Chapter - 5
Electric Current

Up tillnow, our discussion regarding the electrical
phenomenon was concentrated only on electrostatics,
1.e. charges areat rest. Now, we will discuss the situations
in which the charges are in motion. The word electric
current 1sused to explain the flow of chargesin space. A
large number of electrical applications are based on
electric current. For example the electric equipment like
bulbs, fansin houses. In study of electric currentis also
important in other areas of science. For example
geophysists have interest in charge 1n atomsphere
whereasbiolosists study the neuro current in humans that
controlsmuscles .

Inthis chapter, we define electric current, after that
we will discussits principles. For flow of electric current
in a conductor, potential difference 1s necessary and the
device whichisused mitis called a cell orbattery. So, in
this chapter, we will also study regarding cells.

5.1 Electric Current

Net charge flowing per second from any area of
cross section is called electric current. If AQ 18 the net
charge flowing throughthe area of cross section in time
At, thenaverage current, is given by -

_AQ

v .. (5.1)

1f the rate of flow of charge does not remain
constant over interval of time, then, we define the
instantaneous current [ as the limit of the preceding
equations (5.1) as At tendsto zero.

A0 _do
dt

F=1lim

. (5.2)

For defining the current, we must use the word net
charge. Even though the current is due to the tlow of
charges, but all the moving charges do not produce
electric current. Inthe absence of externalfield, thereis
no net current, because the motion of free electron is
random and net effect in any particular directionis zero.

STunit of'electric current s ampere (A), whichisa
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fundamental unit.

1 coulomb

1A= 1 second

=1C/s

(From 20 May 2019 in SI system of unit 1 ampere
is redefined and given in terms of a the fundamental
constant e (the electronic charge). It can be searched at
http://physics.nist. gov.

According to convention, the direction of current is
given by the direction of tlow ot +ve charge. Hence, it is
assumed that the direction of current is in the opposite
direction, i.e. in the direction of flow ot -ve charge.
Moving charges are called charge carriers. In different
cases, the current will be due to flow of ditterent type of
charges. Hence,

(1)  Inconductors, the current is dueto the flow of free
electrons.

() Inelectrolysis (electrolytes), current flowis dueto
the flow of +ve and -ve ions.

(i) Insemi-conductors,the current is duetothe flow
of electrons and holes.

(iv) Indischarge tube, the current is due to the flow of

+veions ofthe gas and electrons.

The current can also flow in vacuum, e.g. in picture
tube of TV, electrons flow in vacuum and hence the
current flows. Although, directionis considered in the
flow of electric current, yet it is a scalar quantity, because
itis defined in terms of charge and time which are scalar
quantities. Current does not follow the law of vector
addition, which is explained in the figure 5.1. Here the
junction is shown by three wires. The flow does not
depend on the shape and direction of wires. Hence, the
current is not a vector quantity.

Fig 5.1 The current is represented



by 7 =1 +17, . whaleverbe the valucof &

Inthis chapterwewill confine ourselves to the flow
of current in conductors. Simultanecusly, we will
concentrate our study on steady current, which does not
depend ontime.

12 5.2 The current [ Mowing through all planes 1.2 and 3 s same.

Insteady state, the current in any section of the
conductor willremain same, whatever be the position of
cross section as shown in the fig (5.2). The current /
flowing through all planes 1, 2 and 3 is same. Itis also the
outcomes of principle of conservation of charge.

5.2 Current Density

In certain cases we are interested in studying the
flow of charge from any point on the cross section of the
conductor. In this situation we use current density, a
vector quantity. Atany point P, to define this quantity we
consider a small area dS at point P. Which is
perpendicular to the direction of flow of current. Fig
(5.3A). If Al1sthe current passes through a small area
AS. Then average current density

AT .
ToTre 3(a)
and the current density at point
/= lim AL _ dI 53 (b
SEMOST e 5 (b)

Here, ./= Current density at pointP. Ttisa
vector quantity.

If current flows due to positive charges, then
directionof j willbesame asthat of+ve charge. Ifthe
current tlow is due to negative charges then direction of
J willbe opposite. Hence, directionof j atthat point

or area will be in the direction of current, If current 18
uniformly distributed and perpendicular to point, then

sl

S ... 5.3(¢)

111

yvyvy

Fig 5.3 Understanding of current density

[farea AS is not normal, we canuse a unit vector
n which is perpendicular to it and makes an angle &
withthedirectionofcurrent. Then thecurrent density will
be,

J = 7&( 54
AScos# - (34a)
I =JAScosf
A =T -AS ... (5.4b)
) _ . ampere A
Unit of current density 1s 2 -2
m m

Here, we have to note that current density is a
vector quantity whereas electric current is a scalar
quantity.

In a conductor of non-uniform area, current
tlowing will be same but current density will be different.
For afinite area

r:jj’-a{f ... (5.4¢)

5.3 Flow of Electric Charge in Metallic
Conductors:

In atoms of metallic conductor, attractive force
between nucleus and valance electrons is very weak due
to which, the valance electrons are weakly bound with
nucleus and a few of them get free to move randomly
within metal. These electrons are called free electrons or
conduction electrons. In conductors, number of free
electrons are very large. e.g. in copper where every atom
release one free electron, their free electron density is
nearly 8.49 x 10#/ m*, In conductors free electrons
move randomly in whole volume just as gas molecules
move in gas chamber. In the absence of electric field,
these electrons move randemly due to collisions of
electrons withions of conductor the direction of electron
will suddenly change. Asinmolecular theory of gases this
random motion of electrons can berelated to free path A



which mean free path between two succesive collisions.
The time between two succesive collisions is T (tisalso
called relaxation time this 1s average time between two
succesive collision. Due to collisions, the directions of
electron will change as zig-zag path). In metals, the
electrons are inrandommotion atlarge. Sowithina given
time interval and given area AS, number of electrons
through transverse section 15 equal to the number of
electrons crossing opposite to the direction. Therefore,
resultant currentis zero. When external electric field 1s
applied on the conductor. A force (F = —eF) actsin
oppositedirection to the field. Dueto this electric field,
electrons drift in direction opposite to the direction of
electric field. The electron gain a velocity. This type of
velocity s called drift velocity.

5.4 Drift Velocity and Mobility
5.4.1 Drift Velocity

Inthe presence of electric tield, random motion of
electrons ismodified such that these electrons move with
average slow speed (drift) in opposite direction of electric
field. This speedis known as dritt speed. To represent in
formotvectorthe dritt ofelectronis expressed informof
drifts velocity v, . The drift velocity. ¥, is always
oppositeindirection to applied electric field 7 .

The value of'this drift speed is veryless then the
random average speed between the collisions of
electrons. (approximately less than 10'” times). Figure
5.4 helps usinunderstanding the drift velocity. In this
figure, the path followed by the electronsis shown in the
presence of electric field and without electric field. The
continuous lines represent the path ofelectrons in the
absence of electric field and the dotted line represent the
path of electrons in the presence of electric field.

Fig 5.4: The continuous lines represent the path ol electrons in
the absence of clectric ficld and the doticd linc represent the
path of electrons in the presence of electric field.
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Intheabsence of electric field, electrons start from
A, after some collisionit reaches point 5. Whereasinthe
presence ofelectric field, after samenumber of collisions
the electron reaches B' instead of B. In this way after
drift, electron reaches B' in place of B in the direction
opposite to the direction of electric field. (1t can be
compared with still air and slow-motion wind or air). In
still air every molecule will move randomly with thermal
velocity and then will be no velocity in particular
direction. In caseof slow-motion in aireverymolecule has
random motion as well as small velocity inthe direction of
airflow.

Now we will find the relation between the drift
velocity and electricfield. Inthe presence of electric field
the force on every free electron of metal willbe eE. Due
to this the acceleration of electron will be,

ek

m

o=

In vector representation,

eft

m

a=

Forgivenvalueof 17 , g willbeconstant.

Here it isimportant that electrons are accelerated
in time interval between two successive collisions. Its
reason is that due to collisions with vibration ions its
drifting nature stops momentarily and its velocity
becomes randomin any direction.

Ifthe velocity of melectronis # and after time#

its velocity just before the next collisionis v , then

V=l
el
or V=u-— .. (5.5)
i

Ifwe takethe average over the all free electrons of
metal, then,

(7=

els

m

")

)=—)

.. .(5.6)

Here, the quantity (fi ) = 0 because for electrons

average ofrandom velocities is zero and just immediately
atter collision electron will not acquire any energy from



electric field.
Simultaneously, tis the time oftravel between two
successive collisions. Hence (r) Isthe average of time

intervals between two successive collisions of all the
electronsanditisequalto 7.

In this situation, if {¥}=v, . Here ¥, isthe

average drift velocity,
Then, v, = <L, 5.7
en, V;=—_ (57
And average drift speed
v, = ¢k T 5.8
=z ... (5.8)

In general, it the charge is ¢ which is moving in
electric tield. Then drift velocity of this charge will be

o7
L
[

Hig

V

If the charge 18 positive then ¥, will bein the
directionof £ , ifthe charge is negative then v, willbein
the directionopposite of £ .

5.4.2 Mobility

Inthe equation for drift velocity, v =(¢"/,,)) 7 ,in
the right-hand term €7/, . ¢ and m are constants and
therelaxationtime ( 7 ) isthe characteristic property of
material ofthe conductor. Therefore, the drift velocity is
constant for thematerial of the conductor. Thisconstant is
called the mobility of the conductor (p), and it 18
represented by the following equations,

.. (5.9A)
...(5.9B)

v, =—uk
v, =uk

From these relations it is clear that for any
conductor v, c & | hence drift velocity (v )is
proportional to applied electric field (%).

v,

_er
I

u .(5.10)

i

gt
(Ingeneral for any chargeg, 4 = ﬁ )
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Hence, according to equation (5.10), mobility can
be defined as drift velocity perunit electric field. Itis a
positive quantity having the unit

miy

Fim

]
Z

= ms IV'I

For two given metals, when the electric tield is
same,
H_Ya

7R

dZ

From this relation, it is clear that mobility of
electronina conductor is moreitthe drift velocity ismore.
We shall study the mobility in semiconductorsin chapter
16 ot'this book.

5.4.3 Relation between drift velocity and electric
current

Afterunderstanding the concept of drift velocity,
now we can use it to find the electric currentin a
conductor. Let #2be the free electrons per unit volume
(free electron density) inside a metallic conductor. A isthe
area of cross section of this conductor. If electric field 1s
applied across a conductor, the free electronsinside the
conductor will move with drift velocity, oppositeto the
direction of electric field. All the free electrons in the
conductor can be assumed to be moving with the same

dnift velocity v, . Now, letus think of a small element AL

of this conductor as shown in the figure (5.5). The
number of charge carriers in this small element will be
nAAl and the net charge on these charge carriers will be

(nAAL)e .

Therefore, AQ =(nAAL)e

O v O
@’@-;A
O O

p AL >
T

|—

Fig 5.5 Drift velocity in a conductor
Because, all the charge carriers (free electrons) in

the wire are moving withthe same drift velocity v,. Then,



the time taken by these charge carriers in crossing this
element of conductoris,

Al

Vy

Al =

By the definition, the current is the free charge
passing through any area of cross section of the
conductor per second.

B A_Q B (szAL)e
- ALLlv,

At
L (5.11)

Equation(5.11) representsthe relation between
the current and drift velocity. By equation (5.9B),
v, = uk  Therefore Eq. (5.11)canbe written as,

or I =ndev,

I =nAeul: ... (5.12)

The equation (5.12) shows the relation between
the current and mobility of the charge carriers. From
equation (5.11) foraconstant electric current,

nAdev, =constant.

Here, e is constant and for a given metallic
conductor, nis also constant. Hence for a given
conductor, for constant current,

Av, = constant

or Av, = Ay, = constant ... (5.13)

Thus, us for a given conducting wire of non-
uniform cross section area, the drift velocity (v, ) of
electron will be more where the area of cross sectionis
small and the drift velocity (v, ) of electron will be small
where the area of cross section is more.

5.4.4 Relation between drift velocity and
potential difference

According to section 5.4.3, electricfield inside the
conductor of length 7 will be,

F= (514

£

So, the drift velocity of electron according to the
equation (5. 7)will be,
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By putting the value of /v tromthe Eq. (5.14),

el
mi

erT

v 14

— ..(5.15)

i

Fromthe equation (5.15)itis clear that the drift
velocity (v ) of the free electron in a conductor is
proportional to potential difterence ().

Hence, v, oc V7

The drift velocity (v ) of the free electronina
conductor does not depend on the length of the
conductor.

Example 5.1 : The dependence of charge (0
crossing a surface In time £1s given as,
Q=4 +5t+6

Then calculate the instantaneous current from the
surfaceat 1=1 sec.

Solution : Instantanous current,

_do

i
At =1 sec,

d 3 2
] :Z(4t'+5r+6):(']21‘+5)A

I=12(1¥ +5=174

Example 5.2 : Estimate the average drift speed of
electrons in a copper wire of cross-sectional area
1.0 x 10~"m* carrying acurrent of 1.5 A, Assumingthat
each copper atom contributes roughly one conduction
electron. The density of copperis 9.0 10° kg/m® and its
atomic massis63.5a.m.u.

Solution : Theformula for drift speed is given by,

7
v, =
neAd
Given, /=15A
e=1.6x10"C.
A=10x10"m?

#= the number of electrons per unit volume in
copper



=N,=6.0x10* atoms per mole

(iven that atomic mass of copperis 63.5 amu
and each copper atom contributes roughly one
conduction electron to the current flow.

Number of atoms in 63.5 amu copper =
(N, =6.0x10% Avogadro number).

number of atoms in 1 gram copper

6 107
63.5

number of tree electrons per unit volume

602" 107 -
p=———"9"10"=85"10"m"’
635" 10
Hence, drift speed will be,
1.5
vd = 23 19 7
8.5x10° x1.6x10 " x1.0x10
=1.10x10*m/s

Note : Ifthis speedis compared with the speed of
electric field (electromagnetic wave, i.e. 3x10%m/sec,
then it was found that drift velocity 1s veryless than the
velocity ofe.m. wave. Simultaneously the drift velocityis
also very much less than the thermal velocity (~10° m/s)
of'electrons. The time taken by an electron in travelling
the length of 1 m with drift velocity 10 "m/s ina
conductor is about 15 minutes. Now the question arises
how an electric bulb lights up instantaneously atter the
circuit 1s switched on even though the bulb is few meters
from the electric switch. Here one simple example can
simplity our problem. If one end of a very long pipe s
connected to tap and the other end to the tank, then
water will take some time to reach the otherend. But, if
the pipe is already filled with water, then water will not
take much time to reach the tank.

Example 5.3 : Theelectronrevolvesinanorbit of
radius 5.3x10 "'m of hydrogen atom with speed of
2.2x10°m/s. Calculate the average electric current.

Solution : Given,

Radius of orbit, F=53x10"m
v=22x10°m/s

e=1.6x1071C

Speed of electron,

Charge onelectron,

Therefore, the time period of orbital motion of
electron

2r B 2x3.14x53%x107"
v 2.2x10°
=15.13 x 10 " sec

T =

So, the average current produced due to orbital
motion of electronis,

_q_e_ 16x10°7
T T 1513x107"
=1.06%x 107 A=1.06 mA
5.5 Ohm’s Law:

Inthe year 1828, German scientist G.S. Ohm,
after performing so many experiments, enunciated alaw

regarding the flow of current in aconductor. To honour
him, the lawis named after him.

According to this law, when the physical
conditions of the conductor remains same (length,
temperature, natureof material of the conductor and area
of cross section), then the current flowing through the
conductor will be proportional to the potential drop
acrossitsends.

Vo I
V' =Ri ...(5.16)
Where, the constant of proportionality is called the
resistance ofthe conductor.
— I'T
7

R (517

The S.1. unit of resistance i1s ohm and is
represented by the Greek symbol €. If on applying a
potential difference of one volt across the ends of a
conductor a current of 1 ampere flows through the

conductor, then resistance of the conductorissaid to be
oneohm (€2).

By knowing the values of electric current (/) for the
potential difference (F) applied across the terminals of
the conducting wire a graph can be plotted between |7
and /. This graph will be a straight line as shown in the
fig5.6.
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Fig: 3.6 Graph between Vand Taccording to Ohm’s Law

Slope of this straight line curve willbe equal to the
reciprocal of resistance of the wire.

slope ofthe curve=
i 1
tang )= —= — '
(tang )= == — . (5.18)

5.5.1 Deduction of Ohm’s Law

In section 5.4.3 of this chapter regarding tree
electron model, we have seen expression for electron
current related to drift speed. According to equation
(5.11), wehave -

I =ndev,

Thus, the current density will be,

J=—=nev, ...(5.19)
But we have seen in equation (5.8)
Vv, = TE
m
ne'r .
Thus, =1 L (5.20)
m

2
2

Inthis equation, the terms of right side .

and e are constant and terms »# and 7 are the
characteristics of the conductor. For anisotropic

et

homogeneous conductor, the quantity , canbe

m
considered as a constant. It is called as conductivity and
represented by the symbolo.

Hence the conductivity

_ne'r

(5.21)

m
Now equation (5.20) can be written as,

J=ckF

Since J and £ are vector quantities, thereforein

vector notation the above equation canbe rewritten as,

J=cF .(5.22)

According to these equations, the conductivity (G)
of any conductor does not depend onelectric field (£).

Whereas the current density (/ )inthe conductor is

proportional to the electric field ( £ ). Equation(5.22)is

called Ohm’s Law in microscopic form. For so many
conductorsit is applicable tor long range ot electric tield.
Now we seethe tormal definition of ohm’s law which is
equivalent to equation(5.16)

Now letus consider a conductor oflength /and
area of cross section A connected to a battery of potential
difference " as shown in the figure 5.7. The field

produced inside the conductor is = " and current

densityis J =7/A4 . Now putthese valuesof /-and./
inequation(5.22), we get,

! 4
— =g —
A ¢
|
| S —
or !
pf
_[£E 1y
[‘A j L (5.23)
_Ll_m 524
p_cr_nezr o (3:24)
—»t

fa +—— i —»

Fig: 5.7 Currenl Nowin a.conductor



£ 1s called the resistivity of the material of the
conductor. For any given material ot length /and area of
cross section A are constant and the resistivity (o )isthe
characteristic property of the material of the conductor.

£

Thus, the quantity —— isa constant known as
the resistance of the conductor (K).

V =IR

pr
where R y
We see that the equation (5.24) 1s same as that of
Ohm’s Law. Equation, F'—/R is sometimes also called
macroscopic torm of Ohm’s Law. The macroscopic
quantities ¥, / and R can be measured directly with the
help of meters. When we are interested to know the
fundamental electrical properties, then quantities £, ¢
and ./ are useful.

...(5.25)

5.5.2 Resistivity

After performing so many experiments it was
found that resistance of isotropic and homogenous
conductor is directly propertional to length / and
inversely proportional to area of cross section 4 ofthe
conductor. 1.e.

Roc£

A

Pt

R=""

ar A

Here, the constant of proportionality o iscalled
the resistivity of the material of conductor. Here, it 18
essential to note the difference between resistivity and
resistance. The resistivity is a property of the material of
the substance whereas the resistance ot the material is the
property related to the material and the geometric
parameters such aslength and area of cross section. Two
wires of same material can have different resistance but
their resistivity will be same. Similarly, two wires of
different material will have ditterent resistivity but may
have same resistance. This we have already seen in the
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derivation of Ohm’s law. There we have also seen the
formula forresistivity as, in equation (5.24).

i

- 2
He v

... (5.26)

Because the quantities 7 and 7 are the
characteristics of the substance, theretore resistivity
depends on the nature of the substance as well as the
temperature ofthe substance. Resistivity ofthe material is
also known as specific resistance. Fromequation (5.25),

RA

p= I ... (5.27)
o

Unit of resistivity is —— =Qm and the

H
dimensionsare M'L'T A~
Ifthe conductor is in the form of a cylinder of
radiust, then A= 77" . Then,

3}
P ¢

In the above equation, if we take, 4=1m" and
f=1m,then p=R .

Thus, the resistivity of a material will be numerically
equal to the resistance of a sample whose length isunity
and area of cross sectionis also unity.

Reciprocal of resistivity of any substance is known
asconductivity.

The unit of conductivity is ohm 'meter ' and the
dimensions of conductivityare M 'L *T°A*.

The table 5.1 shows the resistivity of some
common materials. It is clear from the table that the
resistivity of a conductor lies between 10 *Q x m to

10 °Q x m . Atthe other end areinsulators like ceramic,
rubber and plastic having resistivity of the order of
10" Q2 x m . Inbetween the two are semiconductors like
Germanium and Silicon, which behave asaninsulatorsat
0 K. On increasing the temperature the resistivity of
semiconductors decreases.



Table 5.1 Resistivity of some common materials

Material Resistivity o at0°
(In €2 X #7 units)
Conductor
Silver 1.6 x 1078
Copper 1.7x10 %
Aluminium 2.7x10°*
Tungsten 5.6x107°F
Iron 10x107
Platinum 11x10*
Mangnin 48x10 *
Mercury 98 x 10°F
Nichrome 100x10-%
Semiconductor
Carbon (Graphite) 3.5x10°
Germanium 0.60
Silicon 2300
Insulators
Pure water 2.5%10°
Glass 10— 10+
Hard rubber 1ot
Dry wood 10° to 10™

5.6 ElectricResistance

The property of conductor which creates obstacle
inthe flow of electric current is called electric resistance.
We know that in every conductor there are free
electrons. On applying potential acrossits ends, electrons
flow from one end to the other by doing random motion.
This causes the flow of electric current in the conductor.
During the motion electrons keep on colliding withions
and atoms. Inthis way obstacle is created in the flow of
electric current and it is called electric resistance,
Resistance of a specimen of a substance not only
depends on the nature ofthe substance but also onthe
length and area of cross secticn of the wire. Inaddition to
this the resistance ofany conductor also depends on the
faces of the conductor across which the potential
differenceisapplied. The resistance also depends onthe
temperature of the conductor. The resistances which are
prepared for a particular value are called resisters.
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5.6.1 Ohmic and Non Ohmic Resistance

The conductors (or devices) obeying Ohm’slaw,
1.e. for which, the graph between potential difference V
and the current 1 is a straight line and passing from origin
are called Ohmic conductors (or devices). In such
devices the current flow does not depend on the polarity
of the applied potential difference.

There are several devices or substances used in
electric circuits which do not obey ohm’s law. i.e. the
graphbetween potential difference V and the current I is
not a straight line but a curve. These typesof devices or
substances are known as non-ohmic.

Inaddition to this there are certain substances in
which the flow of electric current depends on the polarity
of'the applied voltage. The examples of such devices are
vacuum tube, semi-conductor diode, liquid electrolyte,
transistor etc.

—_

Electrolyte

Incandseent Diode
bulb
N—r V—r N>

{a) () (=)

Fig 5.8 Non-ohniic behaviour

Figure (5.8A)isa -/ curve foratorchbulb. Itis
clear from the graph that Ohm’s law is not obeyed. The
reason is that when current tlow increases in the tilament
ofthe bulb, the temperature of the filament increases. The
resistance of the filament will increase. Theretore, the
ratio of V and I will not remain constant. Graph (5.8B)is
drawn tor semi-conductor diode device and graph
(5.8C)isdrawntor a liquid electrolyte. From the graphs
it 1s evident that these devices do not obey Ohm’s law.

5.7 Carbon Resistance and colour codes for
Carbon Resistance

Commercially produced resistances for domestic
use or laboratoryuse are of two major types: wire wound
resistors and carbon resisters. Wire wound resisters are
made by winding the wires of an alloy, viz. magainin,
constantan, nichrome etc. The temperature coeflicient of
resistance of these alloys 1s very small due to this the
conductivity 1s least affected by temperature. Resisters of

(h)



very high value cannot be made using these materials
because it will need very long length of wire which s
inconvenient. On the other hand, the resisters of very high
value are made up of Carbon resisters, which are
inexpensive and compact, therefore they are extensively
used in electronic circuits. Carbon resisters are moulded
into the cylindrical shape by using a binding agent and
wire leads (for connecting the carbon resister in any
electric circuit) are attached to the ends.

The value of carbon resister inindicated by four
coloured bands. Every coloured band (strip) has a
special coded meaning. Every colour hasa special colour
code. Key to these colour codes are1s givenin the table
5.2.

Table 5.2 Colour code for resistances

Colour digit multiple Tolerance
(%)

Black 0 1

Brown 1 10!

Red 2 10°

Orange 3 10°

Yellow 4 107

Green 5 10°

Blue 6 10°

Violet 7 107

Grey 8 10%

White 9 10°

Golden 107! 5
Silver 102 10

No colour 20

l ]_[ HI v

)

Connecling leed

(O

Connecting lecd

Fig 5.9 Carbon resistance colour code
Identification of the value of a carbon resister:

Heold the Carbon resister such that the tolerance
ring (Silver or Golden Celour)isonthe right side.

(i)
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()  Thefirsttwo coloured rings indicate the first two
significant digitsofthe value of carbon resistance as
per colour code. The colour of the third ring
indicates the decimal multiplier and the fourth ring
indicates the tolerance percentage. Sometimesthe
fourth ring 1s absent, and it indicates that the

tolerance 18 20%. It indicates =% inthe value of

— T

Silver

Red Red
Gireen

(a)

Orange Brown Groalden

Ycllov&\. \ /

)) )

ROE

—

For carbonresistance showninthe Fig 5.10 (a)
and (b},

Fig 3.10 Carbon resisiance

the value ofresistance (a)is 22 x 10° Q+10% and
thatof (b)is (43 x10' )+ 5% respectively.

Example 5.4 : Awire oflength /and cross
sectional area of A has a resistance R. Find the
percentage changein the resistance, whenit s stretched
to double ofitslength,

Solution : Given, the length ot the wire 1s1 and its

cross sectional areais A, then the resistance of wire will
be,

R= !
P A
On stretching the wire to double the length, its
cross sectional area decreases, because the mass and
volume of the substance remains constant.

Abd = AQ20)d
a=A
2



Hence the new resistance of'the substance,

£ £ 14

A A/2 4
Therefore, percentage change in resistance,
- RER 00%
4R-R

x100% =300%

Example 5.5 : The value of a carbon resistance

is 62 x10° Q) . The percentage tolerance is 5%. Write
downthe colour code in sequence.

Solution : Given,
R=(62x10°Q)+5%

According tothe colour code, the colour of strips
on the carbon resistance are Blue, Red, Orange and
Golden.

Example 5.6 : It the length oftwo conductors,
Y =40 and ¥ — 4810 *Q«xm reduced to
halt, then write down the corresponding value of X and Y.

Solution : In the question, the X isresistance of
the wire and Y is resistivity of the material of wire.
Theretore, by changing the length the resistance will
change whereas the resistivity remains unaltered.

Therefore X'=2Q and Y remains same,
ieY'=48x10°'Qm .

Example 5.7 : Apotential difference of 0.9V is
applied across theends ofa tungsten wire oflength 1.5m
and cross-sectional area 0.60x10m?. Find the current
flowing through the wire. Specific resistance (7 ) of

Tungstenis 5.6x 107" Qxm .

Solution : Given,
f=15m
A=060x10*m’

F=56"10"W m
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Therefore, resistance ofthe wire,
R= ¢
R 5.6x107 ><'l’,5 )
0.60x10 °
R=014Q
Thus, the current through the wire,
= I— = 0.90 =0.43A
R 014

5.8 Effect of temperature on Resistance and
Resistivity

The resistivity of various materials changes with
temperature in different manner according to their nature.
(A) For conductors

Previously we have seen that the resistivity ofa
conductor is given as,

i

- 2
He v

Where, m 1s the mass and ¢ 1s the charge of an
electron and #21sthe free electron number density of the
conductor. All these quantities are constant. On
increasing temperature, the amplitude of vibration in the
conductor and the frequency of collision of free electrons
increase due to which the relaxation time 7 decreases.
Thus, the resistivity of the conductor increases and

thereby the conductivity decreases. If o, and p, arethe

resistivity of a conductor at 0°C and t"C, then a close
relation between these quantities s,

o, = p,(Il+at) ... (5.28)

Where, ¢ is a constant known as temperature
coeflicient of resistivity. ¢ depends on the nature of
material. The value of some common materialsis givenin
thetable(5.3). For some substances 1s positive, whereas
for othersit is negative.



Table 5.3 Temperature coefficient of Resistivity

Material Temperature coefficient
of Resistivity (°C)'
A. Conductor
(4) Metals
Silver 4.1x107
Copper 3.9x10°
Aluminium 43x107?
Tungsten 4.5%10°%
lron 6.5x107
Platinum 3.9x10 7
Mercury 0.9x10~
(b) Afloys
Nichrome 0.4x107
Mangnin 0.002x10 *
Constantan 0.001x10?
B. Semiconductor
Carbon — 0.0005
Germanium — 0.05
Silicon — 007

According to the above equation (5.28), the
temperature coeflicient of resistivity will be given by,

22 — A_p
;?O(’_l'r

p{lr

&= ...(5.29)
The dimensions of ¢ inthe equation (5.29) will

be &'. Thus, for aunit change intemperature { p =1),

the ratio of change in resistivity to the resistivity at 0°C,

alry 6
ie. §r 5 is equal to the temperature coefficient of
8]

resistivity. Theunit oftemperature coeflicient of resistivity
is “C1,

Similarly, the dependence of resistance on
temperature canbe written as,

R =R,(1+at) .(5.30)

Itthe change in temperature of a conductor is Az,
then, equivalent value of resistivity and resistance willbe
given by,

p,, = p, 1+ahs) (53D
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R =R (1+aAf) ...(5.32)

Here, 7 and 7, arethe initial and final temperature
ofthe conductor.
Here At = (.- 1,

If a graph is plotted between the resistivity and
temperature for metals, then it will be more or less a
straight line. But at low temperature it is curved, 1.e
deviation fromthe straight line.

!

p

T

Fig 5.11 Resistivity of a conductor at low temperature

Some materials like Nichrome, which is an alloy
(Nickel 80 % and Chromium 20%) exhibits very weak
dependence of resistivity ontemperature. Such materials
are widely used in wire wound standard resisters. Figure

(5.12) showsa graph between p, andT.

!

2

7
Fig 5.12 Resistivily ola conductor at high temperature

(B) For insulators

The resistivity of insulating material decreases
exponentially on increasing temperature and increases on
decreasing temperature. At absolute zero temperature,
the resistivity becomes very high and tends to infinite
value. Thus, the conductivity of insulators at absolute
zero temperature becomes zero. The variation of
resistivity ofinsulator with temperature is given in the
tollowing relation,

B

p=p,e ..(5.33)
Where,

K, = Boltzmann constant

= Temperature of thematerial inkelvin

L = Energy gap between valance band and



conductionband.
(C) For semi-conductors:

On increasing the temperature of semi-
conductors, the bonds of semi-conductors break up
rapidly. Then the number of electron-hole pairs increase
exponentially. Thus, the resistivity of semi-conductors
decreases exponentially astemperature increases. The
temperature coetticient of resistivity in this case will be
—ve. Figure (5.13) shows a graph between ¥ and 7.

P

» 1
Fig 3. 13 Conductivity of scmi-conduciors

Example 5.8 : Theresistance of a platinum wire
of a platinum resistance thermometer at theice point is
5 Q) and at steam pointis 5.23 Q. Whenthe thermometer
is inserted in hot bath, the resistance of platinum wire is
5.795 Q. Calculate the temperature ofthe hot bath.

Solution : Given,
R, =502, R,, =5230Q
and R =57950

We know the formula for the resistance ofa wire at
temperature £,

R =R (1+af)

Therefore, theresistance R ,, = R,[1+a100] 1s,

R,,—R,=R o x 100 A1)
R-R =Rat .. (i)
Diving eq (2)byeqn(l),

IZMXIOO

100~ o

523-5
= 0.795 x100=345.65°C

0.23
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Example 5.9 : A platinum resistance
thermometer, a device used to measure the change in
temperature, has aresistance of 50} at atemperature
of 20°C. When this thermometer is placed inside a
container filled with silver at its melting point the resistance
increases to 80 €2, Assuming that thereislinear changein
the resistance of platinum in this temperature range,
calculate the melting point of silver. Given

a =3.8x107°C™ forsilver,

Solution : For limited temperature range, the

resistance at 7,°C’ isgivenby,
R, =R (1+ahl)
Where,

At =1nitial temperature, ¢,°C = final temperature

and /= increaseintemperature

Given @ =38x107°C",
R =80Q), R, =500
R -1 80-50
Af(: 3 e{] — : :
a K, 3.8x10 7 x50
_3x10°
T
or L= =1579°C
or t,=1,+157.9°C
or 1, =20°C+1579°C=1779%

- melting point of sitver =t, =177.9°C
5.8.1 Super conductivity

It was found in some metals or composite metals
that at particular very low temperature their resistivity
decreases abnormally or rapidlyand becomes zero. Such
substances are called Super conductors and this
propertyis called Superconductivity. The temperature at
which this phenomenon cccurs is called critical
temperature,

The phenomenon of Superconductivity was first
observed by the physicist Heike Kamerlingh Onnesin the
year 1911 by cocling mercury to 4.2 K. In the state of



supercenductivity, magnetic field inside the conductor will
also be zero. This effectis called Meissner Effect.

The phenomencn of superconductivity 1s exhibrted
at verylowtemperature (10 K to 0.1 K). Althcugh now
some materials havebeen found to exhibit the property of
superconductivity at higher temperature of the order of
90K. Now adays scientists are putting great efforts to
search superconductors at normal temperature so to get
rid of the energy lossproblem during transmission.

Uses of Superconductors: To construct magnets
known as Superconducting magnets which can create
high magnetic fields (of the order of 10 tesla), small and
very efficient transtormers, motor electric generators,
energy transmission and super computers etc.

5.9 Series and Parallel Combination of Resistances:

According to the requirement of certain electric
current in any electric circuit, we must have definite
resistance in that circuit. Suppose this resistance is not
available with us. Then we use the combination of the
resistances available with us so that the resistance of
desired valueis obtained. Thereare two ways in which
the combinationis carried out.

5.9.1 Series Combination

Two or more than two resistances are said to be
connected in series if same current is passed through all
the resistances. In series combination, second end of
every resistance is connected to first end of the next
resistance.

Infig. (5.14),three resistance R, R and R_ are
connected between two ends. A& B in series and a
current [ is tlowing in this. The potential difterence at
resistanceare V, V, and V_ respectively than according
toohm'slaw V, =TR , V_=IR_, V =IR,

+

B
V
Fig 3. 14 Serics Combination ol resisiances

Ifthe potential difference between points 4 and
15 I, then,
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V=V +V,+V,
V=IR+IR +IR,
V=I(R+R +R) . (534)

It the equivalent resistance of the series
combination ist, Then,

V=IR .. (5.34A)
By combining equation (5.34) and (5.34A)
IR =I(R+R+R)

& 2 3

or

or

or Req :R1+R2+R3 (535)

1.e. the equivalent resistance will be the sum ofaall
individual resisters. Ifthere are nresisters then,

Ifall the resistances are identical and equal to R,
then,
,,,,,,, upton
or

Important points for series combination of
resistances :

(a) Inallthe resistances the current flowing will be
same.

(b) Resultant potential difference will be sum of
potential difference across each resistance.

(c) Equivalent resistance will be greater than any ofthe

resistance connected in series.
5.9.2 Parallel Combination:

Two or more than two resistances are said to be
connected in parallel it same potential difference exists
across each of the resisters. InParallel combination, one
end of all resistances is connected at one point and other
end of all resistances are connected to another point. In
tigure 5.15 three resistances of value £, R, and R,
connected in parallel.

Fig 5.15 Parallel Conibination of resistances.



The parallel combination of resistances have two
end points A and B. One end of each resistance 1s
connected to A and the other end of each resistance is
connected to B. Points A and B of the parallel
combinationisconnected to abattery of e m.f. Fvolt.

Inthis combination, the potential difference across
eachresistance will be same and equal to I, In this circuit
main current, 1 at point Ais divided among the resistances
such that the potential difference across each resistance s
same and equalto potential difterence V ofthe battery. It
1.1 and[_ arethe currentsthroughtheresistances X,
£ and R, thentotal current Iis given by,

I=I+I+1 ... (537
According to Ohm’s law,
V=IR =1 R=IR
14 |2 V
I =—, =—, ] = —
Hence, /1 R 2 2 3 2
Put these valuesin Eq (5.37),
=V . + : + :

Ifequivalant resistance of combinationisR_

1= Vv
thus, I —
: ch
Compare this equation with Eq (5.38)
158 ] { 1 1 1 ]
L g I T T
Req Rl R2 R3
RSN
o RUR B R 539

Inthis way, the reciprocal of equivalent resistance
will be sum ot reciprocal of individual resistances.

If nresistances are connected in parallel, then,

1 1

1

R,

1

R

H

R, & .. (5.40)

If mdentical resistances are connected in parallel,
then,
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11 :
— ==ttt = uplton

R, R R R R

Ifall resistances connected in parallel are equal,

then,

R

i)

il 541

. ... (5.41)
Important points for parallel combination of

resistances :

(a)

Potential difference acrosseach resistance will be
same.

(b)

IfR , R, and R arevaluesofresistances connected
inseriesand if R > R, > R, >
current flowing in these resistances will be /7, /)
and /,where/ <7 </ <...</]

In parallel combination, equivalent resistance will
be lesser than the least.

(©)

Example 5.10 : In the given electric circuit.
Calculate the equivalent resistance between terminals A
and (.

Solution : In the given figure, R and R arein
parallel across 7 and (', therefore this parallel
combination canbe replaced by,

Re(|33 R2 R3
LRy
EECE IR
B444 8
Now, the simplified circuit can be redrawn as,
R=20Q R, =20

> AMAMAN——ANANMNA——s

A 7 S i C

In this simplified circuit, R, and Req,, arein
series.



Req]_n, = Rl + Re(m =20+20

=40

el

Example 5.11: Calculate the equivalent resistance
of'the given circuit between terminals A and 5.

B

A B A
503 70 502 50 % 1202
40 “ 9]
6L

Solution : Insuchtype of problems, it is usetul to
start with the smallest identifiable series or parallel sub-
combination ofthe given circuit.

Y

502

402

Step I: The equivalent resistance of 3 QL and 6 (2
resisters connected in parallel 1s,

1t 1
R, R R
Ix6
or (?(32216:2Q

Step 11 : Thus, these two resisters are equivalent
to2 Q3. Whenthis 2 Q resister isconnected in series to
4 02 resistance we obtain 6 () registance.

Step I11: This 6€21snow connected in parallel to
1202 (a series combination of 7(2 and 52). Combining
there resistances in parallel we get,

6x12
= o= 40
6-+12

Step IV : Now, this 4Q)is connected in series to
5Q and the total resistance 92 is obtained.

Example 5.12 : Find the equivalent resistance of
the electric circuit between terminals A and B in the
following two cases.

(a) when switch S is open

(b) when switch S 1s closed

10 €2 1082 10 2 10 €2

8

10 02 100 10 0 100
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Solution :

(a)  Whenswitch Sis open, thentheresistancesinthe
upper branch of the circuit will be in series
combination for which the equivalent resistance
willbe 2002, Similarly the resistances in the lower
branch of the circuit will also be in series
combination for which the equivalent resistance

will alsobe 2002,

These two resistances (2002 each) are connected
inparallel. Hence the equivalent resistance will be,

_ RlRZ
“TR TR,

20% 20
vy = ——— =100
20+20

(b) Whenswitch Sisclosed, then the resistancesin the
two branches can be simplified as shown in the
figure. The left circuit will be the parallel
combination for which the equivalent resistance
will be 5€2. Similarly the resistances in the right
circuit will also be in parallel combination forwhich

equivalent resistance will be 5€2.

Now left and right circuit are connected in series
combination. And equivalent series resistance will be
5Q+50Q=100Q.

Example 5.13 : Abattery ofe.m.f. 16 Vand
internal resistance 1Q2 is connected to the network of
resistances shown inthe figure. Calculate,

(a) Equivalent resistance of network between
points Aand D.

(b) Currentin each resistance.

(c) Potential drop V. V.

and V.

JEIn

Solution : Case(a):

Step I : Two 4€2 resistances are connected in



parallel between the terminals A and B. Hence the
equivalent resistance R, will be,

_4x4
4+4
Step II: GivenR, =10,

Step III : Two resistances 12€2 and 6Q2 are
connected between the terminals C and D. Hence the
equivalent resistance R ., will be,

2Q)

A8

12x6

=—— =40
12+6

Rep

Step IV : Now the resistancesR | R, .andR

LN
are all connected in series between the points A and D.

Theretore,
R=R +R +1R
=20+1Q+4Q
=7Q
Case (b): Total current in the circuit,
_ Total em. f.
fotal resistan ce

__ & _ lo¥ Yy
R+r (7+1H)Q2

Step [: Potential difference between the points
Aand BwillbeV, =/ R - R,

dx1 =4x1],
Hence, /. =/, But [, +1, =24,
or 21, =24
I, =14 T=2A

Step 11 : Current in the wire between B and Cwill
be 24.

Step IIT : Totalcurrent inthe wires between (”and
Dwillbe 24.

ie. L+1=24 (1)
Now, V[Z‘D: 13 R3 - 14 R4
1,x12=1,%6
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or  1=2I, e

On Solving equation (1)and (2), we get,

2 4
]3:[5114 and ]4:[7]‘4
: 3

Case (c): Potential difference between A& B=
V:m =1x JR.'JB =2x2=4V
Similarly,

V.= XR,=2x1=2V
V. =I*R =2x4=8Y

A\ =2x1=2V
Total e.m.f. inthe circuit /-,
k= I':IB_ I'TB’C_ /T[Z‘D_ IT»
F—4-2+8-2-16V

5.10: Cell, Electro Motive Force, Terminal Voltage
and Internal Resistance

=Ixr

Electric Cellis a device which maintains the steady
electric current inan electric circuit or it is a simple device
which converts chemical energy into electrical energy.

NPT Y VY Y N
\

i, 8

L
1
Fledrolyls o

(h)

Fig3.16 (a) & (b)Electriccell

Basically, an electric cell has two electrodes as
shown in the fig (5.16), which are immersed in an
electrolyte. These electrodes are shownas 1 ve electrode
(P)and -ve electrode (N). These electrodes, immersed in
electrolyte exchange charges withthe electrolyte. Dueto
this reason, +ve electrode P develops a +ve potential
V_(V, > 0)withrespect to its adjacent electrolyte
marked A. Similarly, the -ve electrode N developsa -ve
potential V_ (V_< 0 )with respect to its adjacent
electrolyte marked 8. Whenno current tlows through the
cell, the electrolyte has the same potential difference
throughout, so that the potential ditterence between the



two electrodes 7 and NVis,
V- (F)=F 4T

Whencellisin open circuit i.e. no current is drawn
fromthe cell, then the potential ditference across its
electrodesis known as Electro Motive Force (EMF) and
isrepresentedas g .

It is to be remembered that g is actually a
potential ditference and not a torce. The terme.m.tis
however used due to historical reasons and this name
was given at a time when this phenomenon was not
understood properly. When current is flowing through
external resistance R from the cell, then electric current
will flow in the electrolyte from -ve electrode to +ve
electrode.

The electrolyte through whicha current flowshasa
finite resistance, called internal resistance ofthe cell, i.e.
internal resistance is the hinderance produced by the
electrolyte of the cell in the flow of electric current.

Internal resistance of an ideal cell is zero, but
practically all cells have a finite internal resistance,

It current is flowing in an external resistance due to
acell, 1.e. cellisin closed circuit, then potential difterence
across two electrodes will be known as terminal voltage.
Thisterminal voltage isrepresented by Fand V- £ . In
a closed circuit, the value of (¢ -}") will be equal to

voltage drop across the internal resistance of the cell.
-V =1Ir ...(5.42)
here, 71s the electric current from the cell.

Hence, terminal voltage,

V=g—1Ir ...(5.43)
But, from Ohm's law,
V=IR (549

Combining Eq 5.43 and Eq5.44, we get

I(R+r)=¢
=_F 5.45
R+r - 549)
eV eV
l VIR
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Fig 5.17 Charging ofacell

Note : It a cell is being charged as shown in the
figure 5.17, then, the current enters from the +ve
electrode. Theretore, the terminal voltage inthis case will
be,

V=g+1r
V=g
5.11 Combination of Cells :
In general, cells can be connected in two manners;
(a) Series combination
(b) Parallel combination
5.11.1 Series Combination of Cells :
A e Lo ani s

\ L. . L. I o
Iy !
R
A

Fig 5.18 Series combination of cells

I

An arrangement oftwo or more than two cells, in
which cellsare connected such that the negative terminal
ot one cell is connected to the positive terminal of the
next cellis called series combination. The end points of
the combination are of opposite polarities across which
an external resistance is connected.

Suppose two cells having emf ¢, & &, and

internal resistance r & r, are connected in series as
shownin thefigure 5.18. End peints of the combination
are connected to external resistance K. We want to find
the equivalent emfand equivalent internal resistance and
current in the circuit.

According to ochm’slaw, the potential difference
across theresistance K.

V=IR=V, -V,

Potential difterence between the end points A and
Bwillbe,



Vie=F,—
= (¢,

:(51 +82)_‘I(r1 'H’Q)

Va)t (5 —1e)
-I)+(e,—Ir)
(5.47)

lfg and r,_are the equivalent emf and
equivalent mtema] resistance of the combination then,
Vie =6, =14, ..(5.48)
By comparing Eq 5.47 & 5.48
&, =& t&, .. (5.49)
= HTH .. (5.50)
The value ofterminal voltage =

potential drop across the external resistance K

Therefore, using equation 5.44 and the Ohim’s law,

V,~V.=IR=g —Ir+¢,~Ir,
g +& £,
_! = 1 2 — e ]
o Rir+r, R+r (551

euf

Fromthe above expression it is clear that in series
combination,

(i) Netemtofcells will be the sum ofthe emt of cells.
() Ifncellsofequal emfand internal resistance are
connected in series, then
§=&=86=..6,=§
and r=r=r=..=r=r 84l
ne g
TR riRln (3:32)
g, =he .(5.53)
r, =nr (5.54)
(i) Ifthe polarity of either of the cells in the

combination is reversed, the value of equivalent

emfwilbe & —&, or g,—¢,,

But r, =7 +r,+r,+..7, wilremainsame,
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5.11.2 Parallel Combination of Cells ;

An arrangement of two or more cells are
connected in such a way that all the terminals of same
polarity are joined together is known as the parallel
combination of cells.

Infigure 5.19 a parallel combination oftwo cellsis

shown. Let theemfoftwo cellsare g, and &, and their

respective internal resistances r, and r.. External
resistance 2 isconnected tothe end terminal 4 and B
asshowninthe figure.

fl g I I"1

HAWWAWWA—e— -
A B A et B
FAWVAA—

i 6, ¥, _|
1y b w4 1Y 4
a1

Fig 5.19: Parallel combination of cells.

If, and [ arethe current througheachcelland /
isthe total current inthe external circuit.

I=71+1I .. (5.55)
Itterminal voltage betweenthe terminals Aand B

fortwocellsis ", and /, eachequalto }, then

V=g-1r .. (5.56)

V=g -1k . (5.57)

Solving above equations,

and

Putting these values ot/ and /, ineq. (5.55)

1:&—V+%—V
" 8

]: 8_] i _V l_i_l
LA L



J :[81:"2 +8,F, J_V{r; HE] (5.58)
hr, hn o
Onsolving
&F, +&F FE
o Sz Teh | | Al

If £,, and #, aretheequivalent emtand internal

resistance respectively of the cell combination, then
terminal voltage will be,
V=e,-1r, ...(5.60)

After comparing equation (5.59) and (5.60),

_&h &
Ty, ...(5.61)
o= _ih

“ i) ... (5.62)

And the value of current through the external
resistanceis,

= Fey
Rar

euf

. (5.63)

Inthe above equation, the values ot ¢, and r,,
are given by eqs(5.61) and (5.62).

Itisclear from the parallel combination of cells,
that,
(1) Ifg=g,=cand n=r,=r .1.e twocellsof
same emf and same internal resistance then

g,=¢ and #,, = 5

#n cells of same emfand same internal resistance
are connected in parallel then, ¢, =& and

(ii)

b

be,

¥ . . .
= " and current inthe external resistance will

¢
R+rin

... (5.64)

(i) Equations(5.61)and (5.62) can also be writtenas
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follows,

... (5.65)

... (5.66)

Example 5.14 : The circuit shown in the figure
consists of two ideal batteries connected in series through
two resistances. Find the value of current in the circuit

(a).

=90V £,=6.0V
a b C d
—— —— W ——
20
IA v/
AVWAMN
40
(al
20
b——mwwwwn—— ¢
&=90VT TE=60V
al— AWM — d
40

()

Solution : The simplified equivalent circuit of the
given circuit (a) is redrawn in figure (b). Let I be the
current flowing through the circuit, then the terminal
voltage acrossthe ends a and d will be,

Saq = lS'I

g, =90-60=3.0/

—&, (g <s)
Effective resistance of the circuit,
R=20+40Q =60

Hence Electnic current in the circuit,

geq

R

X
==

0.54

5.12 Electric Energy

Total work done (or the energy supplied) by the
sourceofemf(i.e. cell) in maintaining an electric current in
a circuit for a given time is called electric energy



consumed in the circuit. If 1 current is flowing ina
resistance R forthe timet, then charge flowing in time t will
be

g=Ixt

If V' potential difference is applied across the ends
ofa wirethen, by the definition of potential difference,
work done by electric sourcein taking a charge ¢ from
one end to the other end of wire will be,

W=qV =Vit ... (5.07)
But according to Ohm’s law, F'—IR
hence, W = >Rt ...(5.68)
Wt (5.69)
or =— (5.
R

STunit of electric energy is joule.
Here, 1joule=1watt x second

Commercial unit of electric energy 1s kilo watt
hour (kWh). Thisunit1s also called Board of Trade Unit
(B.O.TU)

Therefore,
1 electric Unit = 1kWh
=1kWx1h
=1000Wx3600 second
=1kWh=3.6 x 10° watt second or joule
Important Note :

Using joule’s law we can find equivalence between
work and heat.

W=JH
g WV PR VR
J J J RJ

Here, H= heat generated and J=mechanical
equivalent ofheat.

Thevalueof .J = 4,2i
cal

5.13 Electric Power

In any electric circuit, work done per second by
electric source tothe flow of electric current or loss of
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energy per second 1s known as power of electric circuit.
It1s generally represented by the symbol P.

Inelectric circuit, loss of energy intimet for current
flowie. work doneis W.

Thenpower,

P=—

{ . {(5.70)

We have studied in the earlier section that,

-7
ra

W:I'Tr:IERr:L—r
R

)

Therefore, £ =VI =1’R = ? (5.7

Slunit of electric power is watt.

1 joule

Here, 1watt=

second

In practice electric power 1s measured in kilo watt
or megawatt.

1 kilowatt = 10" watt
| megawatt=10° watt

There is another unit used to measure electric
power known as Horse Power (HP).

1 HP =746 watt

72

The equations =} and £ = — haveimportant

role inelectric power loss in electric power transmission.
The electric power 1s transmitted from power station to
homes / factories through the cable even thousands of
miles away from the power station. We want such an
arrangement in which the transmission power loss would
be minimum. IfP power is transmitted to adevice of V
volt through a cable of resistance R, then, power lossin
connecting wire will be,

— pZR(_'.'

F.

&

V‘ 2

This power loss is inversely proportional to }~.
Due to this reason, to reduce electric power loss in



electric powercircuit, current is passed at high voltage.

o 2 Ve 220%220
Due to this high voltage danger, the transmission power R=—= #
lines are away from residential areas. Near homes, this r 100
high voltageisagain converted to low voltageby means ~ Of R =484Q

ofelectric transformers.

Newvoltage ofthe source, ' =110V

Example 5.15: ABulbof220 Vand 110 Watt
1s connected with a source of 110 Volt, calculate the
value of the power consumed by the bulb.

Therefore, the power consumed by the bulb,
when bulb is connected to new voltage of the source,

yr=110¥,

Solution :

According tothe questi 7y i
ccording tothe question, P = ¢) :w:%W

V=220V, P=100W R 484

So, the resistance of the bulb,

Important Points
The flow of charge per unit time is known as electric current.
When an electric field is applied across a conductor, then the average velocity by which free electrons of
that conductor move is called its dritt velocity.
—eF,
m

Drift velocity = v, = T

Mobility is numerically equal to dritt velocity per unit electric tield. Hence mobility () is given by :

Vi

7

)uf:

The S.Lunit of mobility is —

=

The relation between electric current and drift velocity is /= neAv . The relation between the current

24

density J=nev, drift velocity and potential differenceis v, = —7

ml

According to ohm’s law, when physical conditions of the conductor remains same, the electric current
flowing through the conductor is proportional to the applied potential ditference acrossits ends. 1.e.

I”oc [ or |7 = Ri , where R is the resistance of the conductor. The unit of Risohm Q=) 4 '.

7703

The resistance of conductoris R = . Onincreasing the temperature, relaxation time decreases,

ne At

hence R will increase.

: 1 £ : L ) :
The resistance R oc ¢ and K Ve hence £2=p L where p s the resistivity or specific resistance of

the conductor. The resistivity ¢ of the conductor depends on the material of the conductor and temperature,
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10.

12.

14.
15.

whereas it does not depend on the length and area of cross section.

The relation between electric field E and resistivity, /2 = p./ and the relation between current density and
conductivity, .J = g J; are the microscopic forms of Ohm'’s law.

Many substances and devices do not obey ohm’s law, such devises are called non-ohmic devises. For

these devises the graph between V and I is no longer a straight line.

Dependence of resistance on temperature is givenas 2, = R, (1+af) . On increasing the temperature of

the conductor, its resistivity as well as resistance increases whereas for semiconductors and insulators on
increasing the temperature their resistivity as well as resistance decreases.

The equivalent resistance in series combinationis X, = K, + R, +...+ K, and the equivalent resistance in

1 1 1
parallel combination is E = E + % +

When the cell is in open circuit, then the potential difference across its electrodes is called its e.m.f.

When the cell is in closed circuit, i.e. the current is flowing through the cell and the external circuit then the
potential ditterence across its electrodes is called the terminal voltage.

The relation between the terminal voltage (at the time of discharging of the cell) and em.f willbe £ =V +1r .
The relation between the terminal voltage (at the time of charging of the cell) and e.m.f. will be V=E+ir. i.e.

Vo= F.

Questions for Practice

Multiple Choice Questions

The product of resistivity and conductivity of a
conductor dependson -

.
J.

Aconducting resistance is connected to a battery.
The temperature of the conductor decreases due
to cooling. The current flowing through the
resistance will -

(a) Areaof cross section _
(a)increase (b) decrease
{(b) Temperature ,
(c) remain constant {(d) become zero
(c)Length . : . :
4. Acellofemt2.1 volt givesa current o 0.2 A. This
(d)Noneof the above current passes through a 10 Q resistance. Internal
Two similar wires of same size of resistivity p, and resistance of the cell will be.
02Q 05Q
p, are connected inseries. Equivalent resistivity of (&) ®) _
the combination will be - (€)0.80 (d)1.0Q
5. The voltage current graph ot'a conductor at two
(@) yo.0, (b) 2(p, + p,) ditferent temperature are shown intheFigure. Ifthe

Pt P,

(c) >

(d) p,+p,
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resistances corresponding to these temperatures
are/? and %, then whichofthe following statement
sistrue.



7 1
1
> ]
@L=2  B)L>1)
(c) 1, <1, {d)None of the above

Electric power is transmitted from on city to
another city through copper wire, situated 150km
apart. The voltage drop per km is 8 V and the
registance per kmis 0.5 Q, then the powerlossin
the transmission line will be-

(a) 192 W (b) 19.2 kW
(c)19.27 (d)12.2kW

There are 5 resistances each of R ). First three
resistances are connected in parallel, after that
remaining two are connected in series, then the
equivalent resistance ofthe combination will be -

@IRQ (2RO

7 3
—RO RO
© 3 (@ =

From which ofthe following relations between the
drift velocity v and electricfield E, obeys ohm’s
law.

(a) v, o k" (b) v,aF

(c) v,ak"? (d) v, = constant

In a carbon resistance there are 4 rings in order
blue, yellow red and silver. The resistance of'the
resister willbe -

(a) 64x10°Q
(b) (64x10° £10%) O
(c) 642x 10" Q

(d) (26x10° £5%)Q

10. Whenawire connected to a battery gets heated,

then which of the following quantity will not
change -

(a) Driftvelocity (b) Resistivity

(c) Resistance  (d) No. oftree electrons

Very Short Answer Questions

1.

L

Fromthe following graphbetween }' & 7, calculate
the resistance ofthe resister.

A
)
4
2

010203 !

Write downthe S.I. unit of current density.

Write down the relation between conductivity and
current density of a conductor.

Give two examples of non-ohmic devices.

Give the dependence of registivity on temperature
ofaconductor.

Write the names of two materials whose resistivity
decreases onincreasing the temperature.

Write down the value of current flowing through a
bulb of40 W 220 V.

Short Answer Questions

l.

133

How much charge will be there when a current is
tlowing througha conductor.

In the given tigure, the resistivity of some

conductor are p, and p,{)x . What is the ratio

of pr, p,
| |
lg
||
lg
VA i Al
R
—AMWWWA—



In the given figure, there are two similar cells
whose emfs are same and internal resistances are
negligible. These cells are connected in parallel.
What is the value of current flowing through the
resistance R ?

|F¥]

4. Explainthe differencebetween terminal voltage
and emfofa cell.

5. Detinedrift velocity.

6. A resistance wire of 8R is bent in the form of a
circle, then what is its equivalent resistance across
the ends of diameter.

7. Whentheshape ofa conductoris deformed then
what is the effect on itsresistance and resistivity?

8.  Cantheterminal voltage ofa cell be greater than
theemfofa cell?

Essay Type Questions
1. Detine drift velocity. On the basis of drift velocity
derive Ohm’slaw j = o £ 7.

2. Dernvetherelation between the drift velocity and
electric field. What is mobility? Explain
dependence of drift velocity and mobility.

3. Deriverelation betweenresistance and resistivity of
any conductor. Explain temperature dependence
ontheresistance of a material. Explaininreference
to a conductor, insulator and semi-conductor.

4. Therearetwocells ofemtf & and v and internal

resistance r, and r, respectively connected in
parallel. Then find out the equivalent emt and
equivalent internal resistance of this combination. If
external resistance R in connected to this
combination, then find out the value of electric
current flowingthroughR.

Answer Key (Multiple Choice Questions)
1.(d) 2.(c) 3.(a) 4. (b)

5(c) 6.(b) 7.(b) 8 (b) 9. (b) 10.(d)
Answer Key (Very Short Answer Questions)
1. 20Q

2. A/m?

3. _}::JE

4. diode, electrolytes

5. p=p,(1+arr)
6.  Germanmm and Silicon
7. 0.18A
Numerical Questions

1. Apotential of 120 Vis applied across theends ofa
cylindrical copper rod oflength 1 cm and radius
2.0mm. Find the value of the current through the

rod. (The resistivity of copperis | 7« 107 Qe .)
Ans. [6.85x10 A |

2. Find theequivalent resistance betweenaand bin

the given circuit diagram.
30
302 30
a 30 b

[Ans. 20Q]

3. Findtheequivalent resistance between points of'an
infinite ladder network circuit as shown in the

figure.

4.  (a) Three resisters 1€), 20 and 3Q are
connected in series. What is the total
resistance of'the combination?

(b) Ifthis series combination is connected to a
battery ofe.m.f. 12 V and negligible internal
resistance, obtain the potential drop across
eachresistance.

[Ans. 6, 2V,4 Vand 6V]



Atroom temperature (27°C), the resistance ofa
heating elementis 100 €2, Whatisthetemperature
of the element if the resistance is found to be
117 €Y, giventhat the temperature coefticientofthe
material of resistanceis1.70x107°C,

[Ans.1027°C ]

A negligibly small current passes through a wire of
length 15 m and uniform cross section 6.0x 10 'm?
and its resistance ismeasured tobe 5.0 2. What is
the resistivity ofthe material at the temperature of
the experiment?

[Ans. 2.0x10 "Qm ]

A Copper wire of cross section area 1.0 mm?is
carrying a current of 0.5 A_ Ifthe density of free
electrons is 8.5x10% ¢m~, Calculate the drift
velocity of free electrons.

[Ans. 3.7x10m/s]

Find the temperature at which the resistance ofa
material is doubled that of the resistance at (0°C).
The temperature coetficient of the material of

resistanceis4.0x10- °C™
[Ans. 250°C]

The storage battery ofacarhasane.m.t. of 12'V.
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10.

1.

12.

Ifthe internal resistance of the batteryi1s 0.4 Q).
What 18 the maximum current that can be drawn
from the battery?

[Ans. 30A]

Acoll ofresistance 4.2 Qisimmersed in water. A
current of 2A passes through it for adurationot 10
minutes. How many calories of heat will be
produced inthe coil? [J=4.2T/cal]

[Ans. 2400 cal]

A cylindrical tube oflength / hasinner and outer
radii aand 4. The resistivity ofthe materialis o,
then calculate the resistance between the two end
of the cylindrical tube.

Pt
Ans Lr(cf —bﬁ)}

Inahouse 4 bulbs of 100 W and 4 bulbs of 40 W
glow every day for 4 hours and 6 hours
respectively. Two tans of 60 W are also used 8
hours every day. Calculate the electrical energy
consumed ina month of 30 days. Also calculate the
electricity bill tor the month at the rate of Rs. 5 per

unit.
[(Ans. Electricy consumed: 105.6units,
Billamount Rs. 528)]






