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ELECTRIC CURRENT
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16.1 INTRODUCTION

In our daily life we read books with the light of electric bulb and tube light, listen music
on a tape recorder or radio receiver, see different programes on television, enjoy cool
breeze from electric fan or cooler. Do you know, what makes these appliances work.
it is electric current Electricity is aunique gift of science to mankind. Our every day life
is governed directly or indirectly by many applications of electricity. We cannot imagine
to live without electricity in the modern world. At home you observe that by merely
switching on an electric bulb starts glowing. Why does it so happen? What is the function
of a switch?

In the previous lessons you have studied about static electric charge and their effects.
Electric charge is stored in capacitors. In the present lesson you will study the electric
charges in motion. You will also learn, .in this lesson, that the rate of flow of charge
through a conductor depends upon the nature of material and potential difference
(Ohms law). You will study the distribution of current in circuits, laws necessary to
understand various electrical circuits and how to calculate current in circuit networks
{Kirchhoffs laws).

16.2 OBJECTIVES

After studying this lesson, you should will be able to; 4

o explaindrift velocity of electrons, charge transport and electric currens;

state and prove ohm's law and distinguish between Ohmic and non-ohmic resistarices;

define and explain resistivity and discuss the factors on which resistivity depends;

deduce equivalent resistance for a series and parallsl combination of resistors;

calculate resistance on the basis of colour codes;

state and apply Kirchhoff's laws to closed electric circuits; -

deduce Wheatstone Bridge equation under balanced condition and use the squation to

find unknown resistance; and

o explain the principle of potentiometer and apply it to calculate. the e.m.f.and internal
resistance of a cell. -




Electric Currens

16.1 ELECTRIC CURRENT

In the previous lessons you have studied that when a. potential “difference is applied
across 8 conductor an electric field sets in the conductor and electronsdriftin the direction
opposite to the field. Due to electron drift charge flows through the conductor and we say
that electric cuzrrent is flowing through it. The direction of current is taken opposite to the
direction of flow of electrons (negative charge) and in the direction-of flow of positive
charge. Let a charge A Qbe passing across a conducting wire in short time interval Az,
Then, we define electric current as
AQ

J= e .
v (16.1)

The electric current through any conductor is the rate of transfer of charge from one
side of any cross section of conductor to the other side. The SI unit of current is ampere
(symbol A). If one coulomb of charge passes through a cross-section of the conductor
per second then the current is one ampere.

Am A _coulomb (C)
pere (A) " second {(s)

Commonly used sources of current are electric cells, electric generators etc.

16.3.1 Ohm’s Law

In 1826 German Scientist George Simon Ohm studied the relation between current
flowing in a conductor and potential difference applied a¢rossit. He expressed this relation
in the form of a law known as Ohm’s law. According to this law: the electric current
through a condsctor is directly proportional to the potential difference across it provided
the physical conditions such as temperature are unchanged.

Let ¥ be the potential difference applied across the conductor and 7be the current flowing
through it. According to Ohm’s law,

Vol
or V=R or —=R {162}

where' constant R is the electrical resistance applied hy the
conductor in flowing the electric current. Resistance is the

property of the material of the conductor which apposes the :

fiow of current throught it. The F-I graph for a metallic Gy‘

~ Current(D}

conductor is a straight line (Fig 16.1).
Unit of resistance is Olm. It is expressed by symbol — Voltage (V)
( ) Fig.16.1: V-1 graph for a

metallic condvctor
1 Obm =1 volt/lampere
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Now. let us study the factors which effect the resistance of a conductor. For this, you may
perform two simple experiments : ’

(1) Tuke different lengths of a conducting wire of same materiel und same area. Apply same
volluge ucross those alternately and read the value of current for each conducting wire.

You will observe that current changes inversely proportion fo the length of the conductor.

it shows that the resistance of the conductor is directly proportional to the length @of
the conductor iLe. : .

R t

2) Take conducting wires of same material und of sume lengthbut of different cross -
sectional area. Apply sume pojential difference and read the value of current for each of
them.  You will observe that the value of curvent is in proportion to the area of cross —
section.  This shows that the resistance of the conductor is inversely proportional to the
area of cross section (A) i.e.

Roct/d
4
thus on combining above two relations, R —A—-
[§
or R=p - —— el 16.3
[ A (16.3)

where p is constant for the material at constant temperature and is called specific resistance
or resistivity.
RA

p=—

£
If #~im, A=1m", then p=(R Ohm) (1m?¥1%= R Obm x m

Thus, the value of resistivity of a material is equal to resistance of a wire of the material
of Im length and Im’ ares of cross —section and is expressed in Si-m.

Inverse ofresistivity is called conductivigy or specific conductance and is represented by o.
1
O — ' -(16.4)

P
Unit of conduwetivity is Ohm* metre ™ (€2'm ™ Jor mbo meter™.
Rﬁﬁﬂydtmﬁmdnnﬂwvafdnmﬂeﬂdbﬁif&%oﬁudimm,
whereas the resistance of a couductor depends on its dimensions as well as on the material
of which it is made up of | :
In terms of froc electron concentration () and relaxation time (x) the expression for
resistivity is,

p=— «{16.5)

308



Electriec Curremt

where e and m are respectively charge and mass of an electron. The resistivity at a
temperature is inversely proportional to free electron concentration, Thus, for a conductor
having large number of free electrons resistivity and hence resistance issmall. Silveris
the best conductor, coppér and aluminium are also good conductors. Due to very low
resistance copper and aluminium wires are used as connecting wires for joining various
components is electrical circuits and house hold fittings.

Several resistance wires of high resistivity are made of materials obtained by alloying some
metals. Some ofthei important alioys are magnanin (84%Cu, 4% Ni and 12% Mn). constanton
{60% Cu. 40% Zn) and nichrom (80% Ni, 20%Cr). Resistance wires for electric heater,
electric iron etc. are made of these alloys.

Due to extremely high resistivity ebonite, mica, china clay, fused quartz etc are used as
insulators. In household wiring, copper and aluminiumn conductors are covered with a
layer of some insulating materials like P.V.C. (polyvinyl chloride), rubber, cotton etc.

We have materials like germanium (Zn) and silicon (Si) which have resistivity much
smaller than that of insulators but much greater than that of metals. They are called
semi-conductors semiconductors are used to make electronic devices such as diode,
transistor etc. In book-5 you will study semi-conductors in details.

16.3.2Temperature Dependence of Resistance

You have read in previous section, the following relation for resistivity and relaxation

time,
2m

2
ner

according to which the resistivity is inversely proportional to relaxation time 1. The
resistance of a wire of length and area of cross - section 4 is given by,

R= ‘“ 2me
P A netAd

For a given wire £ A and n are constants, therefore resistance

R ot e
3
Relaxation time is the average time between successive collisions of electrons with the
lattice ions {positive ions of metal). If mean free path (the average distance between two
successive collisions) of electrons is A and root mean square speedis v_, then

> . (166)

v

1
Rec— :““ {16.7)
T h,

With increase f temperature, root mean square speed-increases (v_, o« 7) and mean free
path decreases (because amplitude of vibration of lattice increases) so that collisions of
electrons with the lattice take place more frequently. As a result resistivity and hence,
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resistance of the wire increates with increase of temperature. In other words conductivity
of conductor decreases with increase of temperature.

If R am!R mthcvduesufresmtanceofamat 0°C and £°C respectively then R, may be
obtamedbyreianon

R =R (1+ ) ...(16.8)
Where « is a constant, called temperature coe_ﬂics‘mtaf resistance (or resistivity). Then,

RI'_RE lOC
(4 4 T(Pﬂ )
If R=1Q and =1C, then ;a = R— R, the increase in resistance. Thus, tempernture
coeﬂ’icientofmmueqm!tockmga in resistance of a wire of resistance one
Ohm at 0°C when temperature changes by 1°C.

Iftheres:s&nccofamreattemperamt' CisR andatt °C, mR then
R R(l+a.t)andR R(l+a:)

" on dividing & _
2 1+w
So that
a= —o R (per°C) .(169)
R - R I

The resistivity of alloys also increases with ifcrease of temperature but increase is very
small in comparison to that for metals. For alloys such as meganin, constoanton and nichrome
temperature cocflicient of resistivity is negligibly small and resistivity is high, hence these
are used to make resistance wires or standard resistances.

Here, you note that the resistivity of some materials like carbon, silicon, germanium etc.
decreases with increase of temperature that is temperature coefficient of resistivity for
these materials is negative.

16.3.3 Drift Velocity of Electrons

You see that by switching on electricity of a power station, all the electrical appliatces
omwmmmemwmnmnmmmgﬂlmdmmmmmm;h

power stationis far away. Have you ever throught what is hsppening here ? On switching,
chargemnsporttakesplaeemthcformofelecmm&mﬂmsupplyhm

As we have learnt that a solid congluctor consists of jons placed in a regular srangement
andﬁeeelecuommnotbomdmanymculnmlheﬁwelechmsmmabun
in the entire volume of the material. The:onswtnchlremmhheuwenhmﬂnelwlrwscm-
mlyulnteabmﬁﬂmrﬁxedpoaﬁmhmponumsof&mfumawﬂu
periodic pattern which is called a lattice.
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Free electons collide or interact with the st
ions at the lattice positions. The speed
and directiorn: changes randomly at each
such event. As a result the electrons
move in zigzag path (Fig. 16.2). In a
metal, a large number of free electrons
move in fandom directions. The number
of electrons crossing anarea A4 from
one side very nearly equals the number
crossing from other side in ‘any given
time interval. Therefore, no net transport
of charge across any cross section takes
place.
‘When electric field is applied accross
the conductor, a force acts on each
electron in the direction opposite to the
field. The electrons get drifted slowly
in the direction of force. The drift is . 16.2: Zig-sag motion of the elact
much lesser than the actual velocity of Fe leiacg motion of the :
the electron. Ateach collision electron starts a fresh in random direction with a random
speed but gains a velocity component o due to electric field. This companent ¢/ increases
with' time till next collision occurs. Again it starts afresh with a random velocity and in
the: process the velocity component in the direction of field is lost. Ff the clectron drifts a
distance ¢in long time ¢, then drift velocity, . :

.,dzn:_ (16.10)

You may define the drift velocity as an average velocity component with which electrons
drift opposite to the direction of electric field.

Let 7 be the average time called as mean free time between successive collisions and a be
the acceleration due to electric field £. Then

force acting on an electron ek o
a= = .(16.11)

mass of the electron m

Where e and m are charge and mass of electrons, Therefore, the displacement of electron in
the direction of force,

1 1 [eE
Al= —g rz=——(--—-)'tz
2 2

m
The drift velocity is,
A 1 ek 1 eE
VYO e =T — il o ...-(16.12)
d T 2 m 2 m )

It shows that drift velocity of electrons is directly proportional 1o electric field.

i {4
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16.3.4 Atomic Explanatioh of Ohm's Law

Let us consider a cylindrical conductor of cross-sectional area 4, in which an electric field
E exists, Innmemchm drifts a distance v, A7, where v, :sﬂ:ednﬁvclocrty Consider
a length v, Arof the conductor (Fig 16.3).

= E/f
The velume of this portion is A v, Ar." Let there be n free {
electrons per unit volume of conductor. The number of v,i—\
electrons in this portion is mfv,Ar . All these electrons K~ - VAL -
cross the area A in time At, Therefore, charge crossing this i
area in time Af is, Fig. 16.3: Crozs-section of a
canductor.
AQ=ndv, At ¢
AQ AnetE  Aneé'
orCurrent /= —— =dpe v = = ..(16.13)
At d Z2m 2me
" Thus, Jec ¥V
This is Ohm's law.

It is clear from this expression that the currant is directly proportional to the drift velocity
of free electrons in a conductor.

Examplel6.1: A total 0f 6.0 x 10” electrons pass through any cross - section of a conducting
wire per second. Find the current.

Solution : The total charge crossing the cross section in one second is,

AQ =ne=6.0x 10" x 1.6 x 16™°C
=9.6x 10°C

The value of current
AQ 96x10°C
At Is

=96 x 10°A

Example 16.2 : Calculate the dr;;i‘ speed of electrons when 1 A of current Jlows in a
copper o'v:z:re of cross - section 2mm . The number of free electrons in 1 cm’ of copper is
8.5 x}

Solution : From the current and drift velocity relation

I=Aneﬂ
So that,

Y 1
‘ dne 2x10°x85x10"x1.6x 10"

=36 x 107 m/s
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Super Conductors; We seed:aformmenumialsbdowacmwmwdsﬁvhy suddenly
becomes zero. This temperature is called critical temperature for this transition. The material in
this state is called superconductor and the phenomenon is called stperconductivity, It was observed
for mercury in 1911 by Kamerleigh Onnes. Critical temperature for mercury is 4.2K.

If an electric current is set up in a superconductor, it can persist for long time even for months and
years after removing the applied potential difference. Superconductivity exists a very low temperatures
which are difficult to obsain. Scientists are wying to prepare compounds and alloys which would be
superconducting at room temperatures (300K). Superconductivity at around 125K has already
been achieved and efforts are on to improve upon this. Superconductors are used to construct very
strong magncts. - Possible applications of superconductors are ultra fast computer switches and
transmission of electric power through superconducting power lines.

Example 16.3: Two wires A and B of same mass and material are taken. Diameter of wire
A Is half than that of wire B. If resistance of wire A is 242 find the resistance of wire B.

Solution : Let r, and r, be radii and ¢, ¢ be lengths of wire A and B respectively. As
mass and density of the wires is the same, we have

Trte d=nr’td
: ‘A A B B

L2

¢ r
....."_:.._B.....
) 4
‘n r. |
Resistances of wires 4 and B are
pe pe
R = 2 and R =—2
A 2 B 2
nr nr
A B
4
R, A Jr'n2 re rg I
Rl i
5 8 r A A A
r R .
ro=b —~A=(2)
A2 R
B
=16
R 24
R=—-’3—=———— = 1.5 ohm
T 16 16

16.3.5 Ohmic and Non-Obmic Resistances

You may easily see by drawing graph bc tween voltage and current across conductors that
many conductors obey Ohm’s law. -Their resistance is called Ohmic resistance or lincar
resistance. But Ohm’s law does not always hold good. If we replace the resistance wire
by a torch bulb in an electrical circuit and note down values of current (7) for different
voltages (F) then we see that the entire ¥~/ graph drawn is not straight line (Fig 16.4-a).

For low values of V, it remains straight ling and then becomes curved. For high voltage
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current through the filament of - the.
bulb becomes large so that the
temperature of the filament of bulb
becomes more and more as current
increases in the filsment. Ratio V/7
for low value of I gives resistance
of the filament. Ohm’s low holds
in metallic wires for low'values of
current only.

Other examples of non-ohmic
registances are vacuum diode,
semiconductor diode, transistor,
liquid electrolytes etc. In vacuum
diode ohm’s law does nothold even
for low values of current. Its V-/
curve is shown in Fig 16.4-b.

16.3.6. Resistors

Fig. 164: VI graph for non-olmeic conductor

For different electrical and electronic circuits we require resistors of diffevent values.
Resistors may be divided into two groups; wire wound resistors and carbon resistors

In a wire wound resistor a resistance wire (of maganin, constanton or nickrome) of dejinite”
langth according to value of resistance is wound two fold aver insulating cylinder to

make it non inductive.

To make carbor resistor, carbor with a
suitable binding agent is molded into a
cylinder. Wire leads are atiached to this
cylinder for connecting it to an electrical
circuit. The value of resistance is
indicated by four coloured bands marked
onthe surface of the cylinder (Fig 16.5)
and meaning of different colours are
given intable 16.1 the colours and their
orders may be remembered by the

statement given on the next page.

multiplier _yjerence

R ars

P ——

wire lead

Fig. 16.5: Colowr bormds on a resistor

Table 16..1 : Resistance codes {resistance given in ohmy)

Colour  Digit Multiplier Tolerance

Colowr Digit Muitiplier Tolerwwce

Black ] 1
Brown 1 10
Red 2 10’
Orange 3 10’
Yellow 4 10°
Greem 5 10’

Blue 6 10°
Violet 7 10’
Gy 8 10°
White 9 10’
Gold 0.1 5%
Silver 0.01 10%
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B B R O Y Great  Britain Very Good Wife
Black Brown Red Orange Yellow Green Blue Violet Gray White

For example suppose the colours on the resistor shown in Fig. 16.5 are brown, yellow,
green and gold as read from left to right. Using the table the resistance is

Brown Yellow Green Gold
1 4 x10’ +5%
=14x10°+ 14 % 10° 2.5

100

=(14£007)10°Q =(1.4+0.07)MQ

Some times tolerance is missing from the code-and there are only three bands. Then the
tolerance is 20%.

INTEXT QUESTIONS 16. 1

1. Electrons move continuously inside a conductor even then ro current flows through it
unless a potential differences is applied across it. Explain

....................................................................

....................................................................

3. Ina TV tube the electrons are accelerated Jrom the rear to the front. What is the
direction of current ? o '
4. A potensial difference V is applied across a copper wire of length | and diameter d.
What will be the effect on drift velocity of electrons i
(i) ¥V becomes twice
(ii) | becomes twice.
(iii) d becomes twice

..............................................................

6. What will be the ratio of currents Sflowing through two wires of same material if they
a. Same area of cross section but length in the ratio 2:1
-b. Same length but area of cross-sections in the ratio 2:1

....................................................................

16.4 COMBINATIONS OF RESISTORS

When we want to increase or decrease the current of a circuit we have to reduce or increase
the resistance ofthe circuit.  For this resistors are combined. Two types of combinations
are frequently used. Here, we define equivalent resistance of .the combination as a
single resistance which draws same current as the given combination when same potential
difference. is applied acrossit. '
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16.4.1 Series Combination

You may connect more resistors in series by joining them end to end such thar sowe
current passes through all the resistors. In fig l6.6th1eetmisﬁmsofn&'stamesll.,kzmd
R, are shown connected in series. The combination can be connected to a battery or
other circuit at ends 4 and D, Leta current / flows through the series combination when it
is connected to a battery of voltage V. Potential differences ¥, ¥, and ¥, be developed
across R,, R, and R, respectively due to this current 7. Then V|=IR|,V2=IR!audV]=[R3.
Butsumof ¥, ¥, and ¥, isequal to ¥ i.c.

V=V, + V,+ ¥,
V=IR + IR+ IR,

If equivalent resistance of this series
combination is R, then A

V=!R=I(R,+R2+R,)
or R=R‘,+R_,+Rj

by
. ‘ g L
This arrangement may be extended for any ",
number of resistors

R=R+R+R+R+ ... ~A16.14) Frg. 166 : Series combination of revistance

Thus, eguivalent resistance of a series combination of resistors is equal to sum of
resistances of all resistors. If we require to apply a voltage across a resistor (say electric
buib) less than the constant voltage supply source, we should connect another resistor in
series of it.

16.4.2 Parallel Combination

You may connect the resistors in parallel by joining their one end at one point and other
ends at another point. In parallel Combination same potential difference exists across all
resistors.

Fig 16.7 shows the parallel combination I R
of three resistors of resistances R,, R, and N \AAAAAAA
R;. Let the combination be comnected to a
battery of voltage ¥ and draws a current 7 s Ry

from the source. . |  AMAMAMW_ .| B
The main current divides into three parts.
Let I, I, I, be the currents flowing
through resistors R, R, R, respectively,
then?, =V/R,I,=V/R,and I, = V/R,

Themaincmntis&mmof[r 1, andla
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ie.  I=Ivl+l

o [= —_—t e ——

I the equivalent resistance of combination is R, then

V=IR o I=VF/R

The process may be extended for any number of resistors so that,

1 I 1 1 1 .
—_—= et —t —t e b -{16.
R R R R R : {16.13)

4

From this we infer that inverse of equivalent resisiance of pavalial combination is
equal to sum of inverses of indevidual rexistances.

For wwo resistors in parallel
S | R R,
—=—t—o R=——_ ~{16.16)
R R R R + R,

Note that the equivalent resistance of parallel combination is smaller tham the smallext
individual resistance. Youmay easily sce mww-mmm“.
resistor of 2 {3 resistance connected across a batéery of voltage 2 volt. B will desw s curvent
of [ ampere. When another resistor of 2 ohm resistance is connected in parallel, thes it will
also draw a current of | ampere. That is total current drawn from battery is 2 ampere, hance
resistance of the circuit is halved. [fwe go om increasing the mumber of resistors in paraliel
the resistance of circuit goes on decreasing and the cwrrent dravn from batiery goes on
increasing.

In our homes all the electrical applisnces
bulbs, fans, heaters etc are comécted in
parallel and ecach has separsic switch __

(Fig. 16.8). Potentiaf difference across
in any ofﬂmdnesmdqmdmﬁu

Supply wmaing

each remains same so that current flowing %k
- Hesler

of thchousegoesondccmammd
current drawing from mains goes on

increasing. Fig. 16.8: Elecirical circult af onr howmet

e s
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16.4.3 Division of Current in Resistors Connected i in Parallel
Let thetwores:storsofres:stamesk and R be connected in parallel between points A

and B (Fig, 16.9). The main current /e divided into two parts /, and I, flowing through R
nndRrespecuve!y 'Ihenmncmmthsmof! andlle
I4L=1 . «(16.17)
According to Ohm’s law
VJ— Vﬁ= IIRJ’
and also

Vo-¥,=IR

. IR=IR
P | F ]
Fromeq (16.17) IR = 1/ )% Flg. 169 : Division of curvent in resistors

I‘1 (RI+R)=IR?

R
o0 Im 2 . . - (16.18)

R

I~ — (16.19)
Enmplc 16. 4. For.a circuit shown in Fig 16.10, find the value of resistance R and

current I, ﬂowmg through R.
Soluﬁon: I gguivalent rcsist,amc of paraliel combination of R and Rz is R, then

R= R’RJ '=' [Ru—
R+R  10+R 1= 10A
!y 2 2

According to Ohm’s faw,

50
Res—w=50 . T
10 .

10 o |
:“; o 5 - . .
10 *'ﬁz cl b
R=10Q - Fig. 16.10 :An Elecirical Circuit
The current is equaliy divided into R and R hence I =5A.
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Example 16.5: Find equivalent resistance of the network shown in JSig 16.11 between
points (i} A and B and (ii) A and C.

; ¥ : 100
Solation;

(1) The 10 Q2 and 30 Q2 resistors are connected A B c
ip parallei between points A and B. The 300 50
equivalent resistance between A and B ’

o AVWA__L
10 x 30 .

= ohm=7.50Q :
10+30 Fig. 1611

(ii) The resistance R| is connected in series with resistor of 7.5 Q, hence the equivalent
resistance between points A and C is,
R = (R|+7'5) ohm = (7.5+7.5) ohm=15 Q

Example 16.6: Find potential difference between points A and B of the network shown in
Fig 16.12 and distribution of given main current through different resistors.

Solution : Between points A and B resistors of 402, 6Q and 8} resistances are in series and
these are in paratle! to 90 resistor.

Equivalent resistance of series combination is
R|=(4 + 6+ 8) ohm = 1802

If equivalent resistance between A and B is a0 &
R=9%x18/(9+18) ohm = 602 1=27A

Potential difference between 4 and B is "'—97 o )
V=IR=27x6V
=162.¥
Cutrent through 9 Q resistor = 16.2/9=1.8A |
Current through 4£2, 602 and 802 resistors
=27-1.8=09A

| Fig. 1612
INTEXT QUESTIONS 16.2

1. Which of the following is same for each of the resistors connected in series
(a} potential difference (b} current (c) power (d) heat generated

2. Which of the followings is same for each resistors connected in parallel
(a) potential difference (b) current (c) power (d) heat generated

----------------------------------------------------------------------

3. Three resistors having resistances 142 10042 and 10 00002 are connected in parallel.
What will be the order of equivalent resistance.

4. A wniform wire of resistance 5052 is cut into 5 equal parts. These parts are now
connected in parallel. The equivalent resistance of the combination is
(a} 2 2 (b) 1082(c) 25002 (d) 62502

....................................................................




16.5 KIRCHHOFF’S LAW

Ohm’s law gives current - voltage relation in simple electrical circuits. But when the circnit
is complicated, you will face difficulty in finding current distribution by Ohm’s law.
Kirchhoffin 1842 formulated the following two laws which enable us to find the distribution
of current in complicated electrical circuits or efectrical networks,

(i) Kirchhoff's First Law (Junction
Law): It states that the sum of all
the currents directed towards a
Jjunction (point) in an electrical
network is equal to the sum of all

the currents directed away from the
Junction.
Thus, in Fig 16.13,
I +1=1+]
[ T
ord +] _F-J =90 Fig. 16.13: Distribution of current at a junction in
12 3 s the circuit

If we take currents approaching point A in Fig 16.13 as positive and that leaving the point
as negative, then the above relation may be written as

I+ * (L ) +(-1,) =0 ..{16.20)

Hence the first law may also be stated in other words that the algebraic sum of currents at
a junction is zero,

Kirchhoﬁ"sﬁrstiawteﬂsusthatﬂmcisnoaccumu!aﬁmofc&geatanypoimifmady
current flows in it. Thenetchmgemingtomrdsthcpointslmﬁdbcequaltoihatgoing
away from it in the same tine.

(ii) Kirchhoff's Second Law (Loop Law): This law is generalization of Ohm's law. It
teils that the algebraic sum of the products of the currenss and resistances in any
closed loop (or mesk) in an electrical network is equal to the algebraic sum of
electromotive forces acting in the loop.

While using this Iawmmﬂmnapoilﬂomhcloopmdgaa!onglhelwpdﬁwrdock-
wise or anti clock —wise to reach the same point again. The product of current and resistance
istakenaspnsiﬁvewhmwenavemeinﬂmetﬁrecﬁmofm:uﬂande.m.tishkmpoﬁﬁve
whenwe&avemeﬁomnegaﬁvemposiﬁveelecuudeﬂlmghﬂwoeu.wly you
can write the law as ‘

ZIR=ZE ~{16.21)

Let us take an electrical network shown in Fig 16.14. For closed mesh ADCBA
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IR-IR=E_E
iro2 2 T Ty

For mesh DHGCD
IR H)R=E,

and for mesh AHGBA

I'R‘+(II+I) R.!= El
. Fig. 16.14: An electricol neswork
In more general form Kirchhoff's second law is stated as: The algebraic sum of all the
potential differences along a closed loop in a dircuit is zero,
Example 16.7: Consider the network as shown in Fig. 16.15. Current is supplied to the

network by two batteries as shown. Find the values of currents I'. 1, I’ The directions of
the currents are as indicated by the arrows. .

Solution : Applying Kirchhoff's Ist law to junction C, we get

I+ -I=0 — )
Applying Kirchhoff's [ind Iaw to the
closed meshes ACDA and BCDB, we
get
c
51421 = 124 ve{2) : .
342L=64 = ... ... 3) "y s b
subtracting eq (3) from eq (2) we get 5Q 2 aQ
5131 =64 (4
b at 12v 8 av
Multiplying eq.(1) by 2 and adding —]' T—
with eqn.(2) we get : _ }
D
71421 = 124 e i(5)
- : 1618
Multiplying eq.(1) by 2 and eq.(5) by e
3 and adding them we get
311 =484
1=1.5484

Putting value of 7, in eq.(5) we get

1=0.584
and from eq.1 we get I;—“l'+l‘= 2.128A
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INTEXT QUESTIONS 16.3

1. For acircuit shown in.Fig. 16.16 find the value
of current flowing in the circuit and potential
difference between points A and B.

......................................

2. Apply Kirchhoff's law to find the value of
current I flowing through R.a in the circuit of

Fig 16.17 Fig, 1616
----------- . L N N I L I Y ",
R=200 Ry=100Q{
+
i 24y h E
Fig. 16.17 Fig. 16.18

3. For the circuit shown in Fig 16.18, evaluate the current flowing through resistance R.

.............................................

16.5 WHEAT STONE BRIDGE

As you have learnt that a resistance can be
measured by Ohm’s law using a voltmeter and
an ammeter in an electrical circuit. But this
measurement is not accurate. To measure it
more accurately Kristie devised and Wheat
Stone popularized a special network design
called Wheat Stone Bridge. It is an
arrangement of four resistances which can be
used to measure one of them in terms of the

b
K

Consider the circuit as shown in Fig 16.19 where: Fig. 16.19: Wheat Stone Bridge ness ork

(i) §is a unknown resistance to be measured. Arm CD of the bridge is called unknown
arm.

(ii) Pand Qare two adjustable resistances connected in two ratio arms AB and BC of the
bridge. '

(iif) R is adjustable known resistance. Arm AD is called known arm.

(iv) A sensitive galvanometer G is connected in one of the cross arm BD of the bridge.

(v} Abattery E along with a key K is connected in other cross arm AC. Arm AC and BD
are called conjugate arms.

322



Electric Current

On closing the key, in general there will be some current / flowing through the galvanometer
and you will get some deflection in the galvanometer It indicates that there is some
potential difference between points B & D, -

We shall now consider the following three cases:

(i) Point B is nt higher potential than point D: Current will flow from B towards D and
galvanometer will show deflection in one direction.

(ii) Point B is at lower potential than point I: Current will flow from point D towards B
and galvanometer will show deflection in opposite direction: '

(iii)Both points B and D are at same potential; In this case no current flows through the
galvanometer which will show no deflection i.e. the galvanometer is in condition. In
this condition the Wheat stones bridge is said to be in the state of belance.

The points B and D will be at the same potential only when the potential drop across P is
equal to that across R. Thus at the null State ,

IP=IR ..{(16.22)
Applying Kirchhoff’s first law at junction B and D we get
and 7-1-1 =0

f 2 [

I+ -I=0

3 [ 4
At the null state IG =0
-~ I =1 -(16.23)
and 7 =1 {16.24)
Also potential drop across ( will be equal to that across 5. So that

10= I$ -...{16.25)

Dividing eqn.(16.22) by eqn.(16.25)

IP IR
I 7Q 18
Using eqns (16.23) and (16.24) we get
PR
—=——F (16.26)
Q s
This is the condition for ﬁvhich a Wheat stone Bridge is balanced
From €q.(16.26) unknown resistance S is
R .
5= g— ...(16.27)
P}
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YoucmeasilysceﬂmtﬁnmeasurementofmsimamebyWheaSwmfsBﬁdgememodhas
the following merits.

(i) The balance condition given by eq (16.26) at null position is independent of the applied
voltage E. In other words if you change the e.m.f. of the cell, the balance will not
change.

(i} The measurement of resistance does not depend on the accwracy of calibration of the
galvanometer. Galvanometer is wsed only as a mull indicator. )

The main factor affecting the accuracy of measurement by Wheat Stone Bridge is its
sensitivity with which the changes in the null condition can be detected. It has been found
that the bridge has the greatest sensitivity when the resistances are as nearly equal as possible,

Example 16.8 : Find the value of R in Fig 16.20 so that there is no current in the 56 Q
resistor.

Solution: This is the Wheat Ston¢ bridge with the B
galvanometer replaced by 5042resistor. The bridge
is balanced. because there is no current in 500
resistor, hence,

20/10=40/R,

Fig. 1620

INTEXT QUESTIONS 16.4

1. Consider the circuit shown in Fig. 16.21 when the bridge is balanced the resistances
are given: P=2042 O=5002 and R = 1002 What will be the value of the unknown

resistance?
p Q
—_— A
R 5
Fig. 1621 Fig. 1622

2 Ina circuit given in Fig 16.22, find current through 202 resistor

......................................................................

bridge is balanced when R=500¢2 On interchanging P and ) the value of R for the
balance is 51042 find the value of the unknown resistance §.

....................... e T Y
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16.6 ELECTROMOTIVE FORCE (E.M.F.) AND

POTENTIAL DIFFERENCE

EMF is the short name of electromotive force. FMF of a cell or battery equals the
potential difference between its terminals when the terminals are not connected externaily.
You may easily understand the difference between e.m.f, and potential difference of a cell.
For this connect a cell in a circuit having a resistor R and key K. A voltmeter of very high
resistance is connected in parallel to the cell as shown in Fig 16.23. When key is closed
voltmeter reading will decrease. Do you explain the reason for this decrease in voltmeter
reading ? Actally when key K is opened no significant current flows through the loop
having cell and voltmeter due to very high resistance of voltmeter. Hence, voltmeter
reading is equal to e.m.f. £ of the cell which is the potential difference between tesminals
of the cell when no current is drawn from it. When key K is closed current flows outside
and inside the cell. The cell introduces a resistance r, called imternal resistance to the
circuit. Let current / be flowing in the circuit. Potential drop /r across internal resistance r
due to current flow acts opposite to the e.m.f, of the cell, Hence, voltmeter reading will be
£—Ir and is equal to V. But ¥ = IR

Fig. 16.23: Circuit diugram connected KFig. 16.24 : Circuit diagram showing
with volimeter internal resistance
E-Ir=IR=V

- {16.28)

Thus, e.m.f of a cell is always greater than the potential difference across external resistance
unless internal resistance is zero.

E.m.fofa cell depends on: (i) the liquid used in the cell (ji) the material of the plates, and
(iil) temperature of the liquid.

Note that the e.m.f. of a cell does not depend at ali on the size of the cell i.c. on the ares of
plates and distance between then. This means that if you have two cells of different size
one big and one small, can the e.m.£s be the same? Yes the e.m.f will be the same if the
cells are made up of same material and liquid. Then what is the difference ? If the cell is of
large size it will be of less resistance to the passage of current through it.
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Example 16. 9 : When a current drawn from a battery is 0.5A, its terminal potential difference
is 20V. Andwhen current drawn from it is 2.04, the terminal voltage reduces to 16 V. Find
out e.m.f. and internal resistance of battery.

Solution : Let £ and r be the e.m.f. and internal resistance of battery. When a current
I ampere is drawn from it. then potentlai drop across internal resistance or-inside the
celiis = fr , then

V=E-Ir

For f=0.5A. ¥ =20 Volt, we have
20=E-~0.5r ceen (1)

For I =2.0A, ¥ =16 volt we have . _
16=E-2r Gl

From eqs (i) and (ii)
2E—-r=40
E-2r=16

solving we get
E=213V.r=267 Q

16.7 POTENTIOMETER

You have already stmdied how to measure e.m.f. of a source or potential difference across a
circuit element using voltmeter. An ideal voltmeter should have infinite resistance so that
it does not draw any current when connected across a source of e.m.f. Practically it is not
possible to make a voltmeter which will not draw any current. To overcome this d:ﬂ"icu}tv
a circuit devised by Poggendorf and known as potentiometer is used for measuring the
e.m.f. of a source or the potential difference across a circuit element without drawing any
current from it. It employs a null method. The potentiometer can also be used for the
measurement of the internal resistance of a cell, the current flowing in a circuit and
comparison of resistances.

16.7.1 Description of the Potentiometer

The potentiometer consists of a wooden board on which a number of resistance wires
(usually ten) of uniform cross - sectional area are stretched paralle! to each other. The wire
is of maganin or nichrome. These wires are joined in series by thick copper strips. In this
way these wires together act as a single wire of length equal to the sum of the length of all
the wires. The end terminals of the wires are provided with connecting screws.

A meter scale is fixed on the wooden board parallel towires. A Jockey ( a sliding contact
maker) is provided with the arrangement. It makes a knife edge contact at any desired point
on the wire. Jockey has a pointer which moves over the scale. It determines the position of
the knife edge contact. In Fig. 16.25 a ten wire potentiometer is shown_ A and B are ends of
the wire. K is a jockey and § is a scale. Jockey slides over a rod CD.
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Fig. 16.25 : Polgntiomster

16.7.2 Theory of Measurement by Potentiometer
LetuscmsiderﬁmumdymeofemﬂE(saymmmulm)bemmecwdacmss
the uniform resistance wire AB oflength £. Positive terminal of accumulator is connected
atend A (Fig 16.26). A steady current / flows through the wire. Potential difference across
Va =Rl -(16.29)

Ifristheresistameperlmitlmglhofﬂtc“dm,mdkisthepomnﬁdﬁﬂmsmiﬂengﬂx
of the wire,_ -

aaad T R

B
Fig. 1626: Circuit diagram of potentiometer
Then, R=réandk=p¢
ym-_L_u= E ‘ .(16.30)
E v
or k= -
¢
Foralengd:llofﬂ_:cwirc,potenﬁnl fall
' E
V=kt = ['§ .....(16-3])

sy o .
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Let us measure an uaknown voltage ¥ say & cell of e.m.f.E. The positive terminal of the
cell is connected to end A of the wire and negative terininal through a galvanometer to
jockey having variable contact Y. Note that ¥ must be less than .

Let you start jockey moving from A towards B. Suppose at position ¥ potential fall across
the length AY' of the wire be less than voltage V. Than current in the loop AY' XA due to
voltage ¥ exceeds the current due to potential difference across AY", Hence galvanometer
shows some deflection in one direction. Then jockey is moved away say at Y’ such that
potential fall across AY" is greater than the voltage ¥, then galvanometer shows deflection
in other direction. Now in between Y and Y" the jockey is moved slowly. The stage is
reached say point Y such that potential fall across AY is equal to voltage ¥. Then point X
and Y will be at same voltage and bence the galvanometer will not show any deflection i.e.
null point is achieved. If¢, is the length between A and Y, then

' ke
e

Thus, the unknown voltage ¥ is measured when no current is drawn from it.
The potentiometer has certaim advantage. They are as follows :

(i) When the potentiometer is balanced, no current is drawn from the circuit on which the
measurement is being made.

(i1) It produces no change in condition in any circuit to which it is connected.

(iii) It makes use of null method for the measurement, the galvanometer used need not be
calibrated,

16.7.3 Comparison of the E.M.Fs of two Cells by Potentiometer
You have already studied how to measure the e.m.f. of a cell using a potentiometer. We

shall now extend the same technique for comparison of e.m.fs of two eells. Let us take, for
example, a Daniel cell and a Leclanche cell and let £ and E be their e.m.f's.

E 1 2 K
2} = o
< 1!
B

A Y2 Yy
E, 4 3
—4{ |0 )
Lr—o =
E, 2

Fig. 18.27: Comparison of emft of two cell

Potentiometer connections are made as shown in Fig 16.27. One cell say of em.f E is
connected in the circuit by connecting terminals of | and 3 ofkcyKl. The balance point is
obtained by moving the jockey on the potentiometer wire as explained earlier. Let the
balance point on potentiometer be at point Y and let the length AY, = t,. Then other cell of
em.f. E, is connected in the circuit by connecting terminale 2 and 3 of the key X, Again
balanc: is obtained at point Y, and let length AY2 =,
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Applying potentiometer principle,
EJr = H’ and E;z = h'z
Where & is the potential gradient along the wire AB

’El tz

—
—

5 4 |
Ife.m £, of one cell is known, sey E,, the exn.f. of other cell can be determined

4

E= —E, «{16.32)

£
2

16.7.4 Determination of Internal Resistance of the Cell

You have leamt that cells always offer resistance to the flow of current through them,

ich is often very small. This resistance is called the internal resistance of the cell and
depends on the size of the cell i.e, the area of the plates immersed in the liquid, the distance
of the plates and the strength of the electrolyte used in the cell.

Letus now learn how to measure the internal resistance of the cell using a potentiometer.
Connections are made as shown in Fig 16.28. There is a cell of emf 15‘1 and internal
resistance 7. A resistance box R with a key K is comnected in paratlel with the cell.

Rest of the circuit E '.(
! + -
< — ‘\M«M,\IC:;

A Y2 Y

Eyr
| -

Reppd

Fig. 16.28: Determination of internal esistance of cell

is similar to that in previous section. First of all key X is closed and a current 7 flows
through wire AB. The key K| is kept open and on moving jockey balance is obtained with

the cell atpointsayY'. Let AY‘ =¢ then
E =k .-.(16.33)
] 1
Nowkey X, is closed . This introduces a resistance across the cell. A current say 1, will flow
in loop E’RK’E! due to cell E. This current 1 s given by Ohm’s law as,
|: E
I=_
' R+r ...(16.34)
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Where  is the internal resistance of the cell. Now, terminal potential difference ¥, of the
cell will be less than £ by an amount /, .

The value of VI is
E

V=IR= -..(16.35)

! R+r

Then. potential difference ¥ , 1s balanced on the potentiometer wire without change in
current /. Let the balance point be at point Y, such that AY =¢ then

Vi=k¢(, (16.36)

1 2
From eqs (16.33) and (16.36)
F A 4
_—
S 1
' s
From eq (16.35) '
E, _R+r
vV R
§
R+r ¢
R e
tl
orr=R(+-1) (16.37)
4

Thus, by knowing R. ¢,. and ¢, the value of r is calculated.

Example 16.10 : Length of a potentiometer wire is 5 m. It is connected with a bartery of
Sixed e.m f. Null point is obtained for the Daniel cell at 100 cm on it. If the length of the
wire is kept 7 m, then what will be the position of mill point ?

~ Solution : Let the em.f, of battery be £ volt, the potenﬁa]‘gradient for 5 m length is

_E
I—-E-V/m

When the length of potentiometer wire is 7 m potential gradient is

E
k= —V/m

7
Now. if null point is obtained at length ¢, then

E
E=kt=—¢vy
1 -2 7 -
Here same cell is balanced in two arrangements, hence
E E

—— T i
o

5 T

t=75=14 m
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INTEXT QUESTIONS 16.5

1 H‘?mmwaaﬁwnﬁomaallﬁma,patmidtﬁﬁbme between plates decreases.
Why ?

.......................................

2. Is it possible that potential difference between,

plates af a cell becomes zero ? E
3. Inthe 16.29 shown, if r is the resistance per unit .rll o
length of the wire AB. The value of potential | ¢ Al
difference between A and B due 10 cell ofemfE Ale---=-- b el >
is given by 8

@ r/l (b nl () ri ) bre

.......................................

4. Potentiometer circuit is used to compare e.m.fs of Fig. 16.29
two cells E, and E, The balance point on

----------------------------------------------------------------------

16.8 WHAT YOU HAVE LEARNT

*  Drift velocity is the average velocity component with which electrons move opposite
to the field when an electric field exists in a conductor.

*  Electric current through any cross-sectional area is the rate of transfer of charge from
one side to other side of the area. Unit of current is ampere denoted by A.

*  Ohm’s law states that the current flowing through a conductor is proportional to the
potential difference when physical conditions, temperature etc remain unchanged,

¢ Resistivity (or specific rcsistnznce) of a material equals the resistance of a wire of the
material of 1m length and Im" ares of cross section. Unit of resistivity is ohm meter.

?

Ratio Vﬂiucaﬂedmﬁﬁmemdisdmdbyk.vxﬁtpfmtohn(dumedbym
Resistance of s conductor for which ///ratio is not cohstant but depends on the value of
voltage applied, is called non-ohmic resistance.

¢  For a series combination of resistors the equivalent fesistance is sum of resistances of
all resistors.

* For parailel combination of resistors inverse of equivalent resistance is sum of inverse
of all the resistances.

» Kirchhoff's laws to study systematically the complicated electrical circuits are:

Law I: The sum of al! the currents directed towards a point in an electrical network is
equal to the sum of all currents directed away from the point,

Law 11 : The algebraic sum of all potential differences along a closed loop in an
electrica! network is zero.

* The Wheat Stone Bridge circuit is used to measure accurately an unknown resistance
(5) by comparing it with known resistances (P, Q and R). In the balanced condition
PIg=R/S

. Theem.fofnceniuqulwpownﬁxldiﬁ'erenceatitsteminalswhenacircu.itisnot
connected to it i.e. it is open.

* A potentiometer measures voltages without drawing current, Therefore, it can be used
to measure e.m.f. of source that has appreciabie internal resistance.
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16. 9 TERMINAL QUESTIONS

1.

10.

1.
12.
13.
14,
i5.

16

17.

18.

19.

What is drift velocity of froe electrons in a metallic conductor ? For's current carrying
conductor establish relation between current, drift vetocity v, concentration of
conduction electrons » and electronic charge e.
Define electric current and discuss Ohm'’s law. ' : .
Define resistivity of a conductor. How does the resistance of a wire depend upon the
resistivity of its material, its length and area of cross-section?
Define electrical conductivity, Write its unit. How does electrical conductivity depend
upen free electron concentration of the conductor - : :
Explain the difference between ohmic and non-ohmic resistances. Give some examples
of non-ohmic resistances.
What is the effect of temperature on the resistivity of the material ? Why does the
electrical conductivity of a conductor decrease with %lcrease in temperature ?
The colours on the tesistor shown in Fig. .
16.30 are red orange, green and gald as read
from left to right. What is resistance of it '
according to colour code ? i  ——
Three resistors of resistances R, R. and R

. s ., b2 . 3 \.\ Gold
are connected (i) in series (ii) in parallel. Find :
out equivalent resistance of combination‘ in Fig. 1630- 7 oo
each case.
What is the difference in e.m.f, and potential difference between electrode of a call
Derive relation between the two.
What are Kirchhoff’s laws governing the currents and electromotive forces ju- an
electrical network? . ‘ -
Give theory of Wheat Stone's Bridge method for measuring resistances.
Discuss the theory of the potentfometer.
How will you measure unknowtfpotential difference with the help of a potentiometer ?
Describe potentiometer method of comparing the e.m.f of two cells. :
How will you find the internal E:sistance of & cell with the help of a potentiometer 7
What are the factors responsible for the internal resistance of the cell? -
A wire of length Im and radius (.1 mm has a resistance of 100 Q. Find the resistivity
of the material. .
Consider a wire of length 4m and cross-sectional area ! mm’ carrying a current of 2A.
If each cubic meter of the material contains 10™ free electrons find the average time
taken by an electron to cross the length of the wire,
Suppose you have three resistors each of value 3002, List all the different resistances
you can obtain. ,
The potential difference between the terminals of a battery of e.m.f 6.0V and internal
resistance 1 2 drops to 5.8V when connected across
an external resistor. Find the resistance of the A

Red Orange Green

external resistor. 528 A ! Ra
- For the circuit shown in fig 16.31 calculate the value 4+  3-2A £ 4Q
of current / and resistance R. v e
Fig. 1631
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21,

S22,

-2
"rd

Four resistors 2, (), R and X whose values area 2, 2. 2 and 3 ohms respectively are
Jjoined to form a Wheat Stone Bridge. Calculate the value of resistance with which the
resistance X must be shunted in order that the bridge may be balanced.

The patentiometer setup has been used for measuring the e.n.f of a cell X, When a
standard cell of e.m.f 1.02 volt is connected to the circuit. the null point is obtained at a
distance of 1.02m on the potentiometer wire. When the unknown cell X s connected. }
the null is obtained at a distance of 0.6m. Calculate the e.n.t of the cell X.

- Potentiometer circuit is used for comparing ¢.m.{ of two cells E‘ and £, Cell £ L gives

null when the jockev is placed on the second wire opposite to (.5m mark and cell £ .
eives null when the Jjockey is at (.2 m mark on the third wire. Compare the e.m.ts of
cells £ and £

24. Acell gives no deflection in 2 galvanometer connected with potentiometer circuit when
Jockey is at 1.20m. On connecting 10Q resistance across the cell. the null point is a1
Im. Calculate the internal resistance of the cell.

CHECK YOUR ANSWERS __f_

Intext questions 16.1

L. Due to high resistivity anid low temperature cocticient of resistance

(2) 1:2. (b) 2:1

Intext Questions 16.2

(M) 28 3.10. 4.(b)

Intext Questions 16.3

I 2A.V =V 2.04A 3.04A
Intext Questions 16.4
1. 250
2 Us : [ R
<. Usingl = ——
B R +R,
30
=—xl4=1A

42

3. ~505Q

Intext Questions 16.5

I. ¥=E - Ir. With increase of current, /r increase resulting decrease of ¥
2. Yes. whien cell is short circuited

3. (b).

T

Terminal Questions

7.

18.

21

(24 +0.115)MQ. 16. 1x10°Qm 17. 8.9 hours
1002 209, 4502. 900, 19.29Q, 20. 2A. 640
6<2. 22.0.6. 23.E:E, =5:2
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