an electric field depend on the value of
electric field ?

What is meant by a non-polar molecule ?
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10.
11.

12.

14.

15.

Define intensity of polarisation (or in short polarisation) P.

Write the formula showing the relation between x, and P.

Electric field at a point in free space is 100 N/C. What would be the electric field in
a medium with dielectric constant 5, placed at that place ?

What is the meaning of the relative permittivity € of a dielectric medium ?

State thef use of Van-de-Graf generator.

A g I |
1l . . . . .
_I_ What is the equivalent capacitance between points A and B in
[ the figure ? (Hint : The last capcitor on right side is short
_I_ circuited. .. it is not effective)
c
BO H [Ans : C/2]
| lc
i What is the equivalent capacitance between points A and
{ B shown in the figure ? (Hint : The last capcitor on
Ao—— —_ = p—ul . . . .. .
: right side is short circuited. .. it is not effective)
o [Ans : 2C]

11

Answer the following questions

1.

10.

11.
12.
13.

14.

15.

16.
17.

Show that the work done by the electric field in moving a unit positive charge from one
point to the other point in an electric field depends only on the positions of those two
points and not on the path joining them.

Define electric potential and give the formula corresponding to it. Write its units and
dimensions.

Define electric potential and obtain the formula for the electric potential due to a point charge.
Derive the formula for the electric potential due to an electric dipole at a far distant point
from it.

What is an equipotential surface ? Show that the direction of the electric field at a given
point is normal to the equipotential surface passing through that point.

Obtain the formula which can give electric field from the electric potential.

Derive the formula for the electric potential energy of an electric dipole in a uniform
electric field.

Explain in short the effects produced inside a metallic conductor placed in an external
electric field.

What is a capacitor ? Give the definition, and units of capacitance. On which factors
does the value of capacitance depend ? Give the symbol of capacitor.

Obtain the formula for the equivalent (effective) capacitance in the series / parallel
combination of capacitors.

Obtain the formula for the capacitance of a parallel plate capacitor.

Obtain the formula for the energy, stored in the capacitor and also for the energy density.
Explain the polarisation produced in the dielectric placed between the two plates of a

parallel plate capacitor and obtain the formula P = G,.
The resultant electric field inside a dielectric placed between two plates of a capacitor is

G0y . E L . .
E = fg— Hence obtain E = ?O, where Eo = external electric field on the dielectric.
0
. Gr=Gy ) . ) -
Using E = z obtain the formula for the electric displacement D . State the

. 5"

importance of D.

Obtain the formula showing the principle of Van-De-Graaff generator.
Only draw the Figure and explain the working of Van-de-Graf generator.
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Solve the following examples

1.

g, = 2C and g, = =3 C charges are placed at (0, 0) and (100, O)m points respectively.
At which point(s) on the X-axis is the electrical potential zero ?
[Ans. : 40m, —200 m]
Two metallic spheres having radii a and b, are placed very far from each other and are
joined by a conducting wire. The total charge on them is Q. Find (i) the charge on each
sphere and (ii) potential on each sphere.
[Ans. : Q, = 22, = 2L v =v, = £
In a certain region the electric potential is given by the formula V(x, y, 2) =
2x*y + 3y’z — 4z%. Find the components of electric field and the vector electric field at
point (1, 1, 1) in this field.
[Ans. : E. =0, Ey = —11 unit, E, = 13 units, E = —11;7 + 13k unit]
A spherical drop of water has 3 X 1071 C amount of charge residing on it. 500 V
electric potential exists on its surface. Calculate the radius of this drop. If eight such
drops (Having identical charge and radii) combine to form a single drop, calculate the
electric potential on the surface of the new drop. k = 9 x 10° SL
[Ans. : Radius of the first drop = 0.54 cm,

Electric Potential on the new drop = 2000 V]
Q amount of electric charge is present on the surface of a sphere having radius R.

Calculate the total energy of the above system. [Ans. : %%2]
Note : The above example can be calculated in three different ways, (1) By multiplying
the electric charge with the average value of the initial and the final electric potential, (2)
By considering the above system to be a capacitor and calculating the energy of the
capacitor and (3) By considering an electric charge g and taking the integration of the
work done to increase the above charge by an amount dg. Use any one method.

O is the uniform charge density present on the surface of a
semi-sphere of radius R. Derive the formula for the electric
potential at the centre.

Ro
[Ans. : E

Consider A, B and C to be the co-centric shells of metal. Their radii
are a, b and c¢ respectively (@ < b < c). Their surface charge
densities are O, —CG and O respectively. Calculate the electric
potential on the surface of shell A.

[Ans. : %[a - b + c]]

Calculate the equivalent capacitance between points A
and B of the connections of capacitors shown in the 1UF 3UF

A =

figure. [Ans. : % WF]

| | Il

1 I2MF 1 J6I.,LF
(1) A capacitor of 900 pF is charged with the help of 100 V battery. Calculate the
electric potential energy of this capacitor. (2) The above capacitor is disconnected from
the battery and is connected to another identical uncharged capacitor. What will be the

total energy of the system ? [Ans. : (1) 4.5 x 107% 7 (2) 2.25 x 107 J]
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10. €2 Calculate the equivalent capacitance for the connection of

N I I—u capacitors shown in the figure and the electric charge present
e " S on each of the capacitors. The value of each capacitance is
¥ e
Y10 pE
M : Ic P [Ans. : Equivalent capacitance = 13.3 UF Q, = Q, = Q, =
3
o I } : 1.7 X 107 C, Q, = 5.0 x 107 C]
W = 500V
11. ¢ Find the equivalent capacitance between A and B in the
Cs circuit shown in the Figure. C, = C, =1 uF; C, = C, =2 UF.
s | e
) [Ans. : 3 UF]
Cy
12. ! A The area of each plate shown in the figure is A and the
2 P distance between consecutive plates is d. What is the equivalent
3 capacitance between points A and B ?
€,A
4 . B [Ans. : %07]
13. 1 AThe area of each plate shown in the figure is A and the

[Ans. :

W

g A
7

2 e distance between consective plates is d. What is the equivalent
capacitance between points A and B ?
3
ﬁ
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3

3.1 Introduction

CURReNT ELECTRICITY

In the previous two chapters, all electric charges (whether free or bound) were considered to
be stationary (at rest) and we mainly studied the interaction between them. The study of this branch
of electricity is called electrostatics.

In the present chapter, we will bring the charges in motion by providing energy to them. Such
charges in motion constitute an electric current.

Such currents occur naturally in many situations. When there is lightning in the sky, charges flow
from the clouds to the earth through the atmosphere. Flow of charges in lightning is of short duration,
resulting in current called transient current. This flow of charges in lightning is not steady.

In everyday life, we see many devices where charges flow in a steady manner, like water
flowing smoothly in a river. A cell-driven clock, torch and a transistor radio are examples of such
devices.

In the present chapter, we shall study some of the basic laws concerning steady electric current
and the quantities associated with flow of charges like electric current density, drift velocity and
mobility. Moreover, we shall study about resistors, cells and their different connections, Kirchhoff’s
rules for the analysis of network and conversion of electrical energy into heat energy during
conduction of electricity through conductors. Further, we shall get the information about potentiometer
for the measurement of emf of a cell and wheatstone bridge which is used for the measurement
of resistor.

The study of this branch of electricity is called current electricity.

3.2 Electric Current
The flow of electric charges constitutes an electric current.

If net amout of charge Q is flowing through a cross-sectional area of the conductor in time f,
then for a steady flow of charge,

=9 (3.2.1)

is defined as the current flowing through that cross-sectional area.

The amount of charge flowing per unit time across any cross-section of a conductor
held perpendicular to the direction of flow of charge is called current (I).

Electric current (I) is considered as fundamental quantity in SI unit system. The SI unit of

coulomb

electric current is (a) which is equal to .
second

In the above equation (3.2.1), if we take,
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t = 1 second
Q = 1 coulomb
then I = 1 ampere

If 1 coulomb of charge crosses any cross-section of a conductor. Perpendicular to the direction
of current in 1 second, then the current through that cross-section is said to be 1 ampere.

For small currents, milliampere (mA = 10 A) and microampere (LA = 107°A) units are used.

In metallic conductors the current is due to the motion of negatively charged electrons. In
electrolytes, the current is due to the motion of both positive and negative ions moving in opposite
directions. While in semi-conductors, partly the electrons and partly the holes (hole is the deficiency
of electron in the covalent bond) are responsible for the flow of the current.

| (ampere) > Let I ampere current be flowing through any conductor
as shown in figure 3.1. Hence, I coulomb electric charge
is flowing through every cross-sectional area of the
conductor per second.

In other words, the amount of electric charge entering

any cross-section of the conductor from one side in a given

time interval is equal to the amount of electric charge
leaving that cross-section from the other side in the same

Q=1

Figure 3.1 Conservation of Charge

Zl[e]

Q=1

Zl[o]

Q=1

1Z][@)

interval of time. As a result of this Electric charge is never
accumulated at any point in the conductor. The electric charge is neither created nor
destroyed at any point in the conductor. This means that electric charge is conserved.

By convention, the direction of motion of positive charges is taken as the direction of electric
current. It is called conventional current. However, in conductors the current is due to the motion
of negatively charged electrons, so the direction of current is opposite to the electron current.

In some cases, current (rate of flow of charge) varies with time means the flow of charge is
not steady. In this circumstances, let AQ be the net amount of electric charge flowing across any
cross-sectional area of a conductor during the time interval At between times ¢ and (¢ + Af), then
the average electric current flowing during time interval At is given by,

- A
<I>= At
The electric current at time t will be,
_ 1im  AQ _ dQ
= NS0 = 7 (3.2.2)
Illustration 1 : The current through a wire varies with time as I = I, + o, where

[, =10 A and a0 = 4 As™!. Find the charge that flows across a cross-section of the wire in first
10 seconds.

d
Solution : Current I = d_;] = I0 + ot

dg = (I, + owdt
Integrating on both sides,

t=10

j dg = I (I, +ar)dt
t=0

88 - Physics-111



tz =10
or —

Substituting I0 =10 and o0 = 4,
g = 10(10) + 50(4) = 300 C.

3.3 Electric Current Density

It is possible that the rate of flow of the electric charge through different cross-sectional areas
of the conductor may not be same. Apart from this, the flow of the electric charge may not be
perpendicular to the cross-sectional area of the conductor. In such circumstances, to study the flow
of charge through a cross-section of the conductor at a particular point, a vector quantity known as

electric current density 7 is defined.

To define the current density at a point P, imagine a small cross-section of area Aa through P
perpendicular to the flow of charges as shown in figure 3.2 (a).

(a) (b)

Figure 3.2 Cross—section of a Current Carrying Conductor

If AI be the current through the area Aa, the average current density is,

AL
Aa

The current density at the point P is,

<J> =

j = tm Al dal

Aa—=0Agd ~ da 3.3.1)

The direction of the current density is the same as the direction of the current.
If a current I is uniformly distributed over an area A and is perpendicular to it,

] = (33.2)

>~

Thus, The electric current density at any point is defined as the amount of electric
current flowing per unit cross-section perpendicular to the current at that point. (amount of
electric charge flowing per unit time)

The SI unit of the current density is Am™.

Now let us consider a cross-section Aa which is not perpendicular to the current, (Figure

3.2 (b)) then the component of cross-section in the direction of current Aa cos® should be
considered.

Average current density at point P,

Al
Aacosf
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Where, Al= Current flowing through small area Aa near point P.

and © = angle made by the normal to the cross-section with the direction of the current.

For very small area A_a),

. i Al dl
current density J = , ™ Aocosd = Jacosd (3.3.4)
. dI = JdacosO
Ldl= 7.0 (3.3.5)

Taking the surface integration of equation (3.3.5) over the entire cross—sectional area, we have,
Jar = 7.4

- >
1 = |T-da (3.3.6)
a

If the cross-sectional area is perpendicular to the current and if J is constant over the entire
cross-section then,

I = _[?aﬁ = dea
I =1JA (3.3.7)

The concept of electric current density is very useful in the discussion of the flow of electric
charges.

Hlustration 2 : 0.2 mm diameter copper wire is connected to 5.0 mm diameter iron wire. The
current flows through both the wires. If 8.0 A current flows through the copper wire, then calculate
the following quantities.

(I) The current flowing through the iron wire and
u:I current density in it.
1mim

(2) The current density in the copper wire.

Solution : As per the conservation law of charges, equal amount of time is taken for a given

quantity of charge to enter the copper wire and leave the iron wire.

(1.1, =80=1

e

Let AFe be cross-sectional area of the iron wire and let dFe and T be the diameter and radius.

e _ 80 _ 8.0 N 8.0x4

)= = = = ————————
e A o, d 2 7 B14)5%107)
¢ ] Lexi0”

. = 407 kA/m?

Fe

(2) The current density in the copper wire J, = 8.0 = 2.5 X 10® A/m?

u (3.14)(0.1x107)?
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Ilustration 3 : The current density along the axis of a cylindrical conductor having radius equal

2
to R is given by J =J (1 — _r2 ). Find the current along the length of the conductor. The distance
0 R

from the axis is given by r.

Solution : Consider a ring of thickness dr at a distance r from the axis on the cross-section
perpendicular to the axis of a cylinder.

The current flowing through the ring, (r =R

dl = 7.0 =Jda (" cos® = 1)

a

2
Ldl =1, (l—§J Qmrdr)

The current along the length of the conductor,

p—
Il

=R r2 r=R r2
far= | JO(I—FJ Qnrdr) = 21, !0 (I_F) (r) dr

=0

R 3 2 4 R
I =2nJ (r——z]dr = ano[r——r—}

R*_ R R®

I = 27EJO|:7_4 zjl = 27'EJO|: 4 i|
2
_ R

3.4 Ohm’s Law

Why do we not experience a fatal shock on touching a 6V supply while on touching a 230 V
source, one experiences a fatal shock ?

In these examples for different voltages, the electric current flowing through the body is
different.

In 1828, a German physicist, George Simon Ohm was the first person to give a mathematical
relationship between voltage and current, famously known as Ohm’s law. Ohm experimentally proved
that “Under a definite physical condition, (e.g. constant temperature) the current (I) flowing
through the conductor is directly proportional to the potential difference (V) applied across
its ends.” This statement is called Ohm’s law.

According to Ohm’s law, I o V

% = constant

This constant ratio % is called the resistance (R) of the conductor.

¥ =R (34.1)
OR V = 1R 3.4.2)

. . . It S .
The SI unit of resistance is % which is known as ohm, and is denoted by the symbol 2.

At a given temperature, the resistance R not only depends on the material of the conductor but also
on the dimensions of the conductor.
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The reciprocal of a resistance i.e. % is called the conductance of the material of the given

conductor. Its unit is €' or mho and is symbolised as O .

1T Ohm’s law is not a fundamental law of nature, like the

T, (constant) gravitational law of Newton or the Coulomb’s law for electrical

WoR charges. Ohm’s law gives us the relationship between the
potential difference across the conductor and the current flowing

1. (constant)  through it, under a given situation.

All the metals, some of the insulators and some of the
electrical devices obey the Ohm’s law. Such devices are called

T Ta . .
WSS Ohmic devices.

L
—

0 v The I — V graph for a conductor obeying Ohm’s law at a

Figure 3.3 I =V Characteristics for ¢ongtant temperature will be a straight line. i.e. such relation is
a Conductor

linear.
3.4.1 Limitations of Ohm’s Law
There do exist some materials and devices used in electric circuits where the proportionality of

V and I does not hold. In such devices,
I il

(1) V-I relations are non-linear. e.g. semi-conductor devices
like diode and transistor. (figure 3.4 (a))

i

< w

(a)
~

(mA)

(2) The relation between V and I depends on the sign of
v V. In other words, if I is the current for a certain voltage V,
then reversing the direction of V keeping its magnitude fixed,
does not produce a current of the same magnitude as I in the
opposite direction. This happens in a semi-conductor diode which

we will study in future. (See figure 3.4 (b))

(3) The relation between V and I is not unique. i.e. there
is more than one value of V for the same current I. A graph
of device exhibiting such behaviour (e.g. tunnel diode) is shown

© in figure 3.4 (c).
Figure 3.4 1-V Characteristics of Differ-
ence Devices
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Materials and devices not obeying Ohm’s law are called non-ohmic devices. Such devices are

widely used in electronic circuits.

3.5

Electrical Resistivity and Conductivity
Let us try to understand the dependence of the resistance (R) of a conductor on the dimensions

of the conductor. Consider a conductor having cross—sectional area A and length /. Experimentally

it is found that, at a given temperature, resistance (R) of a conductor is proportional to length of

the conductor (/) and inversely proportional to the cross-sectional area (A).

1
RoclandRocX

. L
.ROLA

R =pL (3.5.1)

Here the constant p is called the resistivity of the material. It depends on the material of the

conductor, temperature and the pressure existing on the given conductor. It does not depend on the

dimensions of the conductor.

The unit of resistivity p is ohm meter (Q2m).
(Information : The resistivity of a material changes at higher pressure, due to the changes in

the composition of the crystals.)

the

can

Using equation (3.5.1), Ohm’s law can be written as,

V = IR

= Il
V= (3.5.2)
vV = Jpl (3.5.3)
where, % = J is the current density.

Further, if E is the magnitude of uniform electric field in the conductor whose length is [, then
potential difference V across its ends is V = El

. El = Jpl

. E=1Jp (3.5.4)

_)
The current density T is a vector quantity and is directed along E. Thus, the above equation

be written in the vector form as,

- -
E =1Jp

OR T =

ool

= OE (3.5.5)

where, 0 = % (reciprocal of resistivity) is called the conductivity of that material.

The unit of ¢ is (Q m)™! or mho m™ (HYm™) or siemen m™' (Sm™).

Note that equation (3.5.5) is the vector form of Ohm’s law.
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3.6 Drift Velocity, Mobility and its Relations with Current

In atoms and molecules, the negatively charged electrons and the positively charged nuclei are
bound to each other due to Coulombian electric force. Bulk matter is made up of many molecules.

We will focus only on solid conductors in which current is carried by the negatively charged free
electrons.

In metallic conductors, the electrons in the outershells are less bound with the nucleus. Due to
thermal energy at room temperature, such valence electrons are liberated from the atom leaving
behind positively charged ions. These ions are arranged in a regular geometric arrangement on the
lattice points. The electrons liberated from the atom are called free electrons and ions are oscillating
about their mean position.

In the absence of electric field, free electrons in a solid conductor move like the molecules in
a gas due to their thermal velocities. During their motion they collide with the ions. The directions
of their velocities after the collision are completely random. At a given time, there is no preferential
direction for the velocities of the electrons. Such random motion of an electron is shown by
continuous line AB in figure 3.5.

Thus on the average, the number of electrons
travelling in any direction will be equal to the number
of electrons travelling in the opposite direction in the
absence of an external electric field. Therefore the net
charge passing through any cross-section of the
4 conductor is zero hence there will be no flow of
Electric Field (F) electric current in the conductor.

#—— current |1}

Illll} Now, an electric field (E) is applied across the conductor

by connecting a battery between two ends of a conductor as

Figure 3.5 Drift Velocity shown in figure 3.5. Due to electric field in the conductor,

the electron will experience a force F = Ee in the direction

opposite to the electric field (towards the positive terminal of battery). The path of the electron will

become AB’ as shown by the dotted lines. This is because of the electron, executing the motion

under the oscillatory electric field of the ions, constantly gets scattered from its path. This gives rise
to the resistance in a conductor.

In the presence of electric field (E), the acceleration of the electron in the direction opposite to

the electric field is a = %. This acceleration of the electron is momentary, since the electrons are

continuously colliding with the ions. (In the real sense, the electrons are scattered in the oscillating
electric field of the ions.) As a result, the electrons are dragged in the direction opposite to the
electric field. The velocity of the electron becomes zero after every such collision with the ions and
after each collision the electron is accelerated once again due to electric field and collide with the
ions. The above process keeps on repeating.

Thus, electron travels from A to B' in the presence of electric field rather than travelling from

A to B in the absence of electric field. The effective displacement of the electron is equal to BB'
in the presence of electric field. The velocity of electron corresponding to this displacement is known
as the drift velocity (v,). In this situation the average number of electrons passing through any
corss-sectional area of the conductor is not zero in the presence of electric field. As a result, there
will be a net flow of charge of current through the conductor.

The average time between two successive collisions of the electron with the ions is
called relaxation time (7).

The drift velocity achieved by the electron during the relaxation time (T) is,
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vdzaT

v, = (%)T (3.6.1)
Relation betwen the Drift Velocity and Current Density :

To find the relation between the current density and the —
drift velocity, let us consider a cylindrical conductor of : "
uniform cross-sectional area A. An electric field E exists in '
the conductor when its ends are connected to the battery.

If the drift velocity of the electron is v, then distance |"'_ L= vyar —"'[
travelled by the electron during time Af is [ = v, At Figure 3.6

The volume of the portion of the conductor whose length is v dAt = Al = Av dAt.
If there are n free electrons per unit volume (number density) of the conductor, the number of
free electrons in this portion is = nAv dAt.

All these electrons cross the area A in time Af.

Thus, the charge crossing this area in time Af is, AQ = nAv dAte (3.6.2)
. - AQ _

. Current I = A nAvde (3.6.3)
and current density J = % = nev, (3.6.4)

In general, equation (3.6.4) can be written in the vector from as,
-
7 =y,

For negative charge g, 7 and ‘7(1 will be in opposite direction.

Comparing two equations (3.5.5) and (3.6.4) of current density,
OE = nev P

Substituting the value of v p from equations (3.6.1),

OE = ne (%T)

2
.. 0 = % (3.6.5)
) 1
since, G = 5
1
pP=7q
m
p="1 (3.6.6)

In a metal, number density n is not dependent on temperature to any appreciable extent. The
oscillations of the ions increases with the temperature and become more erratic. As a result, the
relaxation time (T) decreases. Thus, the resistivity of the conductor increases with temperature
according to above formula.
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For insulators and semi-conductors, the relaxation time T and number density 7 of charge carriers

varies with the temperature.

The number density (1) of charge-carriers increases with temperature in semi-conductors. Therefore,

the conductivity of semiconductor increases with temperature i.e. its resistivity (p) decreases.

Hlustration 4 : 3A current is flowing through two identical conducting wires having diameter

equal to 0.2 cm. These conducting wires are then split into three identical conducting wires, each
having 0.1 cm diameter (as shown in the Figure). Calculate the drift velocities in the thicker and the

thinner conductors.

0.2 em 0.1 cm

Solution : The current density in the thicker wire J =

Current density J = nev,

3
_ 1 _
" Ya T e T p0.1x1072)*x7x10%x1.6x107"°

. v, = 85X 10° m s~

= 1(0.1x1072%)%

The electron density = 7 X 10 m™. All the
conductors are made of the same material. The
electric charge on electron is equal to =
16 x 1077 C.

6A total current is flowing through the three indentical conductors (As per Kirchoff’s First Law).

. The current flowing through each of the wires = 2 A

1 2
SV, T e = n(%xlo_z)z><7><1028><1.6><10_19

23 X 10* m s7!

Illustration 5 : A copper wire is stretched to make it 0.1% longer. What is the percentage

change in its resistance ? [Assume that the volume of the wire remains constant.]

Solution : Suppose the length of the wire is [/ and area of cross-section is A.

The resistance of a wire, R = p.%

CR= 20 - ol

Al \'%
aR _ p
dl Vv 21
L dR = 2ldl
Taking ratio of equations (2) and (1),
P
R _ V.ZZdl
R P2
dR _ 5 dl
R T 27

Percentage Change R 100% = 2(#) X 100% = 2 (0.1%)

R

=02 %
Thus, the resistance of the wire increases by 0.2%.

9

)]

(@)
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Note : If the change in the length of the wire is infinitesimally small, then the above method
of differentiation can be used to calculate the change in the resistance. But if the change is very
large, then we have to find the change in resistance according to the change in the length.

3.6.1 Mobility

We have seen that the conductivity of any material is due to the mobile charge-carriers. Mobile
charge carriers in the conductor are free electrons. In the ionized gas they are electrons and positive
ions. Positive and negative both types of ions are the mobile charge carriers in the electrolytes. In
semi-conductors the flow of current is partly due to electrons and partly due to holes. (We shall
study about semi-conductors and holes in the next chapters. At present, we will note that hole will
behave like a positively charged particles.)

Comparing two equations (3.6.4) and (3.5.5) of current density,

nev, = oE

% is the drift velocity of a charge carrier per unit electric field intensity. This quantity is known

as mobility (L) of a charge carrier.

. Mobility [ = % =< (3.6.7)

SI unit of mobility is m?V~'s™!,

From equations (3.6.7)

Conductivity G = nell (3.6.8)
If charge carriers are electrons, then

G, = ney, (3.6.9)
For holes, G, = neu, (3.6.10)

In a semi-conductor, the holes and the electrons both constitute current in the same direction.
The total conductivity,

o = Ge + Gh
G = nel, + ney, (3.6.11)
3.7 Temperature Dependence of Resistivity

The resistivity of a material is found to be dependent on the temperature. Different materials do
not exhibit the same dependence on temperatures. Over a limited range of temperatures, that is not
too large, the relationship between the resistivity of a metallic conductor and temperature is
approximately given by,

Po = Py, [1 + @ ® - 0)] (3.7.1)

where, p, = resistivity at a temperature 0
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peo = resistivity at a proper reference temperature 6.

and o is called the temperature co-efficient of resistivity and its unit is (°C)"' or K.

The above equation can be written in the form of resistance as follows.

Ry =Ry [1 + 0 (0 -6l

(3.7.2)

The resistivity (p) and temperature-coefficient (0t) for some materials are given in Table 3.1.

Table 3.1 : The Value of p and o for various materials

(For information purpose only)

(A) Conductors
Silver 1.6 x 1078 0.0041
Copper 1.7 X 1078 0.0068
Aluminium 27 x 107 0.0043
Tungsten 56 x 1078 0.0045
Iron 10 x 10°® 0.0065
Platinum 11 x 107 0.0039
Mercury 98 x 1078 0.0009
Nichrome ~ 100 x 107® 0.0004
(B) Semi-conductors
Carbon (graphite) 3.5 X 107 — 0.0005
Germanium 0.46 — 0.05
Silicon 2300 —0.07
(C) Insulators
Pure water 25 x 10°
Glass 101 — 10"
Solid rubber 10% — 10
NaCl ~ 10"
Fused Quartz ~ 10
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From the above table, note that for metals, Ol is positive. [0
Therefore the resistivity of the metal increases with

temperature. For metallic conductors, the relation between

=02

p(10~*Qm)

resistivity (p) and temperature is non-linear at lower

temperature (< 50 K) and the graph becomes linear near the

' ! Ls T(K)

&0 Ly 150
room temperature. Finally at very higher temperature the Figure 3.7 Graph of p —» T

. ) ) for a Metal
graph again becomes non-linear, (Figure 3.7).

Some materials like Nichrome (which is an alloy of 1.20
nickel, iron and chromium) have very high value of resistivity,

exhibit a very weak dependence of resistivity with temperature.

P(uQem)
T

(See figure 3.8). The resistivity of manganin (an alloy of

copper, magnesene and nickel) is almost independent of 1.00 1 1 i LST(K)
' 200 400 600 8O0

temperature. Figure 3.8 Graph of p - T for an
Alloy

The resistivity of Nichrome does not become zero even A
at absolute zero temperature (0 K), while the resistivity of a
pure metal becomes almost zero at absolute zero tempera-
ture. Using this fact the purity of the metal can be tested.
As shown in Table 3.1, semi-conductors like carbon,

germanium and silicon have negative values of o. This

means that the resistivity of such materials decreases with i
Figure 3.9 Graph of p » T for a

temperature (as shown in figure 3.9). Semiconductor

3.7.1 Classification of materials on the basis of resistivity

The materials are classified as conductors, semiconductors and insulators depending on their
resistivities.

An ideal conductor has zero resistivity or infinite conductivity, while the ideal insulator has infinite
resistivity (means zero conductivity).

Metals have low resistivities in the range of 107°Qm to 10°® Qm. At the other end are insulators
like ceramic, rubber and plastics having resisitivities 10'® times greater than metals or more.

Semiconductors lie between these two. They have resistivities characteristically decreasing with
a rise in temperature. The resistivities of semiconductors are also affected by presence of small
amount of impurities.

It is generally found that good conductors of electricity like the metals are also good conductors
of heat (superconductors are an exception in this regard), while the bad conductors of electricity like
ceramic, plastic etc. are also found to be bad conductors of heat.

Resistors used in laboratories are of two types.
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(1) Wire Wound Resistors : Wire wound resistors are made by winding the wires of an alloy,
viz., manganin, constantan, nichrome or similarones on a proper base. The resistivity of such materials
does not change appreciably with temperature.

(2) Carbon Resistors : Carbon resistors are widely used in electronic circuits (like radio,
television, amplifier etc.). The carbon resistors have very small dimension and it is very inexpensive.
(Now a days thin film resistors are used very extensively in the electronic circuits.)

To make a carbon resistor, pure graphite mixed with resin is moulded into a cylinder at high
temperature and pressure. Wire leads are attached to two ends of a cylinder and the entire resistor
is enclosed in an insulating jacket (ceramic or plastic). Carbon resistors are available in the range
of 1 Q to 100 MQ.

Colour Code for Carbon Resistors

The value of the carbon resistor can be found from the colour bands, marked on the surface
of the cylinder of carbon resistor. Let us refer the resistor and colour code shown in figure 3.10
in order to understand this.

Colour Code for Resistors (ohm)

Digit (2)
A ™ Multiplier

Digit (1) 4—| I—P Tolerance

— S —

[ COLOUR | ] | [ TOLERANCE
(= l

-—

BLACK 0 0 x 10°0Q2 BROWN + 1%

BROWN I 1 % 10! RED + 2%,

RED 2 2 x 107 R |ORENGE + 3%

ORENGE 3 3 x 10° -—| YELLOW + qof

YELLOW 4 4 x 10* GOLD + 5%

GREEN 5 5 x 10° SILVER + 10%
BLUE 6 6 x 10° NO COLOUR | + 20%
VIOLET 7 7 x 10

GRAY 8 x 10"

WHITE 9 9 x 107

GOLD X "Ti

SILVER x 1072

Figure 3.10

Colour of the first band on the resistor shows its value in “tens”. The colour of the second
band shows its value in ‘“units”. The digits for different colours are shown in the colourcode.
(Figure 3.10)

The third band implies that the number formed by the first and second digit is to be multiplied
by 10". The multiplier 10" for different colours is given in the colourcode. The fourth colour band
shows the possible deviation (tolerance) in the value of resistor.
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Let us take the example of the resistor shown in figure 3.10. The first band on the resistor is
yellow and the digit for this colour is 4. The second band is violet and its corresponding digit is 7.
The number formed due to combination of this two digits is 47.

The third colourband is orange, which shows the multiplier 10°. 47 multiplied by 10* gives the
value of the resistance = 47 X 10° = 47 KQ. The last colourband on the resistor is golden, which
indicates that the value of the resistor calculated above can have a variation of 5%. Thus, the value
of this resistor is (47 KQ + 5%)

Dear students, give the colourcode for the resistor 1K€ + 10% using the colourcode given in
Figure 3.10.

3.7.2 Super Conductivity

In 1911, Dutch physicist Kamerlingh Onnes experimentally discovered that the resistivity of
mercury absolutely disappears at temperatures below about 4.2 K. As per his observation at
4.3 K temperature, the resistance of mercury is about 0.084€2 and at 3 K temperature it becomes

3 X 10°Q (Which is about 10°h part of the resistance at 0°C). This showed that,

“The resistance of certain materials reduces to almost zero, when its temperature is
lowered below a certain definite temperature (which is known as critical temperature T ).
The material in this state is known as superconductor and this phenomenon is known as
superconductivity.”

Superconductivity is a specific state of the material. Most of the metals and alloys can achieve
the state of superconductivity. Some of the semi-conductors like Si, Ge, Se and Te exhibit the state
of suprconductivity under high pressure and low temperatures.

The current flowing through a super-conductor can be sustained over a long interval of time. The
reason is that in an ordinary conductor the electrical energy is dissipated as heat energy due to the
resistance offered by the conductor, while in super-conductor there will be no loss of electrical
energy since the resistance of super-conductor is almost zero.

From the above discussion it seems that using superconductors, the problem of energy loss during
the transmission of electrical energy can be solved. One of the important fact we have ignored is
that the temperature of the material should be lowered to its critical temperature. Liquid helium and
liquid nitrogen are used to achieve the temperature of the material below its critical temperature T.
This situation can be best described by the proverb ‘Penny wise pound foolish.’

In fact, the best of the normal conductors have higher critical temperature (but very much lower
than room temperature) than oxide alloys. It shows that, compared to normal conductors, insulators
like ceramic can easily achieve the state of superconductivity. Thus, superconductivity is a specific
state of a material.

According to latest research, the critical temperature (T_.) of the compound Hg—Ba—Ca—Cu—O
can be raised upto 164K.

Such superconductors are known as high temperature superconductors (HTS). HTS has applica-
tions in the areas of thin film devices, electric transmission over long distances, levitating trains
(maglev trains) which can achieve speed of 550 km/h.

Ilustration 6 : The resistance of the platinum wire of a platinum resistance thermom-
eter at the icepoint is 50 and at steampoint is 5.23Q2. When the thermometer is inserted
in a hot bath, the resistance of the platinum wire is 5.795Q. Calculate the temperature of
the bath.
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Solution : R, = 5Q2, R, = 5.23Q2 and R, = 5.795Q
From equation, R, = R, [1 + o (6 — 6))]
o
R, = Rl + af] (" 6,= 0)

“ Ry — R, = Rooce

For steam,R  — R, = R (100) (1)
For heat bath, R, — R) = R o 0 2)
Dividing equation (2) by (1),

Re"Ry _ 0
Rip0—Ry 100
R,—-R
0 "Ry
= 55— X 100
Rloo_Ro
5.795-5

= S3-5 X< 100

=0 = 345.65 °C

[lustration 7 : Two materials have the value of o and o, as 6 X 1074°C)™! and
-5 x 107%°C)™! respectively. The resistivity of the first material p,, = 2 X 108, A new material
is made by combining the above two materials. The resisitivity does not change with temperature.
What should be the resistivity p,, of the second material ? Considering the reference temperature as
20°C assume that the resistivity of the new material is equal to the sum of the resistivity of its

component materials.
Solution :

Here the reference temperature is 20 °C.
Resistivity of a material at temperature 0 is,

Po = Py [1 + ® — 20)]

dpy
a0~ Pa®

: dpy | _
For material 1, | 75 | = (P,), O,

()
For material 2, | g = (Py), O,

The resistivity of the mixture Py = (pe)l + (pe)2 does not change with temperature. Therefore,

#)- (2] 3] -
3)- {3

Py O = —(Py), O
_ (P

. (p20)2 = o,

—2x107%)6x107h
—(5x107h

(Py), =24 x10° Q m
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Illustration 8 : The tungsten filament of bulb has resistance equal to 18 € at 20° C temperature.
0.185 A of current flows, when 30 V is connected to it. If o0 = 4.5 X 107 K! for a tungsten, then
find the temperature of the filament.

Solution : As per Ohm’s Law,

vV .o _V _ 300 _
I=x ~Ry=7 = g5 = 162Q

When the bulb is ON its resistance is 162 €,
Now, R, = R, [l + « 0 - 90)]
o
. 162 = 18[1 + 4.5 x 107 (0 — 293)]

_9-1
45%107° 0 - 293
. 0 = 2070.7 K

3.8 Electromotive Force and Terminal Voltage of a Cell

We have seen that current is constituted due to the motion of a charged particles. In order to
bring them in motion, force must be exerted on them, in other words energy has to be supplied to
the charged particles. The device, which serves the above purpose is called the source of
electromotive force i.e. “emf’. There are many ways in which force can be exerted on the charge.
For example, the force exerted on the charge in an electric cell is due to the chemical processes,
The force can be exerted on the charge due to the varying magnetic field and by temperature
difference. All the above mentioned devices are the source of emf. A battery (cell) is also a source
of emf. What does this emf mean ? We shall consider the example of an electric cell in order to
understand the cell.

Figure 3.11 shows a schematic diagram of a battery.

F F
There are positive and negative charges present in the 1—_;_::" o—» (_:_)

chemical of a battery. Due to certain chemical reactions

occurring in the battery, force is exerted on these charges.
Such a force is called chemical force or non-electrical force % F, F, =

F,. This force (F,) drives positive charges towards one

terminal (i.e. positive terminal) A and drives the negative Figure 3.11 Schematic diagram of a

. . . . battery
charges towards the other terminal (i.e. negative terminal) B. :

As the positive and negative charges build up on the positive and negative terminals A and B
respectively, a potential difference (or electric field E) is set up between them, which keep on

increasing gradually. As a result of this, electric force I?; (= qE) is exerted on the charge ¢ in

_)
the direction opposite to Fn. In the steady state, the charges stop accumulating further at the

terminals A and B and Fn =F.

e

The work done by the non-electrical force in taking a unit positive charge from a negative

5

terminal to the positive terminal is equal to W = _[Fn dl , where the line intergral is from negative
line

to positive terminal. As per the definition of an emf, this work done is equivalent to the emf.

Therefore the definition of emf can be given as follows.
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When unit positive charge is driven from negative to positive terminal due to non-
electrical forces, the energy gained by the charge (or work done by the non-electrical

joule

forces) is called an emf (€) of a battery. The unit of emf is ————
coulomb

= volt. (in the memory

of great scientist Volta) Remember that emf is not a force but energy per unit charge.

In the steady state of a battery (when F, = F),

@ @ the electric charge in the battery does not execute any
motion i.e. no current is flowing through the battery.

& Py (I = 0). In this condition, battery is said to be in open
circuit condition.
Resistive Wire

AAMAN Let us consider a wire of resistance R connected

across the two terminals of a battery as shown in figure

Figure 3.12 Terminal Voltage of a 3.12. The electric field is thus established in the wire. As

Battery a result, positive charges which are at higher potential will

move towards the negative terminal of a battery through

the wire and constitute an electric current. The question then arises as to why didn’t the positive

charges move towards the negative terminal (inside the battery) rather than the longer route of the

wire ? The reason for this is the non-electrical forces which oppose the motion of positive charges
towards the negative terminal of the battery inside the battery.

The energy of the positive charge is consumed against the resistance of the wire. As it reaches
the negative terminal, its energy becomes zero. This happens at every rotation of its motion.

During the flow of current, the positive charge is moving from negative terminal to the positive
terminal because of non-electrical forces. During the motion, the charge has to pass through the
chemical materials of a battery. In other words battery offers a resistance to the charge which is
called the internal resistance (r) of a battery.

Due to this internal resistance (r), when a unit positive charge reaches to positive terminal, some
part of its energy (which is gained due to the work done by the non-electrical forces.) is consumed
against the internal resistance. If the current through the battery is I, then the energy consumed per
unit charge against internal resistance = Ir.

Therefore, the energy of a unit positive charge at the positive terminal of battery is less by an
amount Ir compared to the energy (€) in the open circuit condition. Thus, the net energy per unit
charge will be (¢ — Ir). Thus, during the flow of current this energy is called the potential difference
between two terminals of a battery or the terminal voltage (V) of a battery.

. V=¢-1Ir

3.8.1 Secondary Cell : Lead Accumulator

Electrochemical cells are of two types.

(1) Primary Cell : The cells which get discharged only are called primary cells. e.g. Voltaic
cell. Primary cells cannot be recharged.

(2) Secondary Cell : The cells which can be restored to original condition by reversing the
chemical processes (i.e. by recharging) are called secondary cells.

In a secondary cell, one can pass current in both directions.

(i) When (conventional) current leaves the cell at the positive terminal and enters the cell at the
negative terminal, the cell is said to be discharging. This is the normal working of the cell during
which chemical energy is converted into electrical energy.
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(ii) If the cell is connected to some other source of larger emf, current may enter the cell at
the positive terminal and leave it at the negative terminal. The electrical energy is then converted
into chemical energy and the cell gets charged.

The most commonly used secondary cell is a lead accumulator.

Lead Accumulator : A lead accumulator consists of electrodes made of PbO, and of Pb
immersed in an electrolyte of dilute sulphuric acid (H,SO,). PbO, acts as the positive electrode and
Pb as the negative electrode.

When the cell is in use, (i.e. when the cell is discharging) SO4‘2 ions move towards the Pb
electrode, give up the negative charge and form PbSO, there. The H' ions move to the PbO,
electrode, give up the positive charge and reduce PbO, to PbO.

The PbO so formed reacts with the H,SO, to form PbSO, and water.
Thus, PbSO, is formed at both the electrodes and the concentration of the electrolyte decreases.

The concentration of the electrolyte can be measured by a device called hydrometer. When the
cell is fully charged, the specific gravity of an electrolyte is 1.285 and emf of a cell is about 2.1
volt. In the discharged condition, the specific gravity falls to 1.15 and emf may fall to 1.8 V.

v

Charging : To charge a secondary cell of emf €, direct ~I; p

current (d.c.) is passed through the cell as shown in figure D.C. Supply

3.13. The positive terminal of the cell is connected to positive |+ R

end of a d.c. source and the negative terminal is connected

to negative of d.c. supply (opposing condition) for the charging i

of a cell. (Here V > E) PbO Pb
2

Due to the chemical reactions occurring in the cell

during charging process, PbSO, deposited at the two electrodes =3

is dissolved. Pb is deposited at the negative electrode and A

PbO, at the positive electrode, simultaneously H SO, is also
formed. This restores the capacity of the cell to provide Figure 3.13 Charging of a Second-
current. ary Cell

Here, the elecrical energy VIf consumed by a d.c. source provides €It energy for the charging
of a cell and I’Rt + I’rt energy dissipated in the external (series) resistance (R) and internal

resistance (r) of a cell.
. VIt = €It + IRt + I’rt (3.8.2)

“V=eg+IR +7r

V-¢
R+r

o1 = (3.8.3)

Above equation gives the charging current. Here, the resistance R is connected to control the
current.

Ilustration 9 : 6 batteries, each of 2.0 volts are connected in series so that they are helping
each other. Internal resistance of each is 0.5 €. They are being charged using a direct voltage
supply of 110 volts. To control the current, a resistance of 46 €. is used in the series. Obtain (1)
power drawn from the supply, and (2) power dissipated as heat. Why are the two different ?

Solution : V =€ + Ir + IR  gives

V=6g+61Ir+ IR
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V=110V

e =20V
r =050 Q
R = 46 Q
Now, I = ;/r+6l§ - 6><1(1).050£-246 - Z_g =24
power drawn from the supply,
W=V XI=110 X 2 =220 W
power dissipated as heat = 61, + I’R
= I*(6r + R)
=4 X (6 X 0.50 + 46)
=4 X (3 + 46)
= 196 W

Difference = (220 — 196) W = 24 W. This power is used to charge the batteries.

3.9 Kirchoff’s Rules

In different electronic circuits, components like resistors, inductors, capacitors and batteries are
connected with each other in a complicated way. Such circuits cannot be considered as a simple
series or parallel connections. Generally, such complicated circuits are known as network.

Ohm’s law alone is not sufficient to analyze a network. There are several rules for the analysis
of a network. Kirchoff’s two rules are amongst them.

Let us try to understand the two terms concerning circuits before the discussion of Kirchoff’s
rules.

50 12V Junction or Branch Point : The point in a

C w [ { [ network at which more than two conductors (minimum
| three) meet is called a junction or a branch point. (You

I 1060 (1 will be aware that how many railway lines make a
Be—<—" AWM 4 A junction.) In figure 3.14 three conductors are meeting

—_

at points A and B. Therefore, points A and B are
2 called junction or branch points.

2062
E _/W_l —F Loop : A closed circuit formed by conductors is
6V known as loop. As shown in figure 3.14, CDABC,
Figure 3.14 Network AFEBA and CDAFEBC are some of the closed path
of conductors known as loop.

In the analysis of a network, unknown quantities like V, I, R ..... in a given circuit can be
determined from the known quantities.

Kirchhoff’s Rules :

Kirchoff’s First Rule : Kirchoff’s first rule is the
consequence of the law of conservation of charge.

Consider junction O of a network as shown in figure
3.15. The currents meeting at the junction point O are

4

represented as L, L, ... , L. Their directions are represented
by arrows in the Figure.

Let Ql, Qz’ ........ , Q5 be electrical charges flowing through
the cross-sectional area of the respective conductor in time

Figure 3.15 interval 7 which constitutes current I, L, ......
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Hence, I = - Q =1t
_ % _
I = - = Q, =Lt
_ % _
L = - = Q, = Lt

It is evident from the Figure that the total electric charge entering the junction is Q, + Q,, while
Q, + Q, + Q, amount of electric charge is leaving the junction in the same interval of time.
As per the law of conservation of charge,

Q +Q =0Q +Q, +Q (3.9.1)
A WARES FAES RS A O

CL L+ (L) + (D) + (1) =0 (39.2)
~. At the junction, X I =0 (3.9.3)

Thus, “The algebraic sum of all the electric currents meeting at the junctions is zero.”
This statement is known as Kirchoff’s first rule.

In the above sum I and I, currents are positive while [, I, and I, are negative. Thus the
electric currents entering the junction are considered as positive and the currents leaving the junction
are considered as negative. One can also consider an opposite convention to arrive at the same
result.

Kirchoff’s Second Rule : Using law of conservation of
energy and the concept of electric potential any closed circuit
can be analyzed. Kirchoff’s second rule is the essence of the
above mentioned concepts. Let us consider a closed path
ABCDEA as shown in figure 3.16.

Here, resistors R, R,, R;, R, R, and batteris of emf’s
€ and g form a closed loop ABCDEA. If the internal

resistance of a battery is ignored, the rise in the -electric
potential while going from negative to positive terminal of a cell

is equal to the emf (€) of a battery. The potential difference
across the ends of a resistor is equal to the product of the
resistor and the current flowing through it (V = IR). Figure 3.16

The electric potential at any point in a steady circuit does not change with time.
If V, is the electric potential at point A, and if we measure the changes in the electric potential
while moving in clockwise or anticlockwise direction in a closed circuit and come back to point
A, the potential V, should remain unchaged. This is called the singlevaluedness of the electric
potential. In fact, the singlevaluedness of the electric potential is a consequence of the law of
conservation of energy.

The electric potential drops by an amount I R, when we move in a clockwise direction from
A through the resistor R,. Here, the direction of current is arbitrarily taken from A to B i.e. current
flows through resistor R, from a point of higher potential (A) to lower potential. Hence there will
be a drop in potential equal to I R, as we move from A to B. There is a rise in the potential €
while going from the negative terminal to the positive terminal of a battery of emf €. The potential
rises by LR, when we go from B to C through resistor R,. As the direction of current is assumed
from C to B, the electric potential of point C is higher than B. Therefore, potential rises by an
amount LR, while going from B to C.
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In a similar way, there is a decrease in potential equal to € when we go from positive to
negative terminal of a battery of emf €. There is a potential drop IR, while passing through R.,
rise in potential IR, through R, and rise in potential LR, through R..

Taking the algebraic sum of all these changes, the potential at point A should remain V,.

~V, - IR +¢ + 1R, —¢ — LR + IR + LR =V

- IR +¢ + IR, — ¢ — LR, + R + LR, =0 i (3.9.4)
Thus, the algebraic sum of all the changes in potential around any closed loop is zero.

s -IR) + LR, + (-LLR) + LR, + LR, = (=€) + g, (3.9.5)
. 2IR = X¢ (3.9.6)

This equation suggests that “for any closed loop the algebraic sum of the products of
resistances and the respective currents flowing through them is equal to the algebraic sum
of the emf’s applied along the loop.” This statement is known as Kirchhoff’s second rule.

Sign convention for applying Kirchoff’s rules :

The following sign convention has to be followed in using equation (3.9.5).

(1) If our journey through the resistor is in the direction of flow of current which is arbitrarily
chosen, IR should be considered negative and if the direction of journey and the direction of current
is opposite to each other IR should be considered as positive.

(2) The emf of a battery should be considered negative while moving from negative terminal of
a battery to the positive terminal (while writing on the right hand side of the equation.) The emf of
a battery is taken as positive while moving from positive to negative terminal of the battery.

The direction of the electric current can be arbitrarily chosen while using Kirchoff’s rules to
analyze any network. We shall get negative value of the current if the direction of current which
is arbitrarily chosen is opposite to the actual direction of current.

Illustration 10 : Calculate the current flowing through the resistor R in the given circuit.

R, =10 Q, R, =20 Q and R, = 30 €. The potentials of the
v, o6V points 1, 2 and 3 are respectively, V., = 10 V, V, = 6 V and

[ §*]

V, =5 V. Calculate the potential at the junction.

Solution : O is the junction point in the above circuit. The
potential at point 1 is higher than the potential existing at point

Vv oy R I 10£1

|
2 and 3. Hence, the direction of the flow of the current is from
point 1 to O, from O to 2 and from O to point 3. The Figure
indicates the electric current and their direction.

Now for the 102 path, we have,
V, — IR, = LR, =V,
<o 10 — 10l — 20L, = 6

w10l + 20L, = 4 (N
For the 103 path, we have,

10I + 30 (I - L) =5

. 400 — 30L, = 5 )
Solving equation (1) and (2), we have,
I =02A
Let V, be the potential at point O, then

10 = V, = IR,

10 =V, =2
.V, =8V
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Ilustration 11 : Calculate the potential difference between the plates A and B of the capacitor
in the adjacent circuit.

Solution : The distributions of the current are shown in %m!h“ ﬁ: f
figure.

Applying Kirchhoff’s Second Law to the closed loop abcdea, IV
we have

- 101 -200—-1)+4=0 .:mz 1081

301 -21 =4 (1)

For the cdhge loop, I |r 4V

200 = I) + 1 =30 =0 o8 Ty & ASB ..

" 200 — 501, = —1 2 e Y

Solving equation (1) and (2), we have, |

= 0.1 A and I = 02 A. ¥ T

The p.d. between the two plates of the capacitor is equal ¢ d c
to the p.d. between ¢ and h point. Let V_ be the potential at 23 100 I
point ¢ and let V, be the potential at point 4. For the path cdh, g | l i b
we have 4V I

V.- 10 x02+ 1=V,
V.-V, =2-1=1
. The potential difference between the two capacitors = 1 V
- Illustration 12 : Calculate the poten‘tial difference between PR T s B :|.1F i

points A and B as well as between, points C and B under a 1} J_ - j_ 1}
steady condition of the circuit shown in the figure. 3uF iuF

Solution : e (or a or b) and d are the two ends of the _I: Hlllle ..s:
capacitor 3 UF. ‘k and g (or h or f) are the two ends of the ooy EEM!
capacitor 1 UF.

.-f’—'\'WVW—{nm |

The equivalent circuit of the above circuit can be given as

under : 3 |
. . h.a.e ghf
There are two 3 WF capacitors connected in parallel.
.. Their equivalent capacitors = 6 UF 3uF I UF
11
In a similar way equivalent capacitors of two 1 UF capacitors llull' :
=2 uE oy 2

Aﬂ—-’V;ﬁ\éVW—I El i_“L(

Since the circuit is in the steady state, no current flows through 20 € and 10 € resistances.

The above situation is represented in the figure below.

It seems as if these resistors are not connected in the circuit. In this situation, the voltage of the
battery (100 V) is applied between point @ and h. The 6 UF and 2 UF capacitors are connected
in a series combination between the two ends of the battery.
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S HF &M If the electrical charge on 6 UF and 2 UF capacitors is

11 y
1= > =
+ CHT I equal to g, then
+ - V,+V =V
I
uf L
=100 4 4 _ 4 9 _
e EEIHL: C, + c, Vv, c T3 = 100
S AAAAAN, I| | ;
A 2041 by C 100x12
sog = 10012 _ 50

8

Now, the potential difference between points A and B are equal to voltage developed across
6 WF capacitors,

wvoo= 10 _hsy

AB 6
Now, the voltage between B and C
Ve = 100 — 25 =75V
Hlustration 13 : A cube is made by connecting 12 wires of equal resistance R. Find the
equivalent resistance between any two of its diagonally opposite points.
Solution : Let I be the current through the cell.

Since the paths AB, AD and AA' are symmetrical with

# -

B] 3 C'l m
g > > respect to resistors, current through each of them is same
4]
. (i.e. %). At the junctions B, D and A' the incoming current
A = 1 B —2 M
H, 6 % % splits equally into the two outgoing branches, the current
: :
1
5 o - Vi through each branch is %, as shown in Figure. At the
D 1
i 2 1 junctions C, B' and D' these currents reunite and the
_1 ¥
> B currents along CC', B'C' and D’C’ are % each. These
F
I | Ie three currents reunite at the junction C' and the total current
]
L I N at junction C' is I again.
Applying Kirchoff’s second rule to the closed loop AA'D'C'MNLA,
I I I, _
- 3R - ¢R - 3R =-¢
e = 2R (1)

Let the equivalent resistance between two diagonally opposite points A and C' be R' this means

that if R' is connected across the same battery (of emf €) in place of the given network, the
current I should remain same.

From the equivalent circuit shown in Figure,

A AMMA— e = IR' )

L ¥ Comparing equation (1) and (2),
|
T 2R = IR'
| I
I' ' _ 5
€ R = ER
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Illustration 14 : A cube is constructed by connecting 12 wires of equal resistance as shown
in Figure. Find the equivalent resistance between the points A and B shown in the Figure. The
resistance of each wire is of r . A and B are the midpoints of the sides PQ and VU respectively.

Solution : Note that with reference to the line joining A Q i

L R
and B, the pairs AP and UB, AQ and VB, PW and RU, QT 1

=

]
]
and SV, WV and QR are symmetric branches. Hence current - E 1
flowing through each of this symmetric pair must be same. e.g. i o > 5 i
I S P
if the current flowing through PW is 5, the same current k I,'----B'w———- u
3 4
M F
I i B
(i.e. Z) will flow through RU. With this consideration the . 4 5 1 ,",'
i &
proportional currents through the various circuit branches are as |€
L N

assigned their values in figure. M
Points W and T being symmetric about A are at the same potential, so no current will flow
through WT and similarly also through SR.
Appyling Kirchoff’s second rule to the closed loop APWVBNMA, taking r as the resistance of
each wire.

- ale) - ar- a3l = e

~ IR =¢ (D
If the equivalent resistance is r',

then Ir' = € (2)

Comparing equations (1) and (2),

1
ro=r

3.10 Series and Parallel Connections of Resistors

Resistors can be connected in series or parallel or a mixed combination of both the types
between any two points. You have studied the series and parallel connections of resistors in
Standard—X. Here we will make note of their results.

Series Combination of Resistors

Resistors are said to be connected in series between any two points, if the same current is
flowing through each resistor or in other words, there is only one path available for the flow of
current. v K

Figure 3.17 shows the series connection of 7 resistors
R, R,, R, ... » R between two points A and B. 1

If the equivalent resistance of the series connection is
RS, then,

IR Ry PRy R
n
R =R +R, +R + ... +R = ZRi (3.10.1) Figure 3.17 Series Connection of
N n .
=l Resistors

Thus, the equivalent resistance of the series combination of the resistors is always greater than
the greatest value of the resistors connected in series.

If n identical resistors each of value R are connected in series, the equivalent
resistance is,

R =R+R+R+ ... n times = nR (3.10.2)
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Parallel Connection of Resistors : The resistors are said to be connected in parallel between
two points if there are more than one path available for the flow of current and potential difference

(V) across each o]{ them is same.
Iy i

In figure 3.18, n resistors R, R, R, ... s Rn are
connected in parallel between two points A and B.
L e T If the equivalent resistance of this parallel connection
is RP, then
L 4 n
LA S s L BT i i
R, =R, t R, T R, T - R, = &R
(3.10.3)
} I {-) Thus, the equivalent resistance of a parallel combination
. kg K . of resistors is always smaller than the smallest value of
Figure 3.18 Parallel Connection of . .
. resistors connected in parallel.
Resistors
If n identical resistors having resistance R are connected in parallel, the equivalent resistance is,
2 1 1 1 . _ n
RP—R+R+R+ ....... ntlmes—R
. - R
- R, =3 (3.104)

Illustration 15 : As shown in the figure (a), some current flows through resistors R, R, and
R, resistors. R, = 10 €, R, = 20 € and R, = 30 € and the battery voltage is equal to 10 V.

Solution : Let us start from point A in order to

B D . . N . .

AN — W ——AAAAN obtain the equivalent circuit of the above given circuit.
A Ry B2 C Ry Here one end of the resistor Rl is connected to point A.

The common end of resistor R, and R, (point C) is

connected to point A.
The circuit (b) resembles partially the above

circuit.
Similarly, the other end of the resistor R, and the

common end of resistor R, and R, are connected to
point B.
The entire circuit can be represented by
figure (c).
Hence, we have a situation in which 3 resistors are
connected in parallel as shown in figure (c).

The voltage developed across the two ends of
each resistor will be equal to 10 V.

.. Therefore, the current flowing through R, I, = §|

= % = 1A, similarly the current flowing through R,

_ N _ 10 _ )
| L = R, = 20 — 0.5A and current flowing through R,
1
Mov Yy _ 10
© L= R, = 3 = 033 A
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IMlustration 16 : An electric current of 5A is divided in three branches forming a parallel
combination. The lengths of the wires in the three branches are in the proportion 2 : 3 : 4 and their
radii are in the proportion 3 : 4 : 5. Find the currents in each branch if the wires are of the same
material.

Solution : Let the lengths of the wires be 2/, 3/ and 4/ and their radii be 3r, 4r and 5r
respectively. Their respective resistances are,

21
R = Pl
_ 31
Ry = P ar?
4
and R; = p. 1)

) . 2.3 .4
or,Rl.Rz.R3—9.16.25

The currents must be in the inverse proportion of resistances.

. 9 .16 . 25
| PR VO =313 1
=54 :64 :75
. Current in the first branch Il = 5;19);5 =140 A
Current in the second branch I2 = 6149X35 = 1.66 A
Current in the third branch I, = X3 = 194 A
3.11 Series and Parallel Connections of Cells

Like resistors, cells can also be connected in series, A

€ €
1 I 2 I B
parallel and combination of both between two points. | | @ € || @ €
r I

Cells in Series

Suppose two cells having emfs €, and €, and internal

resistances 1, and r, are connected in series between two “—-)-———Wﬂfv"r—{-

points A and B as shown in figure 3.19. An external l R
resistance R is also connected across the connection. Figure 3.19 Seéuii Connections of
ells

Applying Kirchhoff’s second rule for the closed loop ABCDA,
—€ +1Ir,—¢ +1Ir, + IR =0

.'.Irl+Ir2+IR=8 + €

1 2

IR+ (r, + 1)l = ¢ + ¢

€
& + € eq

I = R+(7i+r2) = R+req (3111)

where, 1 is the current through the resistor R.
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Thus, the series combination of two cells acts as a single cell of emf €, =& *t§, and internal

resistance Ty =1 T 1y In this sense €, is an equivalent emf and Ty is the equivalent internal
resistance of the series connection of cells.

If the polarity of one of the cells is reversed, the

€ . . . .
'L 1 @ J equivalent emf will be |€, — €&, but the equivalent internal
gati I B resistance will remain r, + 7,.
- . Cells in Parallel :
2 . .
< |—E—(— As shown in figure 3.20, suppose two cells of emfs
3 ] |

i
-

g, and g, and internal resistances T and r, are connected

in parallel between two points A and B. The currents are

I it also shown in the Figure.
Figure 3.20 Parallel Connection of We are interested in finding the current flowing through
Cells

external resistor R.

At junction A, according to Kirchhoff’s first rule,
=1 +1 (3.11.2)
Applying Kirchhoff’s second rule to the closed loop ADRCBE A,
-IR — Lr,+€& =0
S IR+ Irp =g
g, —IR
L= (3.11.3)

! 4l

Similarly for the closed loop ADRCBEZA, we have

€, —IR
12 = 7 (3.11.4)

Substituting the values of L and L from equations (3.11.3) and (3.11.4) in equation (3.11.2), we
have,

g, —IR e, —IR
1 2

r h E
1.1 & )
_+_ — —_— ——
I+IR[r] rzj_ﬁ+rz
hon gl )
g &
. __h n
1= —1+E+E (3.11.5)
h n
€., +ELT;
or, [ = mA—=! (3.11.6)

R(rl + r2) +nr,
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Dividing numerator and denominator of equation (3.11.6) by (r, + r,),

(&1, +8,17)
[ = (n+1n) _ Feq
L1 Rt (3.11.7)
(i +1)

Thus, the parallel combination of cells acts as a single cell whose emf is,

g1 &0
€, = —rl+r2 (3.11.8)
and internal resistance is,
__hh
Toy = PRy (3.11.9)
11,1 (from equation 3.11.9) (3.11.10)
req h 63
Taking the ratio of equations (3.11.8) and (3.11.9), we get
€ €
Zq _ 2o B (3.11.11)
req g h
If emf’s of two cells are € = ¢ =& and internal resistances are r,=1, =1, then,
_ _r
eeq = € and Tog = 7>

In figure 3.20, we had joined the positive terminals together (at point A) and similarly the two
negative ones (at point B), so that the currents I, and I, flow out of positive terminals. If the
negative terminal of the second is connected to positive terminal of the first, equations (3.11.10) and
(3.11.11) would still be valid with €, — —€,

If there are n cells of emf €, &, .., and of internal resistances Fio Ty e Ty respectively
connected in parallel, the combination is equivalent to a single cell of emf €, and internal resistance
To such that

L 1,1, 41 (3.11.12)

req n T, r,

€ € € €

24 = 1 4 2 4 . + L (3.11.13)

req " b3 -

ii
i=1 G
and I = n 3.11.14
1+RY L ( )
n £
=11
If n cells of emf €, €, .., § and internal resistances Ty, Ty vy I, are connected in series

to form a row and m such rows are connected in parallel, the current in such connection (which
is called mixed connection) is given by following formula.

n

%
+1L
m

p—
I

i (3.11.15)

R = external resistance connected across the mixed connection
m = number of rows
n = number of cells in a row.
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Illustration 17 : In the circuit shown in Figure, g = 3V, g, = 2V, g = 1V and R = T

r, =71, = 1€2.. Find the current through each branch and potential difference between the points A
and B.
Solution : Let I, I, and I, be the currents through the resistors r|, r, and r, respectively as
indicated in figure. Using Kirchhoff’s second rule to loops abcda and abcdefa, we have,
i, —¢ +¢& + L, = o . (1)
and Lr,— ¢ +¢&+ Lr, = o . 2)
From equation (1) and (2),
& - Irn=¢+Lr,=¢+Lr, .. 3)
Appyling Kirchhoft’s first rule to junction a, we have
L=+ . “4)
Using equation (4) in (3), we get
g — (I, + r,=¢ + Lr,
or, 213 +L=2 5)
Also €, + Lir, = & + Lr,
o, L, -L,=1 (6)
From equations (4), (5) and (6),
[ =1A, L, =0 A and [ = 1A
Potential difference between A and B
= Potential difference between a and d
=¢€ — I
=3 -1x1
= 2V
3.12 Wheatstone Bridge
In 1843, Charles Wheatstone developed a circuit to measure unknown resistor with reference to
standard known resistance. This circuit is known as
Wheatstone bridge. Wheatstone bridge network is shown in

galvanometer is connected between B (common point

R, and R)) and D (common point of R, and R)

figure 3.21. The bridge has four resistor arms R, R), R, and
R, connected to form a closed loop. The source of emf
(battery) is connected between A (common point of R, and

Rs) and C (common point of R, and R,) and sensitive

of

Three resistors out of the four are known and the fourth
one is unknown. The three resistors are chosen in such a
way that galvanometer shows zero deflection. In this condition
the potential at point B and D are same hence there will be

| 1 A
1 'f \‘K‘r no flow of current through the galvanometer. This condition
Figure 3.21 Wheatstone Bridge of Wheatstone bridge is said to be balanced condition.
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Applying Kirchhoff’s second rule to loop ABDA in a balanced condition,
-IR, + LR, =0
. R, = LR, (3.12.1)
Similarly, applying Kirchhoff’s second rule to the loop BCDB,
-IR, + LR, =0
~ IR, = LR, (3.12.2)
Dividing equation (3.12.1) by equation (3.12.2) we have,
R = Rs (3.12.3)
R, R,

By knowing three resistors, the fourth unknown resistance can be found.

Meterbridge

Meterbridge is the simplest practical device based
on the principle of Wheatstone bridge. It is used to
measure an unknown resistance experimentally. The

Meterbridge used in the laboratory is shown in
figure 3.22.

Meterbridge consists of a constantan wire of length
1 m and of uniform cross sectional area which is used

I

. . S El :

in place of resistors R, and R,. This wire is stretched K e
Figure 3.22 Meterbridge

taut and clamped on a meterscale which is mounted on

a wooden plateform. Two thick copper strips bent at right angles are connected at two ends A and
C of the wire as shown in Figure. The connecting terminals are provided on this metallic strip (at
the end points of a wire) where a battery can be connected. Another copper strip is fixed between
two thick copperstrips in such a way that the metallic strip has two gaps across which resistors can
be connected. One end of a sensitive galvanometer is connected to the copper strip midway (at point
B) between the two gaps. The other end of the galvanometer is connected to a ‘jockey’ D which
can slide over the wire to make electrical connection.

As shown in figure 3.22 unknown resistance R, is connected across one of the gaps and a
standard known resistance R, is connected across the other gap.

For one value of known resistor R,, the jockey is slided along the wire to get the position
(say D) where the galvanometer will show no current. Point D is called balance (null) point.

Let the distance of the jockey from the end A at the balance point is AD =/, and the length

of the wire DC is l2, then from equation (3.12.3), we have,

R, _ Resistance of Wire AD

R2 ~  Resistance of Wire DC
R Lp l
1 1 1
0 _ = _ 1 3.12.4
R, Lp L ( )

where, p = resistance per unit length of the wire

R, = (100-{)

]
DR R o
- Ry = Ry 00-1)
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l
By choosing various values of known resistance R, the value of 1_1 is calculated each time and
2

the average value of unknown resistance R, can be found. The above method gives accurate valve
of unknown resistance R, but this method is not useful for the measurement of small resistance.

Hlustration 18 : Calculate the current flowing through the BC wire for the given circuit (a)
shown here.

200€2 Solution : Kirchhoft’s Law can be used to solve the

(5) above problem. We shall redraw the above circuit in a

1000 1002 ~ 2000 different way. The four points ABCD are common to two

A _W' B W N?:“;\N_ W different resistances. Let us start from point A. At point

A one end of resistances (1) and (4) is common. (Figure

Wﬂ . (b)). A 100 Q resistance is connected between B and C.
(431008

Resistance 200 €2 is connected between points C and D

“ (resistance 3). A 200 € resistance present between B
LoV

and D (resistance 5). The original circuit can be redrawn

@ as shown in the figure (c).

20062

1002

0oL
(1)

(b) (©

In the above circuit a 10 V battery is connected between points A and D.

We form a close loop when we go from point A to B to D to C and back to A. A battery
is connected between points A and D.

Under the balanced condition of Wheatstone bridge no current will flow from point B to C, since

R
R = R_4 condition is satisfied.
3

No current flows through the resistor connected between the points B and C.

"I =0
Mlustration 19 : 200 € resistor is connected in one of the gaps of the Meterbridge. Series
combination of X €2 and 50 €2 resistors is connected in the second gap. Here unknown resistance
X € is kept in a Heat bath at a certain temperature. Calculate the unknown resistance and its
temperature if the balance point is obtained at 50 cm. The total length of the wire of the
Meterbridge is equal to 1 meter. The resistance of the unknown resistance at 0 °C temperature is

equal to 100 Q o = 0.5 x 107 °C! for the material of the X Q resistors.
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Solution : Here, we have |~ = A
2 2
200 _ 50 B
X+50 ~ 50 R, =200 Q
X =150 Q R2=(X+50)Q
Now, X = X [1 + o0 — 0)] = 50 cm

150 = 100[1 + 5 x 107°0]
15=1+5x 1070
. 6 =100 °C

Note : We can understand from the above example that temperature of the resistor can be
measured using wheatstone bridge. (The varying temperature of the resistor can also be measured.)

100 — 50 = 50 cm

The thermometer can be constructed by knowing the relationship between resistance and
temperature. Such a thermometer is known as resistance thermometer. The manufacturer of such
a thermometer provides us with R — T graph. Presently thermometer with digital display is
available. The resistance thermometer is an example of a transducer. In a transducer the physical
quantity is converted into an electrical quantity or vice-versa.

3.13 Potentiometer
(A) The Requirement of Potentiometer : We have seen that the terminal voltage of a
battery is given by,
V==¢t-1Ir (3.13.1) €
a o I b
where € = emf of battery 1 | | b |

and r = internal resistance of a battery.

As shown in figure 3.23 if voltmeter used in the

laboratory (table voltmeter) is connected across two termi- /"'\
nals (between points a and b) of a battery, then it will :[ @V
measure the potential difference between two terminals of

a battery or a terminal voltage (V). Figure 3.23

The equation (3.13.1) reduces to V = € when the internal resistance of a battery is zero (i.e.
r = 0) or no current flows through the battery (i.e. I = 0). But the internal resistance (r) of a
battery can never be zero. Therefore voltmeter can measure the emf (€) of a battery only if no

current is drawn from it. (i.e. I = O open circuit condition.)

The resistance of an ordinary voltmeter is approximately in the range of 5000 € to 6000 Q.
Hence a small amount of current flows through the battery when connected to voltmeter. This
means that the voltmeter measures only the terminal voltage (V) and not the emf (€) of a
battery.

Thus, in order to measure the emf of a battery we have to design a new device in which open
circuit condition (I = 0) is achieved. Such a device is called potentiometer.

Potentiometer is such a device in which one can obtain a continuously varying potential
difference between any two points which can be measured simultaneously. This can be
understood from the principle of potentiometer.
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(B) Principle of Potentiometer : As shown
——
) C

]

in figure 3.24 a battery of emf € and having internal

r L?ng resistance r is connected in series with a resistance
I ,~— Resistive o ) )
: Wire box R and a long resistive wire of uniform cross-
R.B I I

sectional area (i.e. the resistance per unit length of

.

AB =L, AC =1 o _
the wire is same throughout the length of the wire.)

Figure 3.24 Principle of Potentiometer It is to be noted that the resistance box R is not
always necessary to connect.
(Note : In potentiometer a long piece of uniform wire few meters in length across which a
battery is connected is clamped on a meterscale which is mounted on a wooden plateform.)
Let L be the length of the potentiometer wire AB and p be the resistance per unit length of
the wire. Therefore the resistance of the wire AB = Lp. If R is the resistance of the resistance
box then the current flowing through wire AB can be given by Ohm’s law as follows.

€

I= Riipir

(3.13.2)

If [ = length of the wire from A to C then [p = resistance of the AC part of wire,
Therefore, the potential difference between A and C is = IIp

This potential difference is denoted by V,
sV, =1ip (3.13.3)
Substituting the value of I from equation (3.13.2) into equation (3.13.3),

&
Vv, = (m]lp

. &P
. V[ = R+Lp+r l (3.134)

"V, e ] (3.13.5)

Principle : The potential difference between any two points of a potentiometer wire is
directly proportional to the distance between that two points. By taking different values of I,
different potential difference can be obtained. Points A and C of the wire behave as if they are
positive and negative terminals of a battery. By changing the position of C (with the help of jockey)
the emf of such a battery can be continuously varied.

From equation (3.13.4),

_ Vi _&ep
. . . .Y . . .
The potential difference per unit length of the wire —~ = O is called potential gradient.

l
Its unit is Vm™.

The sensitivity of the potentiometer depends on the potential gradient along the wire. Smaller the
potential gradient, greater will be the sensitivity of potentiometer.

For a given V., the sensitivity of a potentiometer can be increased by increasing the length of
the potentiometer wire.

120 - Physics-111



(C) Uses of Potentiometer :

(i) Comparison of emf’s of two cells : Let € and €, be the emf’s of the two cells which
are to be compared using potentiometer. For this purpose, the emf (€) of the driver cell (main
battery) in potentiometer should be greater than emf’s of cells (€, and €,) to be determined.

As shown in figure 3.25, firstly the positive terminal
of cell € is connected to the end A of the potentiometer

wire and the negative terminal of € is connected to

jockey through a sensitive galvanometer. For this

connection, plug key k, is inserted.

The jockey is moved along the wire AB till the
galvanometer shows no deflection. Let the position of R.IB B,

the jockey be C,. In this condition no current is

flowing through cell € and hence its terminal voltage AC =1,
is equal to its emf (€. Such a point on the wire is AC, = |,
called null point. Suppose, null point C,, is at a Figure 3.25 Comparision of emfs of Two

. . . Cells
distance [/, from point A of wire. In the balanced

condition, potential difference between point A and C,
of the wire should be equal to emf of cell €,.

From equation (3.13.4), we have

VAC] =¢g = ol (3.13.7)

1
_ 5P . .
where, 6 = |} Tlptr respresents the potential gradient.

Now by inserting plug key K, battery €, is connected in place of €. The null point (C,) is again
obtained for cell €, by sliding jockey on the wire. Let the balancing length be
AC, = lz, then,

Vi =& =0l (3.13.8)
Takizng the ratio of equation (3.13.7) and (3.13.8), we get

l 4

X = 7, (3.13.9)

Using the above equation the emfs of two cells can be compared.

In practice, the emf of a cell is determined by comparing it with the emf of a standard cell and
equation (3.13.9) is employed.

One can obtain desired value of potential difference between any two points of the wire by
choosing appropriate value of R from the resistance box. The potential difference of the order of
10°%v (=1 WV) or of the order of 1073V(= 1mV) can be obtained. Thus, potentiometer can also
be used to measure a very small emf.

Note : If two cells of emfs € and €, are first connected in helping condition and then in
opposing condition, the lengths of the null point is respectively /; and [, then,

€ L+

s I lel: (3.13.10)

€
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(ii) To Determine the Internal Resistance of a Cell :

We can also use a potentiometer to measure the
internal resistance of a cell. For this as shown in figure
3.26 the cell (emf €) whose internal resistance (r) is to be

determined is connected across a small resistance box R

. through a key K,.

The null point C, is obtained on the potentiometer

wire when key K  is open. (i.e. when resistance box is

2
not connected.) At this time there will be no flow of

current through a cell (€) which is called open circuit

Figure 3.26 Internal Resistance of a Cell condition. If the null point C, is obtained at a distance [,
from point A of the wire, then

V,c =& =0l (3.13.11)

When key K, is closed, resistance box comes in the circuit. Null point C, is again obtained on

the wire for an appropriate value of R. If the terminal voltage of a cell is V and null point is

obtained at AC, = lz,

VAC2 =V = ol, (3.13.12)
£ _ ll
vV =T (3.13.13)
2
From Ohm’s law € = 1 (R + r)
and V = IR
This gives, & = XL (3.13.14)
Using equation (3.13.14) into equation (3.13.13),
R+r _
R L,
ll
~r=R E_l (3.13.15)
Using equation (3.13.15) we can find the internal resistance of a given cell.
3.14 Electrical Energy, Power : Joule’s Law
I"*: K Consider figure 3.27 A battery having terminal voltage
A
I LY
I of V volt is connected to a resistance R and the circuit
B
1" is completed. As explained above at end A of the resistor,
A R B energy of 1 C positive charge is V Joule. This energy per
VVVVVVVVVVVVVV unit positive charge represents the electric potential at
Figure 3.27 point A.

If the electric current is considered due to the motion of electrons (which is true in reality), it
can be said that a unit negative charge possesses an electrical energy of V Joule at end B of the
resistor.
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We have also studied that when the electrons acquire drift velocity they experience collisions
with the positive ions oscillating about their mean position, and the energy acquired by the electrons
is partly transferred to the ions making their oscillations faster and more random. In Standard 11 we
have already seen that heat energy is the kinetic energy associated with the random motion of
constituent particles of a substance. Accordingly, this increase in the energy of oscillations of the ions
due to collisions with electrons manifests as heat energy.

The heat energy released in a conductor on passing of an electric current is called the
“Joule heat” and the effect is called the “Joule effect”.

The p.d. of V volt applied between two ends of a conductor means that V joule energy is
utilized when a unit charge passes through the conductor.

If Q coulomb charge passes through the conductor in ¢ seconds, the electrical energy consumed
in 7 second = heat energy produced during this time,

W=VAQ (3.14.1)
This is the heat energy produced in time f.

Let a steady current of I ampere be produced due to this charge then,

=4
t

.Q=1Ir

S W=VIt (3.14.2)
Now according to Ohm’s law, V = IR

W = PRt (3.14.3)

*. Electrical energy converted into the heat energy per unit time (power) is given by
P = I’'R (3.14.4)

Here, R is the Ohmic resistance of the conductor, value of which does not depend upon V or
I. Considering R as a constant, the heat energy produced per second.

P < I? (3.14.5)
This equation is known as Joule’s law.

Joule’s Law : “The heat produced per unit time, on passing electric current through
a conductor at a given temperature, is directly proportional to the square of the electric
current.”

The heat energy produced here is in joules.

We must know the relation between joule and calorie if we want to express heat energy in
calories. Such a relation was given by Joule (James Prescott Joule, 1818—1889) according to which
W = JH. Where W is in joule and H is in calorie. Here J is called joule’s constant or mechanical

equivalent of heat and its value is J = 4.2 ] cal™\.

2
_ T'Re(joule)  12R¢

H= J(Joule/cal) — " J cal (3.14.6)
3.15 Practical Applications of Joule Heating

Generation of heat on passing electric current through a conductor is an inevitable
phenomenon. In most cases it is unwanted, as electrical energy gained by charges is wasted
in the form of heat energy. This is known as ‘Ohmic dissipation’ or ‘Ohmic loss’. For
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example, a considerable part of electrical power supplied to an electric motor used to pump
water to overhead tank in our houses, is wasted in the form of heat. Moreover, when current
is passed through a circuit, properties of some components in the circuit change due to heat
produced. Long distance electric transmission is done at very high voltage to reduce this
Ohmic loss.

Joule heat is useful in case of some domestic applications also. Usefulness of Joule heat
will be immediately clear if you think of electrical appliances used such as electric iron, electric
toaster, electric oven, electric kettle, room heater etc. Joule heat is also used in electric bulbs
to produce light. When electric current is passed through the filament of a bulb, its temperature
rises considerably due to the heat produced, and hence it emits light. The filament should
consist of a metal of very high melting point (e.g. tungsten’s melting point is 3380° C). As far
as possible this filament should be thermally isolated from the surrounding.

Note that only a very small fraction of electrical power supplied converts into light. Normally
bulbs emit 1 Candela of light energy per 1 W electrical power consumed.

A very common application of Joule heat is fuse wires used in circuits (and in our houses.)
A fuse consists of a piece of wire of metals having low melting point (such as aluminium, iron,
lead etc.) and is connected in series with an appliance. If a current larger than a Pre-decided
value flows, the fuse wire melts and breaks the circuit and thus protects the appliance.

Illustration 20 : Electric current divides among two resistors connected in parallel in such a
way that the joule heat developed becomes minimum. Using this fact, obtain the equation of division
of currents.

Solution : Suppose total current I divides into two parts among two resistances R, and R,
connected in parallel. Let current passing through R, be I, then the current passing through R, will

be I, = I — I,. Joule heat produced in unit time in this case will be,

— 712 2
H=1%R, +d- )R,

For this heat to be minimum, we should have d_I] =0

dHd
a, = 2LR, + 20 — I)-DR, = 0

IR,
On simplifying, we get I, = gTR-
1752

IR,
AISO, 12: I - Il =1 — R]+R2

IR,
0=
2 R1 +R2

Note : How does electric current know that some resistance is low so that more of it
should pass through it ! This is due to a fundamental principle of physics which you will
study in future. That fundamental principle is reflected here.

Hlustration 21 : When two resistors are connected with voltage V individually, the powers
obtained are P, and P, respectively. Then,

(i) they are connected in series
(ii) they are connected in parallel

Shown that the product of powers in (i) and (i) is P1P2'
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Solution : Here suppose that the given resistances are R, and R,.
When they are connected separately,

V2

P1=R—1 .ansz:R—2 (D
N v?
R1 = 3 and R2 = (2)

1 2
Their combined resistance in series connection is, Rl + Rz.
This combination is connected with voltage V.

2
. The power in case of series connection, P = ﬁ
Substituting values of R, and R, from equations (2),
P = _ v biPy 3)
s V2 j V2 P +P,
b P
: . . . RR,
Equivalent resistance for their parallel connection = &
1752
V2 %
. The power for this combination, Pp = R R, = RER, R, + R)
R,+R,
Using equation (2) in above equation,
2 2
2(V° .V
L
P~ 4011
p Ll
\Y (Pl ><P2
P = P1P2><(P1+P2)
T p T P1P2
P =P + P 4

Note : As the voltage across both the resistors is the same in parallel connection, we could
have obtained equation (4) directly also !

From equations (3) and (4),

P x P =P XP,

Ilustration 22 : A battery having an emf € and an internal resistance r is connected with a

resistance R. Prove that the power in the external resistance R is maximum when R = r.
I

Solution : Power in the external resistance >
P = 'R
€ : I
- b= (R+r) R £

=
dP _ 2¢°R N g ~ 0 — <]
AR~ T R+’ | R re g
R P
(being the condition for maximum or minimum P) r: : 7
“R=7r 1<h Z
o
(It can readily be shown by the second differentiation B
(¢

of P with respect to R, that for r = R it is negative. This
shows that for r = R, Power P is maximum.) Figui;'e 38
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SUMMARY

Electric Current : Charges in motion constitute an electric current.
The amount of charge flowing per unit time across any cross-sectional area of a conductor
held perpendicular to the direction of flow of charge is called current (I).

Q

For a steady flow of charge, I = "

If the rate of flow of charge varies with time,

li A d!

Electric Current Density : It is the amount of electric current flowing (electric charge
flowing per unit time) per unit cross—sectional area perpendicular to the current at that point.
If a cross-sectional area is not perpendicular to the current, then the current density at any
point,

dl

I = dacos9

. dl = Jda cos® = ?.d?

If the cross-sectional area is perpendicular to the current and if J is constant over the entire
cross-section then,

1= [Tda = I [da

a

S I =JA
cy= A1
.J—A

Ohm’s Law : “Under a definite physical condition (e.g. constant temperature) the current (I)
flowing through the conductor is directly proportional to the potential difference (V) applied
across its ends.”

From this, % =R or V =1R

The reciprocal of a resistance i.e. % is called the conductance of the material.
Resistivity : The resistance of a conductor,

l
R:p.K

s resistivity p = %

The reciprocal of a resistivity is called conductivity of the material.
. . 1

.. Conductivity 0 = o

Drift Velocity and Relaxation Time : The velocity of electron corresponding to the effective

(drift) displacement of the electron in the presence of electric field is known as the drift

velocity.

Relaxation Time : The average time between two successive collisions of the electron with

the ions is called relaxation time (T).

The drift velocity achieved by the electron during the relaxation time (T) is,

_ _ (Ee
v, = at = (m)r
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The relation between the drift velocity and current is, I = nAve.

The relation between the drift velocity and current density is, J = % = nev,.

6. The Relation between the Resistivity (p) and Conductivity (G)

ne’t i
0= — and p = >
m ne t

7. Mobility : It is the drift velocity of a charge carrier per unit electric field intensity.

G = nel
The conductivity of a semiconductor,
c = nel, + ney,
8. Temperature dependence of resistivity

The relation between the resistivity of a metallic conductor and temperature is given by the
following empirical formula.

Po = peo[l + o<(0 — 90)]

where, 90 = reference temperature

For a resistance,

Ry = Reo[l + (0 — 90)]

o< = temperature coefficient of resistance

For metals o< is positive i.e., resistivity of metals increases with the increase in temperature.
For semiconductors o< is negative i.e., their resistivity decreases with the increase in

temperature.

9. Super Conductivity : “The resistance of certain materials reduces to almost zero, when its
temperature is lowered below a certain definite temperature (which is known as critical
temperature T.). The material in this state is known as superconductor and this phenomena
is known as a superconductivity.

10. The emf of a Cell and Terminal Voltage : When unit positive charge is driven from
negative terminal to the positive terminal due to non-electrical forces, the energy gained by the
charge (or work done by the non-electrical forces) is called an emf (€) of a battery.

The potential difference between the two terminals of a battery is called the terminal voltage
(V).
The terminal voltage of a battery is, V = € — Ir

11. Secondary Cell : The cells which can be restored to original condition by reversing chemical

processes (i.e. by recharging) are called secondary cells. e.g. lead accumulator.

12.  Charging : If the secondary cell is connected to some other source of larger emf, current
may enter the cell at the positive terminal and leave it at the negative terminal. The electrical
energy is then converted into chemical energy. This is called charging of the cell.

For the charging of a lead storage cell (lead accumulator),

V-¢
r+R
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13.

14.
15.

16.

17.

18.

Junction or Branch Point : It is the point in a network at which more than two conductors
(minimum three) meet.

Loop : A closed circuit formed by conductors is known as loop.

Kirchoff’s Rules

First rule : “The algebraic sum of all the electric currents meeting at the junction is zero.”
L2 =0

Second rule : “For any closed loop the algebraic sum of the products of resistances and the
respective currents flowing through them is equal to the algebraic sum of the emfs applied
along the loop.”

2IR = Xe

Connections of Resistors

Series Connection

R, =R, +R, + R, + ... +R,

where, R, = Equivalent resistance of n resistors connected in series.
Parallel connection

4 _ 1
Rp R,

+ -

€ 1
R, ' R
where, R, = Equivalent resistance of n resistors connected in parallel.

Series Connection of Cells : For the series connections of two cells of emfs € and €, and

internal resistances . and o

I = 81-’-—82 _ eeq
R+(r+r,) R+req

where, I = Current flowing through the external resistance R connected across the series

connection.

Equivalent emf €, = & T &

Equivalent internal resistance Tog =10 15
Parallel Connection of Cells : If two cells of emfs g and €, and internal resistances T

and r, are connected in parallel, then we have,

8.5
I non B TE
1+B+B R(r1+r2)+r1r2
h n
81r2 + 827'1
D1 = (i+r) S
. - I - R+re
R+ 172 q
(rl + 7'2)
Equivalent emf € = G S
quivalent emf g, = Py
. . . iy
Equivalent internal resistance r, =
eq " + 153
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19.

20.

21.

223

Wheatstone Bridge : In the balanced condition of Wheatstone bridge,

R, R

R, ~ R,
Potentiometer : It is a device in which one can obtain a continuously varying potential
difference between any two points which can be measured simultaneously.

Principle : The potential difference between any two points of a potentiometer wire is directly
proportional to the distance between that two points.

Ve ]
£.p
e (R+Lp+r)' !

€.p

R+Llp+r +rj = Potential gradient

V
where, 0 = Tl z(

Joule Effect : “The heat energy released in a conductor on passing an electric current is
called the ‘Joule heat’ and this effect is called the ‘Joule effect’ ™.

Joule heat W = I’Rt (Joule)

2

H=L1X a)
Electrical energy consumed per unit time or heat energy produced per unit time i.e. electric
power
P = 'R
P < I
Joule’s Law : “The heat energy produced per unit time, on passing electric current through
a conductor at a given temperature, is directly proportional to the square of the electric
current.

Ohmic loss : On passing electric current through a conductor, an electrical energy gained by
charges is wasted in the form of heat energy. This is known as “Ohmic loss”.

EXERCISE

For the following statements choose the correct option from the given options

1.

In a hydrogen atom, the electron is moving in a circular orbit of radius 5.3 X 107" m with
a constant speed of 2.2 X 10° ms~!. The electric current formed due to the motion of electron
TR .

(A) 1.12 A (B) 1.06 mA (©) 1.06 A (D) 1.12 mA

A ring of radius R and linear charge density A on its surface is performing rotational motion
about an axis perpendicualr to its plane. If the angular velocity of the ring is ®, how much
current is constituted by the ring ?

(A) RwA (B) R*mwA (©) Ro’A (D) RwA?

A cell supplies a current of 0.9 A through a 2 € resistor and current of 0.3 A through a 7

Q resistor. What is the internal resistance of the cell ?
(A) 05 Q B) 1.0 Q © 1.2 Q D) 2.0 Q
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10.

A The cross-sectional area of the plane shown in the figure

Conductor,"xglx-:: is equal to 1 cm? 2A current flows through a conductor.

/ ] =2

P = The current density at point P in the conductor will
y be ... .

(A) % X 10*Am™ (B) g X 10*Am™

© £ x 107Am> D) £ x 10*Am™

A current density of 2.5 Am™ is found to exist in a conductor when an electric field of

5 x 10%vm™! is applied across it. The resistivity of a conductor is .......... .
(A) 1 x 10°® Qm (B) 2 x 10 Qm
(©) 0.5 x 10 Qm (D) 12.5 X 107 Qm

A wire has a non-uniform cross-section as shown in
figure. A steady current is flowing through it. Then the

e _ B arift speed of the electrons while going from A to B

(A) is constant throughout the wire (B) decreases
(C) increases (D) varies randomly

A resistive wire is stretched till its length is increased by 100 %. Due to the consequent
decrease in diameter, the change in the resistance of a stretched wire will be .......... .

(A) 300 % (B) 200 % (C) 100 % (D) 50 %

At what temperature would the resistance of a copper conductor be double its resistance at
0°C ? Given o< for copper = 3.9 x 107 °C”!

(A) 256.4°C (B) 512.8°C (C) 100°C (D) 2564 K

You are given n identical resistors each of resistance r€2. First they are connected in such a
way that the possible minimum value of resistance is obtained. Then they are connected in a
way to get maximum possible resistance. The ratio of minimum and maximum resistance
obtained in these ways is ......... .

@ 1 ®) n © ©) -5

P and Q are two points on a uniform ring of resistance R. O is the centre of the ring. If
the part PQ of the ring subtends an angle © at the centre O of the ring
(i.,e. LPOQ = 0), the equivalent resistance of the ring between the points P and Q will be

[radius of the ring = r and resistance per unit length of the ring = p]

0 _
W) yren -0 ® R(-%)  © & @) R(Z=2)
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11.

12.

13.

14.

15.

Current Electricity

A wire in a circular shape has 10 € resistance. The resistance of wire per 1 m length is 1
Q. If the equivalent resistance betwen A and B is 2.4 €, then the length of the
chord AB will be equal to .......... meter.

B

(A) 24 (B) 4

(C) 438 (D) 6

In the circuit shown in figure, what will be the effective resistance between points
A and B ?

(A) r (B) 5

© % (D) 2r A B

Figure shows a part of a closed circuit. If the current flowing through it is 2A, what will be
the potential difference between points A and B ?

Iv
(A) 42 V B) +1 V ) 2;"* AW \ | 2’*‘, AV N
A l,rq_ﬂ 1;451 B

< 2V O -1V

In the network shown in figure, the equivalent resistance between points X and Y will
be ... .

(A) r (B)

NI~

©) 2r (D)

[OST Y

The effective resistance between points A and B of the
network shown in figure .......... .

A) 2 Q (B) 3 Q

©) 6 Q (D) 12 Q




16.

17.

18.

19.

20.

21.

ox

The equivalent resistance between points X and Y in the following
§§~'“ figure is .......... )
3
2 A) 4 Q
&£ (B) e
_5,.5411
© 1 Q
ol
Jn (D) 3 Q.

What is the total current supplied by the battery to the circuit shown in the adjoing figure ?

WWA

£

(A) 2 A

(B) 4 A

©) 6 A

D) 9 A

A%

A uniform conductor of resistance R is cut into 20 equal pieces. Half of them are joined in
series and the remaining half of them are connected in parallel. If the two combinations are
joined in series, the effective resistance of all the pieces is :

(A) R ®) 5 © x D) X

What will be the time taken by electron to move with drift velocity from one end to the other
end of copper conductor 3 metre long and carrying a current of 3 A ?

[The cross-sectional area of the conductor = 2 X 107° m? and electron density for copper
n =85 x 10% m?]
(A) 2.72 x 10°%  (B) 2.72 x 10*%  (C) 2.72s (D) 2.72 X 107%

Masses of three wires of copper are in the ratio 5 : 3 : 1 and their lengths are in the ratio
1 : 3 : 5. The ratio of their electrical resistances are ......... .

(A)5:3:1 B) 125 :15:1(C)1:15:125 M) 1:3:5

The resistance of a 10 m long potentiometer wire is 20 €2. It is connected in series with a
3 V battery and 10 € resistor. The potential difference between two points separated by

distance 30 cm is equal to .......... .

(A) 002 V (B) 0.06 V ©) 01V D) 1.2V
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22.

24.

25.

26.

27.

In the potentiometer circuit shown in figure, the balance length AJ = 60 cm when switch S
is open. When switch S is closed and the value of R = 5 Q, the balance length AJ' = 50

cm. What is the internal resistance of cell C' ?

| €
'|I
(A) 05 Q B) 1 Q ) 1
A y o
o G :
) 15 Q (D) 0.1 Q
R 5

n identical cells each of emf € and internal resistance r are connected in parallel with resistor

R. The current flowing through resistor R is, .......... .

_ne _ne € &€
(A) R +nr (B) nR+r © R+r D) nR+r

A wire is uniformly stretched to make its area of cross-section %th times (n > 0). What will

be its new resistance ?

1
(A) ? times (B) n® times © % times (D) n times

If the current in an electric bulb increases by 1 %, what will be the change in the power of
a bulb ?
[Assume that the resistance of the filament of a bulb remains constant.]

(A) increases by 1 % (B) decreases by 1 %
(C) increases by 2 % (D) decreases by 2 %
In the following circuit if the heat evolved in the 10 Ohm resistor is 10 cal/s. The heat evolved
in the 4 € resistor is approximately ............ cal/s.
40 563
(A) 4 B) 5
©) 10 (D) 20 Sy
MWW

Two bulbs of 220 V and 100 W are first connected in series and then in parallel with a supply
of 220 V. Total power in both the cases will be .......... .

(A) 50 wW, 100 W (B) 100 W, 50 W
(C) 200 W, 150 W (D) 50 W, 200 W
ANSWERS
1. (B) 2. (A) 3. (A) 4. (A) 5. (B) 6. (B)
7. (A) 8. (A) 9. (D) 10. (A) 11. (B) 12. (B)

13. (A) 14. B) 15. (A) 16. (A) 17. (C) 18. (C)
19. (B) 20. (C) 21. (B) 22. (B) 23. (B) 24. (B)
25. (C) 26. (B) 27. (D)
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Answer the following questions in brief :

1.

Lol

n s

9.
10.
11.
12.
13.
14.
15.
16.

Why is an electric current density defined ?

How many electrons are present in 1 nenocoulomb (1 nc) charge ?

The internal resistance of a battery of 2 V terminal voltage is 0.2 Q. If the current flowing
through the battery is 0.5 A, what will be the emf of battery ?

Define the mobility of a charge carrier.

Give the relation between the drift velocity and current flowing through the conductor.

The drift velocity of the electron is v when current I is flowing through a conductor of radius
r. What will be the drift velocity of electron in a similar conductor of radius 2 r if the same
current (I) is flowing through it ?

Give the empirical formula showing the relation between the resistivity of a metallic conductor
and temperature.

Resistance of a wire is 10 €. What will be the required change in the length of it to increase
its resistance to 1000 € ?

State the law of conservation of charge.

Kirchoff’s second law is the consequence of which law ?

Why the current in a superconductor can be sustained over a long interval of time ?

Why the emf (€) of a battery cannot be measured using table voltmeter ?

State the principle of potentiometer.

Write Joule’s law.

Give the examples of “Ohmic loss”.

What are the changes made in the temperature of a semiconductor in order to reduce its
conductivity.

Answer the following questions

1.

10.

11.

12.

13.

14.
15.

Define an electric current density. Clarify the differences between the electric current and
electric current density.

Explain the emf of a battery. When the battery is said to be in “open circuit condition” ?
Write Ohm’s law. Explain the I-V characteristics for a conductor obeying Ohm’s law.
Using necessary diagram explain the drift velocity of electron in a conductor in the presence
of external electric field.

Explain the mobility of a charge carrier and obtain the formula for the conductivity of a
semiconductor.

Obtain the relation between the drift velocity and current density.

Accepting the single valuedness of electric potential in an appropriate closed circuit, derive
Kirchoff’s second rule by drawing necessary circuit diagram.

Deduce the principle of potentiometer with the help of necessary circuit diagram.

Explain the method of finding the internal resistance of a cell using potentiometer.

Giving appropriate circuit diagram, describe the charging process of a lead storage cell
(accumulator). Obtain the formula for the charging current.

Derive the expression to find the unknown resistance in the balanced condition of Wheatstone
bridge.

Obtain an expression for the equivalent emf and equivalent internal resistance in the parallel
connection of two cells.

State the limitations of Ohm’s law.

Write notes on superconductivity.

What is Joule heat and Joule effect ? Obtain Joule’s law for Joule heating.
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Solve the following examples

1. A stream of electron moves from the electron gun to a screen of a television. The electric
current of the 10 [l A is constituted. Calculate the number of electrons striking the screen at
every second. Also calculate magnitude of the charges striking the screen in one minute.

[Ans. : n = 6.25 X 10" electron/Sec., Q = — 600 UC]

2
2. An electron in the hydrogen atom is revolving around a proton with a speed of %. The radius

2
of the electron orbit is equal to el Obtain the formula for the electric current in the above

case. Mass of the electron = m, charge on electron = e. (Hint : } = 5-)

47'[211165

[Ans. : I = e

|

3. A current of 1.0 A is flowing through a copper wire of length 0.1 m and corss-section
1.0 X 107° m%

(i) If the resistivity of copper be 1.7 X 1078 € m, calculate the potential difference across
the ends of a wire.
(i) Determine the drift velocity of electrons.

[Density of copper = 89 X 10° kg m™, valancy of Cu = 1, atomic weight of copper =
635 g mol ™!, N, = 6.02 X 10% mol™]

[Ans. : V = 1.7 x 107 V and v, = 74 X 107 ms™]

4. An n-type semi-conductor has 4 X 107 meter width, 25 X 107 metre thickness and

6 X 1072 metre length. 4.8 mA current is flowing through it. Here voltage is applied parallel
to the length of the semi-conductor. Calculate the current density. The density of the free
electron is equal to 10> m™>. What will be the time taken by the electron across the length
of the semi-conductor ?

[Ans. : 4.8 X 10° Am™2, 2 x 1072 ]

5. A cylindrical wire is stretched to increase its length by 10%. Calculate the percentage increase
in resistance. [Ans. : 21%]

6. One conducting wire of length 1 m is cut into two unequal part P and Q respectively. Now,
part P is stretched to double its length. Let the modified wire be R. If the resistance of the
R and Q wires are same, then calculate the length of P and Q wires.

[Ans. : Length of the P wire is % meter, Length of Q wire is % meter]

7. The resistance of one aluminium and one copper wires, having identical lengths is equal. Which
of the two wires will be lighter ? p, = 2.63 X 10°* Q m, Pe, = 172 X 10® Q m the density
of the aluminium is 2.7 X 10® kg m™ and density of cooper is 8.9 x 10° kg m™.

[Ans. : aluminium]

Current Electricity - 135



11.

12.

13.

14.

15.

E, 2
A :: B The emf of the batteries E, F, G and H are

2V, 1V, 3V and 1V respectively. Their internal resistance

AHIV are respectively 2 Q, 1 Q, 3 Q respectively. Calculate
0

A p.d. between B and D.

|
~

' 2
G '3y [Ans. : EV]

Find the effective resistance between the points A and B

in the network given below. All wires in the network have

the same resistance ‘7’ Ohm.

————— — —H
/ [Ans. : % Ohm]

Consider an infinite network as shown in the figure.

.'lll"lll'.'l .'f‘lll'"ljll'f :ij
The resistance of each of the wires of the network
is equal to R. Calculate the resultant resistance
between points P and Q.

AL
TEYryT
=)

i
Trrryy

¥ WA ——"\Wi—e (]

R R R R [Ans. : R (1 + 3)]
The length of a potentiometer wire is 200 cm. For a given cell, the null point is obtained at
80 cm. What will be the length of wire required for balancing the cell if the length of the
same wire is made 300 cm ? [Ans. : 120 cm]
A battery having an emf of 12 volt and an internal resistance of 2 € is connected to another
battery having an emf of 18 volt and an internal resistance of 2 € in such a way that they
are opposing each other and the circuit is closed. Calculate the following :
(1) current flowing in the circuit.
(2) electrical power in the two batteries.
(3) terminal voltage of the two batteries.
(4) electric power consumed in the batteries.

[Ans. : (1) 15 A 2) 18 W, 27 W (3) I5 V, 15V (4) 45 W, 45 W]

An electric kettle has two heating coils. When one of the coils is switched on, a given quantity
of water in the kettle starts boiling in 6 minutes. When the other coil only is switched on, then
the same amount of water starts boiling in 8 minutes. If the two coils are switched on in
parallel how much time will the same amount of water take to boil ? Each time the voltage
applied is the same. [Ans. : 3.43 min]
Two wires which are made of the same material have the same cross-sectional area, but
different lengths [, and [. Prove that if they are used as fuse wires, they will melt for the
same value of the current flowing through them, in the same time.
A and B are two electric bulbs with their ratings respectively 40 W, 110 V and 100 W and
110 V. Find their respective filament resistances. If the bulbs are connected in series with a
supply of 220 V, which bulb will fuse ? [Ans. : R, = 3025 Q, R, = 121 Q, bulb A]
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4

4.1 Introduction

MAGNETIC EFFECTS OF ELECTRIC CURRENT

Branches of electricity and magnetism have been known for more than 2000 years. Danish
physicist Oersted’s observation and contributions given by Rowland, Faraday, Maxwell and
Lorentz, unified these two branches, initially developed independently.

New concept was developed when the Laws obtained from the experimental studies of
electricity and magnetism were presented mathematically and led to fundamental unification of
these two branches. This helped in understanding nature of light and production of electromag-
netic waves and its propagation become possible. As a result of this revolution is created in
communication.

The branch of physics which envelops a comprehensive study of electricity and magnetism
is called electrodynamics. In the modern technology of communication electrodynamics is of
prime importance.

In the present chapter we will study, magnetic field produced due to electric current, force
on electric charge moving in the magnetic field, force on current carrying conductor placed in
magnetic field, cyclotron, galvanometer etc.

4.2 Oersted’d Observation

Some experimental observations are involved in the development process of the study of
electricity and magnetism. One of theses observations is the Danish physicist Oerted’s obser-
vation. In the year 1819 A.D. he made (Hans Christian Oersted 1771—1851) the following
observation. he was a school teacher in Denmark.

Yo\ g \

Figure 4.1 Oersted’s Observation

Arrange the conductor (wire) parrallel to the magnetic needle such that it remains below
the wire as shown in figure 4.1(a). On completing electric circuit shown in figure 4.1(a) current
passes through the conducting wire and magnetic needle gets deflected and becomes perpen-
dicular to the conducting wire see figure 4.1(b).

Magnetic Effects of Electric Current - 137



Thus in this observation of the experiment, he noted that when electric current passes
through the conducting wire magnetic field is produced arround it.

This observation was presented to the French Academy by scientist Arago on 11th
September 1820.

4.3 Biot—Savart’s Law

When Biot and Savart, in Paris, came to know about Oested’s above mentioned discovery, they,
from the analysis of experimental studies, presented a Law for magnetic field produced due to
electric current element in the following form.

The intensity of magnetic field due to an electric current element I4/ at a point having

position vector 7 with respect to the electric current element is given by the formula.

N

4n 2

5
Here, 1dl = Current element i.e. the product of electric current and length of line element

dl of a conductor of very small length
W, = magnetic permeability of vacuum

= 41 X 1077 tesla meter ampere_1 (T m A™h

Po= unit vector along the direction of r

- Bo lLdixr
% r
= I 3 4.3.2)
From equation (4.3.1) ldB| = Z—g M (4.3.3)
r

Where 0 is the angle between Jf and 7.

Explanation : Consider a current currying conducting wire of any arbitrary shape as shown
in figure 4.2. Suppose we wish to find magnetic field produced due to this current carrying
conductor at any point P.

We can think of the wire to be consisting of line

elements dll, d12 ..... dl, of infinitesimal lengths. Here,

. ®f_?1 each element is so small that it can be locally consid-
l ered straight and parallel to the direction of electric
current. One such line element is shown in Figure 4.2

%
by di. 7 is the position vector of point P with respect
ﬁ
to the current element Id/. Intensity of magnetic field

Figure 4.2 (dB) at point P, due to this current element, can be

Biot—Savart’s Law found using equation (4.3.1).
Direction of 4B is perpendicular to the plane formed by d_; and 7 given by right hand

screw rule. As @l and 7 taken in the plane of page of the book, the direction of dB at point
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P is perpendicular to the plane of page of the book and going inside it shown by symbol &
(As shown in the Figure, the direction of the magnetic field at Q is perpendicular to the plane
of the page of the book towards the observer, and is shown by the symbol O.)

To find the total magnetic field at point P, we will have to take the vector sum of magnetic

field at P due to various current elements. As the current elements are continuous, the vector
addition can be written as a line integral, as under.

= S T

B = Jdb = X [THE o (4.3.4)
- -

2 Rl orarxr

B = 3n [55 (4.3.5)

Here, the line integral is taken over the entire path formed by the conducting wire.
Note that Biot-Savart’s Law is an inverse square Law like Coulomb’s Law and Newton’s
universal Law of gravitation.

The use of Biot-Savart’s Law becomes simple in case of

current carrying conductor of a simple geometrical shape. @ | /

Here, it is clear for the straight current currying conduc-

tor kept perpendicular to a plane, magnetic field at the

equidistance point in this plane from the conductor will be

same. That is as shown in the figure 4.3 magnetic field is @3

equal of every point on the circumference of circle at radius

OP and is along the tangent. For finding the direction of the

magnetic field right hand thumb rule is as follows.
Figure 4.3 Right Hand Thumb

Hold the wire in such a way that the thumb is in the Rule
u

direction of electric current, the fingers encircling the wire

indicate the direction of magnetic field as shown in figure 4.3.

4.4 Magnetic Field at a Point on the Axis of a Circular Ring Carrying Current
Consider a ring of thin wire carrying current I as

shown in figure 4.4. Its radius is a. X-axis is taken

along the axis of the ring. Suppose a point P is at a

distance x from the centre of the ring on the axis of

the ring.
Let the position vector of point P with respect to an

element dI of wire be ;. The magnetic field 4B at

>
point P due to the current element Id/ is in a direction

Figure 4.4 Magnetic Field Produced

5
perpendicular to the plane formed by 4/ and 7 . due to Circular Ring

Two mutually perpendicular components of this field B are (1) a component dBcos®
parallel to the X-axis and (2) a component dBsin¢ perpendicular to the X-axis. One thing is
clear from the Figure 4.4 that when vector sum of magnetic field due to all such elements are
considered, component dBsin¢ due to the diametrically opposite elements, which are in mutually
opposite directions, will nullify each other.
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Hence all axial components dBcosd will be in the X-direction and can be added together.
Using Biot-Savart’s Law

% .
|dB | @M _ Mo Idirsin® _ woldl sin®
4r r3 I 3 r2

. 4 -
where O is angle between dI and r .

But @ L 7 . sin® = sin% =1
Bl = Mo Il
. dBl =t 1 (4.4.1)

r

Now, point P is at a distance x from centre of the circular ring.

Hence dB(x) = IdB lcosd (4.4.2)
Using equation (4.4.1) in(4.4.2)

dB(x) = Z—i I;‘gcos(l) = Z—g L'lzl% (' from Figure cos¢ = %)
r r

Line integration should be taken over the circumference of the ring to find resultant
magnetic field B(x) at point P.
Ia
. B() = $dBx) = ~ $al
Ay

Here $dl is the line integral taken over the whole ring. .. $dl = 2ma.

Hola .
. B(x) = ——=.2ma ring.
4nr
But from the geometry of the Figure.
3
P=a+ = P = (@ +x0)?

2
Bola
B(x) = 3
2(a” +x°)2
The magnetic field is along the X-axis.
If the ring consists of N closely wound turns, we can write.

Nla*
B(x) = —0—" (4.4.3)
2a® +x%)2
Magnitude of the field at the centre of the ring is obtained by sustituting x = 0 in the
equation (4.4.4). Thus the magnetic field B (centre) at centre of the ring.

_ BN
(centre) — 2g
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For a point far away from the centre of the ring compared to its radius, we have x >>
a. Neglecting a® in comparison to x*> in equation (4.4.4)
;,LONIa2 pONIa2
B(x) = T = 5— (where x >> a) 4.4.5)
2.5 2x
2(x7)

Illustration 1 : Electron is rotating in circular orbit with radius 5.2 X 107"!'m and with
linear speed 2 X 10° m s™' in an Hydrogen atom arround the proton. Find the magnetic field
produced at the centre of the orbit.

Solution : Here v = 2 X 10® m s

r=52x10"m

e=16x10" C

Frequency of electron in the orbit f (No. of rotations completed in 1 second).

S
f= 2nr
Electric current I= f.e

_ v
- 2mr X e
2x10°
2%3.14x5.2x10°1

Magnetic field produced at the centre of the circular orbit.

X 1.6 X 107 = 9.8 x 107*A

_
B = 2r
4x3.14x107 x9.8x10~*

2x5.2x107'!
=118 T

Ilustration 2 : A charge Q is uniformly spread over a disc of radius R made from non-
conducting material. This disc is rotated about its geometrical axis with frequency f. Find the
magnetic field produced at the centre of the disc.

Solution : Suppose the disc with radius R is devided into
the concentric rings with various radii. Consider one of these
rings with radius r and width dr. Total charge on the disc is Q.

Hence charge per unit area = R
T

. The charge on the ring with radius r.

(area of the ring) (charge per unit area)

_ Q
= (2nrdr)(nR2]
If the ring is rotating with frequency f, then current produced I = % 2ntrdrf and magnetic
s
I 2n o Qf
field produced at the centre due to this current dB = oo % dr f= O—Zdr
2r T R

. Magnetic field B produced at the centre due to the whole disc.
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R R
. . P«()Qf o Qf
B = JdB = E'; RZ dr = 1()%2 !dr

1o Qf
R
Illustration 3 : Find the intensity of magnetic field at point P shown in the figure. At point O,
the wires do not touch each other. Corners of the two wires are very close to point O.

. B =

| Solution : Here point O is on the line of horizontal
currents, hence the magnetic field is not developed due
to them. It also lies on the directions of radial currents
hence magnetic fields due to them is also zero. So the
magnetic field is produced only due to the arc. To find
this, the formula of magnetic field at the center of a

ring having n turns and radius R can be used. According

O to this equation,

I
B = % (in a direction going in to the plane of paper) (1)

In the present case, the length of the arc is = RO

For one complete turn, the length of the arc is 2mR, then the number of turns for length
RO will be,

2R : 1 turn
RO 0
-9 = = = —
R 0 : 2 = number of turns, n 7R o
Using this in equation (1),
I
B = 2R X 27
B = % (o0ing in to the plane of fi
. = TR (going in to the plane of figure)

Ilustration 4 : A circular loop is prepared from a wire of uniform cross section. A battery
is connected between any two points on its circumference. Show that the magnetic induction
at the centre of the loop is zero.

Solution : A battery is joined between points A and B of the loop as shown in the figure.
D

Since the cross-section of the wire is uniform, the resistance
of the part of wire is proportional to the length of that part

(" R =pg).

Let the resistance per unit length be R'.
Length of wire ACB = [
Length of wire ADB = /[

1

2
.. Resistance of wire ACB = R, = R'[

Resistance of wire ADB = R, = R'[
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Current in wire ACB =1

Current in wire ADB = 1

These two parts ACB and ADB are in parallel between A and B points.

V =1R, = LR,

IR[)=1R"L)

L =L

Every small current element of this wire is perpendicular to the position vector of O, with
respect to it.

~. Biot-Savart’s Law gives, magnetic field at O due to ACB, as

B = Ho Illlsin900
1 4n e

and that due to ADB,

[T Izlzsin900

2 47'C r2
Since, Ill1 = 1212

we get, B, = B,

According to right hand rule the directions of B, and B, are opposite to each other. Hence
the resultant magnetic field at O will be zero.
4.5 Ampere’s Circuital Law

We have obtained line integration in the case of electric field. Same can be done for
magnetic field. Consider electric currents I, 1, 13, I, I5 and 16 as shown in figure 4.5. All these
currents produce magnetic field in the region arround electric currents. A plane which is not
necessarily horizontal is shown in the Figure. An arbitrary closed curve is also shown on it.

Now let us take a line integration of magnetic field on this loop.
You must be remembering that we have taken a ¥ b R PUAES T 7
sign convention for electric charges (+) while considering : ' |

surface integral in case of Gauss’ theorem for electric \ ’ ’! /
field. In the same way we will have to decide a sign
convention for the electric currents enclosed by the
loop. One of the methods used in practice is as under.
Arrange a right hand screw perpendicular to the
plane containing closed loop and rotate it in direction of
/0l

e

vector line elements taken for line integration. Electric
currents in the direction of advancement of the screw
are considered positive and the currents in the opposite  Figure 4.5 Ampere’s Circuital Law
direction are considered negative.

Now, using the above mentioned sign convention in figure 4.5, we have I, and I, negative
and I, and I, positive.

Hence the algebraic sum of all these current will be
-1, =2

Here do not worry about the currents which are not enclosed by the closed loop selected.

L+1 -1

The statement of Ampere’s circuital Law is as under :
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“The line integral of magnetic induction over a closed loop in a magnetic field is equal to
the product of algebraic sum of electric currents enclosed by the loop and the magnetic

permeability.”
The Law can be represented mathematically as
- o
$B.al = p3I 4.5.1)

The magnetic induction in the above equation is due to all the currents (I,, I, L, I, L, I
in our case). Whereas the algebraic sum of currents on the right hand side is only of those
currents which are enclosed by the closed loop. It is important to note that Ampere’s Law is
true only for steady currents.

Just as in case of static electricity, the electric field due to a symmetric charge distribution
can be determined using Gauss’ Law, the intensity of magnetic field due to symmetric current
distributions can be determined in the same manner using Ampere’s Law.

Gauss’ Law for the electric field and Ampere’s Law for the magnetic field have their own
importance in physics. Gauss’ Law and Ampere’s Law form two basic pillars out of four pillars
of Maxwell’s electromagnetic theory. Third pillar is the fact that magnetic field lines form
closed loops and the fourth is the concept of displacement current.

Here note that Ampere’s Law is the integral form of Biot—Savart’s Law and Gauss’ Law
is the integral form of Coulomb’s Law. These representations have become very fruitful in
physics.

4.5.1 Uses of Ampere’s Circuital Law

(1) To Find Magnetic Field Due to a Very Long Straight Conductor Carrying
Electric Current, Using Ampere’s Law

We have seen that magnetic field produced due to
symmetric distribution of electric currents can easily be
determined by Ampere’s Law. Consider a very long (in
principle infinitely long) straight conductor carrying electric

current I as shown in figure 4.6.

Where is the symmetry in this case ? This can be
understood as follows.

First of all see that uniform electric current
I is flowing through the whole conductor. Now keep

the wire between your two palms and rotate like a

churn. This does not make any change in the magnetic
field produced by the wire (electric current).

Now consider points like P, Q and R located at same
perpendicular distance r from the wire. Both the ends of
the wire are at infinite distance. Since the two ends of

\-_____/ the wire are at infinite distance, these points P, Q and R
Figure 4.6 Magnetic Field Produced by

Straight Conductor Carrying Electric ] _ ] ]
Current wire and in this sense they are equivalent.

can be considered at equal distance from the ends of the

This discussion of symmetry shows that the magnetic field at points like P, Q and R must
be same. Moreover it is also clear from the fact of rotating the wire like churn that the
magnetic field at all the points on the circumference of a circle of radius OQ = r with O at
centre must also be the same. In this case we have to find magnetic field at point Q using
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