Learning Objectives
mumummmmummm

Understand the concept of steady current.
Describe some sources of current.
Recognize effects of curent.
Understand and describe Ohm's law.

smmmnmwmdwmmaammma
constant temperature, dicde and filament lamp.

 Understand resistivity and explain its dependence upon temperature.

Understand and elaborate conductance and conductivity of conducior,

Solve relating the variation of resistance with temperature for one
me. :

Know the value of resistance by reading colour code on it ]

Know the working and use of rheastat in the potential divider circut.

Describe the characteristics of thermistor.

Use the energy considerations to distinguish between emf and p.d.

gmm:l the intemal resistance of sources and its consequences for extemnal

Describe the conditions for maximum power transfer.
Know and use the application of Kirchhoff's first law as Conservation of charge,
Know and use the application of Kirchhoff's second law as conservation of energy.
Describe the function of Wheatstone Bridge to measure the unknown resistance.

Describe the function of potentiometer to measure and compara potentials without
drawing any current from the circuit.

M ost practical applications of electricity involve charges in motion or the electric current.
Alight bulb glows due to the flow of electric current. The current that flows through the coil of
a molor causes its shaft to rotate. Most of the devices in the industry and in our homes
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operate with cumrent. The electric current has become a
necessity of our life.

An electric current is caused by the motion of electric charge.
If a net charge AQ passes through any cross section of a
conductor in time Af, we say that an electric current / has
been established through the conductor where

AQ
P Jaxsiniase 13.1
15 i35

The Sl unit of current is ampere and it is a current due to flow
. of charge at the rate of cne coulomb per second.

Motion of electric charge which causes an electric current is

due to the flow of charge carriers. In case of metallic

conductors, the charge carriers are electrons. The charge

carriers in electrolyte are positive and negative ions e.g.,ina

CuSO0, solution the charge carriers are Cu™ and SO , ions.

In gases, the charge carriers are electrons and ions,
Current Direction :

Early scientists regarded an electric current as a flow of
positive charge from positive to negative terminal of the
battery through an external circuil. Later on, it was found that
a current in metallic conductors is actually due to the flow of
negative charge carriers called electrons moving in the
opposite direction i.e., from negative to positive terminal of
the battery, but it is a convention to take the direction of
current as the direction in which positive charges flow. This
current is referred as conventional current. The reason is that
it has been found experimentally that positive charge moving
in one direction is equivalent in all external effects to a
negalive charge moving in the opposite direction. As the
current is measured by its external effects so a current due to
motion of negative charges, after reversing its direction of
flow can be substituted by an equivalent current due to flow of
posmva charges. Thus

m ﬂlnmh a circuit is defined as
MMledlmmﬁt
npw of positive charges.

Mileanalyzinglheﬂeclriccimm.weuse the direction of the
current according to the above mentioned convention.
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If we wish to refer to the motion of electrons, we use the term
electronic current (Fig. 13.1).

Current Through a Metallic Conductor

in a metal, the valence electrons are not attached to
individual atoms but are free to move about within the body.
These electrons are known as free electrons. The free
electrons are in random motion just like the molecules of a
gas in a container and they act as charge carriers in metals.
The speed of randomly moving electrons depends upon
temperature.

If we consider any section of metallic wire, the rate at which
the free electrons pass through it from right to left is the same
as the rate at which they pass from left to right (Fig. 13.2 a).
As a result the current through the wire is zero. If the ends of
the wire are connected to a battery, an electric field E will be
set up at every point within the wire (Fig. 13.2 b). The free
electrons will now experience a force in the direction opposite
to E."As a result of this force the free electrons acquire a
motion in the direction of -E. It may be noted that the force
experienced by the free electrons does not produce a net
acceleration because the electrons keep on colliding with the
atoms of the conductor. The overall effect of these collisions
is to transfer the energy of accelerating electrons to the lattice
with the result that the electrons acquire an average velocity,
called the drift velocity in the direction of -E (Fig. 13.2b). The
drift velocity is of the order of 10°ms”, whereas the velocity of
free electrons at room lemperature due to their thermal
motion is several hundred kilometres per second.

Thus, when an electric field is established in a conductor, the
free electrons modify their random motion in such a way that
they drift slowly in a direction opposite to the field. In other
words the electrons, in addition to their violent thermal
motion, acquire a constant drift velocity due to which a net
directed motion of charges takes place along the wire and a
current begins to flow through it. A steady current is
established in a wire when a constant potential difference is
maintained across it which generates the requisite electric
field E along the wire.

Example 13.1: 1.0 x 10" electrons pass through a
conductor in 1.0 ps. Find the current in ampere flowing
through the conductor. Electronic charge is 1.6 x10"C,
Solution;: .Number of electrons = n = 1.0 x 107
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Chargeonanelectron=e=16x10"C .
; " Time=A1=1.0us
Current /through the conductor is given by
I AQ ne
ORI TAT,

1= 10x107X1.6x10"°C
1.0x10%s

¢ 0 % When two conductors at different potentials are joined by a
o\—»——/ metallic wire, current will flow through the wire. The cument
e continues to flow from higher potential to the lower potential

Fly. 13.3 Conventonal curment until both are at the same potential (Fig. 13.3). After this the
'.'“"m lowsepondal ivcoB. ) ront ceases to flow. Thus the curent through the wire
. . decreases from a maximum value to zero. In order to have a

=1.6x10°Cs" =1.6x10°A

constant current the potential difference across the conductors
_n_ or the ends of the wire should be maintained constant. This is
—— :1 achieved by connecting the ends of the wire to the terminals of
a device called a source of current (Fig. 13.4).
Every source of current converts some non electrical energy
such as chemical, mechanical, heat or solar energy inlo
electrical energy. There are many types of sources of current.
Afew examples are mentioned below:
(i) Cells (primary as well as secondary) which convert
chemical energy into electrical energy.
Electric generators which convert mechanical energy
into electrical energy.
Thermo-couples which convert heat energy into
electrical energy.

Solar cells which convert sunlight directly into
electrical energy.

!hle presence of electric current can ! !eloct! !y !

various effects which it produces. The obvious effects of the
current are:

(i) Heating effect

Heating effect of current I8 Used in (i) ~ Magneticeffect
Slocarichetfe. hie (iliy  Chemicaleffect

34



Heating Effect

Current flows through a metallic wire due to motion of free
electrons. During the course of their motion, they collide
frequently with the atoms of the metal. At each collision, they
lose some of their kinetic energy and give it to atoms with
which they collide. Thus as the current flows through the wire,
it increases the kinetic energy of the vibrations of the metal
atoms. i.e., it generates heat in the wire. It is found that the
heat H produced by a current / in the wire of resistance R
during a time interval tis given by

H=I'Rt
The heating effect of current is utilized in electric heaters,
kettles, loasters and electric irons etc.

Magnetic Effect

The passage of current is always accompanied by a
magnetic field in the surrounding space. The strength of the
field depends upon the value of current and the distance from
the current element. The pattemn of the field produced by a
current carrying straight wire, a coil and a solencid is shown
in Fig. 13.5 (a, b & c). Magnetic effect is utilized in the
detection and measurement of current. All the machines
involving electric motors also use’the magnetic effect of
current.

Chemical Effect

Certain kquids such as dilute sulphuric acid or copper
sulphate solution conduct electricity due to some chemical
reactions that take place witnin them. The study of this process
is known as electrolysis. The chemical changes produced
during the electrolysis of a liquid are due lo chemical effects of
the current. It depends upon the nature of the liquid and the
quantity of electricity passed through the liquid.

The liquid which conducts current is known as electrolyte. The
material in the form of wire or rod or plate which leads the
current into or out of the electrolyte is known as electrode. The
electrode connected with the positive terminal of the current
source is called anode and that connected with negative
terminal is known as cathode. The vessel containing the two
electrodes and the liquid is known as voltameter. As an
example we will consider the electrolysis of copper sulphate
solution. The voltameter contains dilute solution of copper
sulphate. The anode and cathode are both copper plates
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(Fig. 13.6). When copper sulphate is dissolved in water, it
dissociates into Cu™ and SO, ions. On passing current
through the voltameter, Cu™ moves towards the cathode and
the following reaction takes place.

Cu” 26— Cu
The copper atoms thus formed are deposited al cathode
plate. While copper is being deposited at the cathode, the
SO, ions move towards the anode. Copper atoms from the
anode go into the solution as copper ions which combine with
sulphate ions to form copper sulphate.

Cu”* +SO;" = CuSO,
As the electrolysis proceeds, copper is ‘continuously
deposited on the cathode-while an equal amount of copper
from the anode is dissolved into the solution and the
density of copper sulphate solution remains unaltered,
This example also illustrates the basic principle of
alectroplating - a process of coaling a thin layer of some
expensive metal (gold, silver etc.) on an article of some
metal.

We have seen that when a battery is connected across a
conductor, an electric current begins to flow through it. How
much current flows through the conductor when a certain
potential difference is set up across its ends? The answer (o
this question was given by a German Physicist George
Simon Ohm. He showed by elaborate experiments that the
current through a metallic conductor is directly proportional to
the potential difference across its ends. This fact is known as
Ohms‘lawwhichsla!as |hat :

: lh I state such as te

Symbolmlly Ohm's law can be written as

fax V
Itimplies that V=RI F R (13.2)

where R, tl'neconstanlofpmpottlonalnytsc:alledm
resistance of the conductor. The value of the resistance
depends upon the nature, dimensions and the physical state
of the conductor. In fact the resistance is a measure of the
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opposition to the motion of electrons due to their continuous
bumping with the atoms of the lattice. The unit of resistance is
ohm. A conductor has a resistance of 1 ohm if a current of 1
ampere flows through it when a potential difference of 1 voit is
applied across its ends. The symbol of ohm is 0. If / is measured
hampetes,\/hvols IhenRisrneasumdhdnsie

)
= ll.lllllll 1]

R(otms) : ( 6 : {13 3)
Asanploolsconduc:orissaidloobeyomn'slawuilts
resistance R remains conslant that is, the graph of its
V versus [ is exactly a straight line (Fig. 13.7). A conductor
which strictly obeys Ohm’s law is called ohmic. However,
there are devices, which do not obey Ohms'law i.e., they are
non ohmic, The examples of non chmic devices are filament
bulbs and semiconductor diodes.

Let us apply a certain potential difference across the
terminals of a filament lamp and measure the resulting
current passing through it. If we repeat the measurement for
different values of potential difference and draw a graph of

Vversus current /, it will be seen thatthe graphis nota
straight line (Fig. 13.8). It means that a filament is a2 non
ohmic device. This deviation of /- Vgraph from straight line is
due to the increase in the resistance of the filament with
temperature - a topic which is discussed in the next section.
As the current passing through the filament is increased from
zero, the graph is a straight line in the initial stage because
the change in the resistance of the filament with temperature
due to small current is not appreciable. As the current is
further increased, the resistance of the fitament continues to
increase due lorise in its temperature.

Ancther example of non chmic device is a semiconductor
diode. The current - voltage plot of such a diode is shown in
Fig. 13.9. The graph is not a straight line so semi conductor is
also a non ohmic device.

Review of Series and Parallel Combinations of Resistors

In an electrical circuit, usually, a number of resistors are
connected together. There are two arrangements in which
resistors can be connected with each other ., one is known as
series arrangement and other one as parallel arrangement.

If the resistors are connected end to end such that the same
current passes through all of them, they are said to be
connected in series as shown in Fig. 13.10(a). There
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equivalent resistance R, is given by

RER *R, ¥R+ --v=- (13.4)
In parallel arrangement a number of resistors are
connected side by side with their ends joined together at
two common points as shown in Fig. 13.10(b). The
equivalent resistance R. of this arrangement is given by

A A T 3
.R-.'.,"F?:"R, +oeenann IR T “35.)

It has been experimentally seen that the resistance R of a
wire is directly proportional to its length L and inversely
proportional to s cross sectional area A. Expressing
mathematically we have

Rat
A

- z g L 2
or R= Prpd (:13.8?

where pis a constant of proportionality known as resistivity or
specific resistance of the material of the wire. It may be noted
that resistance is the characteristic of a particular wire
whereas the resistivity is the property of the material of which
the wire is made. From Eq. 13.6 we have

_RA ¥
p= T (13.7)

The above equation gives the definition of resistivity as the
resistance of a metre cube of a matenal. The Sl unit of
resistivity is ohm-metre (Qm)

Conductance is another quantity used to describe the
electrical properties of materials. In fact conductance is the
reciprocal of resistance.e.,

Conductance = 1

resistance (R)
The Sl unitof conductance is mho or siemen.
Likewise conductivity, o is the reciprocal of resistivity i.e.,

= VTR e e (13.8)
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The Sl unit of conductvity is ohm'm' or-mh m". Resistvity of
various materials are given in Table 13.1.

Itmay be noted from Table 13.1 that silver and copper are two
best conductors. That is the reason that most electric wires
are made of copper.

The resistivity of a substance depends upon the temperature
also. It can be explained by recalling that the resistance
offered by a conductor to the flow of electric current is due to
collisions, which the free electrons encounter with atoms of
the lattice. As the temperature of the conductor rises, the

of vibration of the atoms in the lattice increases
and hence, the probability of their collision with free electrons
also increases. One may say that the atoms then offer a
bigger target, that is, the collision cross-section of the atoms
between free electrons and the atoms in the lattice more
frequent and hence, the resistance of the conductor
increases.

Experimentally the change in resistance of a metallic
conductor with temperature is found to be nearly linear overa
considerable range of temperature above and below 0 °C
(Fig. 13.11). Over such a range the fractional change in
resistance per kelvin is known as the temperature coefficient
of resistance i.e., ol =) ;
AP RER s 58
ol B Tas s a= T L e (13.9)
where R, and R, are resistances at temperature 0°C and 1 °C.
As resistivity p depends upon the temperature, Eq. 13.6 gives
. R=plUA and R,=pLIA
SMMmmdem&inEq.la.s.mml .
35 K ﬁ_;-%-:%'_-‘ h e 19:10)
e L o ;
where p, is the resistivity of a conductor at 0 °C and p, is the
resistivity at ¢ "C. Values of temperature co-efficients of
resistivity of some substances are also listed in Table 13.1.

There are some substances like germanium, silicon efc.,
whose resistance decreases with increase in lemperature.
i.e., these substances have negative temperature coefficients.

Example 13.2: 0.75 A current flows through an iron wire

when a battery of 1.5 V is connecled across its ends. The
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For Your Information

Rod \Viclet Orange  Siver
2 4 000  110%
R=27000 €2 (2 10% )

length of the wire is 5.0 m and its cross sectional area is
2.5x 10" m". Compute the resistivity of iron.

= Solution:

Immmkammunmmmwemu
L.

] AT R £

R", OTSA“ZOVA' 200

Theresis!ivﬂypolironofwﬁch&uvﬁreismdelsgmnby
= ]
p-RA 200x25x10"m =1.0x107Qm

L 50m
Exunphis.s.Apmmmmmm\'mononm
0°C and 20 Q at 273 °C. Find the value of temperature
coefficient of resistance of platinum.

Solution:
R,=10Q, R=200, t=548K-273K=2?3K
Temperature coefficient of resistance can be found by
a=R,-R,= 200-100 1 =3.66%10° K"

Rt 100x273K 273K

Cubonmdsmaremlmminelecmﬁcoqumm They
consist of a high-grade ceramic rod or cone (called the substrate)
on which is deposiled a thin resistive film of carbon. The numerical
value of their resistance is indicated by a colour code which
consists of bands of different colours printed on the body of the
resistor. The colour used in this code and the digits represented by
them are given in Table 13.2.

Usually the code consists of four bands (Fig. 13.12). Starting
from left to right, the colour bands are interpreted as follows:

1 The first band indicates the first digit in the numerical
value of the resistance.

2 The second band gives the second digit.

3 The third band is decimal multiplier i.e., it gives the
number of zeros after the first two digits.

4 The fourth band gives resistance tolerance. Its colour
is either silver or gold. Silver band indicates a
tolerance of + 10%, a gold band shows a tolerance of
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+ 8 % If there % mo fourth band, tolerance s
understood to be + 20%. By tolerance, we mean the
possible variation from the marked value, For
example, a 1000 ( resistor with a tolerance of £ 10%
will have an actual resistance anywhere between
900Q and 1100 0. g

Rheostat

It is awire wound vanable resistance. It consists of a bare
manganin wire wound over an insulating cylinder. The ends
of the wire are connected to two fixed terminals A and B
(Fig. 13.13 a). A third terminal C is attached to a sliding
contact which can also be moved over the wire.

A rheostat can be used as a variable resistor as well as a
potential divider. To use it as a variable resistor one of the
fixed terminal say A and the sliding terminal C are inserted in
the circuit (Fig. 13.13 b). In this way the resistance of the wire
between A and the sliding contact C is used. If the sliding
contact is shifted away from the terminal A, the length and
hence the resistance included in the circuit increases and if
the sliding contact is moved towards A, the resistance
decreases. Arheostat can also be used as a potential divider.

This is illustrated in Fig. 13.14. A polential difference V is
applied across the ends Aand B of the rheostat with the help
of a battery. If R is the resistance of wire AB, the current /
passing through itis givenby / = V/R.

The potential difference between the portion BC of the wire
ABis given by

V.. =current x tasuslanea

L i T s T

‘:‘t;—é;f‘l"_y 3 =
K T kA ?

whemnslhetesislanoeoﬂhepomonBCofthﬂre The
circuit shown in Fig. 13.14 is known as potential divider.
Eq.13.11 shows that this circuit can provide at its cutput
terminals a potential difference varying from zero to the full
potential difference of the battery depending on the position of
. the sliding contacl. As the skiding contact C is moved towards
* the end B, the length and hence the resistance r of the portion
BC of the wire decreases which according to Eq. 13.11,

ﬂm nE =, ﬂ.-—.l.-.gg ! m

Fig. 1343

decreases V.. On the other hand if the sliding contact C is Ve of Aot e ok

moved towards the end A, the output voltage V,; increases.
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Far Your Information
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Thermistors

A thermistor is a heat sensitive resistor, Most thermistors
have negative temperature coefficient of resistance i.e., the
resistance of such thermistors decreases when their
temperature is increased. Thermistors with positive
temperature coefficient are also available.

Thermistors are made by heating under high pressure
semiconductor ceramic made from mixtures of metallic
oxides of manganese, nickel, cobalt, copper, iron etc. These
are pressed into desired shapes and then baked at high
temperature. Different types of thermistors are shown in
Fig.13.15. They may be in the form of beads, rods or washers.

Thermistors with high negative temperature coefficient are

very accurate for measuring low temperatures especially
near 10 K. The higher resistance at low temperature enables
more accurate measurement possible.

Thermistors have wide applications as temperature sensors
i.e., they convert changes of temperature into electrical
voltage which is duly processed.

Consider a circuit consisting of a battery E connected in
senes with a resistance R (Fig. 13.16). A steady current /
flows through the circuit and a steady potential difference V
exists between the terminals A and B of the resistor R.
Terminal A, connected to the positive pole of the battery, is at
a higher potential than the terminal B. In this circuit the
battery is continuously lifting charge uphill through the
potential difference V. Using the meaning of polential
difference, the work done in moving a charge AQ up through
the potential difference Vis given by

Workdone =AW= VxAQ.......... (13.12)
This is the energy supplied by the battery. The rate at which
the battery is supplying electrical energy is the power output

_or electrical power of the battery. Using the definition of
. powerwe have

Energy supplied Y AQ

Electrical power = Teve ]
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Since 1=39Q s
‘At

Electricalpower=Vx/ ... (13128)

Eg 131za;sagomrdm!ahonforpawerdehveredfma
source of current / operating on a voltage V. In the circuit
shown in Fig.13.16 the power supplied by the battery is
expended or dissipated in the resistor R. The principle of
conservation of energy tells us that the power dissipated in
memlslwlsahoghnenbyEq 13.12.a

- Power ed(P)=VX/" v (1343)

mmammaﬁanlucamwwpow«mbebundby
substituting V=/R, /=V/R intumin Eq. 13.13

P=VxI=IRxI=I'R

pavxr=vx L.V
R R .
Thus we have three equations for calculating the power
dissipated in a resistor.

e (13.14)

If Vis expressed in volts and /in amperes, the power is
expressed in watts.

We know that a source of electrical energy, say a cell or a
battery, when connected across a resistance maintains a
steady current through it (Fig. 13.17). The cell continucusly
supplies energy which is dissipated in the resistance of the
circuit. Suppose when a steady current has been established
in the circuit, a charge AQ passes through any cross section
of the circuit in time At. During the course of motion, this
charge enters the cell atits low potential end and leaves at its
high potential end. The source must supply energy AW!to the

Im

gositive charge o foroe i 10 9o 1o the point of high potential, IR

The emf E of the source is defined as the energy supplied to

unit charge by the cell.
ke .z:.v-‘%—.r .-»,.m . lsi‘
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It may be noted that electromotive force is not a force and we
do not measure it in newtons. The unit of emf is
joule/coulomb which is volt (V).

The energy supplied by the cell to the charge carriers is
derived from the conversion of chemical energy into
electrical energy inside the cell.

Like other components in a circuit a cell also offers some
resistance. This resistance is due to the electrolyte present
between the two electrodes of the cell and is called the
internal resistance r of the cell. Thus a cell of emf E having an
intemal resistance r is equivalent to a source of pure emf E
with a resistance rin series as shown in Fig. 13.18.

Let us consider the performance of a cell of emf E and
internal resistance r as shown in Fig. 13.19. A voltmeter of
infinite resistance measures the potential difference across
the external resistance R or the potential difference V across
the terminals of the cell. The current / flowing through the
circuitis given by

E

T

R+r
SN U7 AR S o (13.16)

HereIR=thetormlnal pomnhaldrﬁorencoofmooeain
the presence of current /. When the switch S is open, no
current passes through the resistance. In this case the
voltmeter reads the emf E as terminal voltage. Thus terminal
voltage in the presence of the current (switch on) would be
lessthantheemfEby Ir.

Let us interpret the Eq. 13.16 on energy considerations. The
left side of this equation is the emf E of the cell which is equal

- lo energy gained by unit charge as it passes through the cell

from its negative to positive terminal. The right side of the
equation gives an account of the utilization of this energy as
the current passes the circuit. It states that, as a unit charge -
passes through the circuit, a partof this energy equalto /ris
dissipated into the cell and the rest of the energy is dissipated
into the exteral resistance R. Itis given by potential drop / R.
Thus the emf gives the energy supplied to unit charge by the
cell and the potential drop across the various elements
account for the dissipation of this energy into other forms as
the unitcharge passes through these elements.

The emf is the "cause® and potential difference is its "effect”.
The emf is always present even when no current is drawn

44



through the battery or the cell, but the potential difference
across the conductor is zero when no current flows through it.

Example 13.4: The potential difference between the
terminals of a battery in open circuil is 2.2 V. When it is

nnected across a resistance of 5.0 0, the potential falls to

1.8V Calculate the current and the interal resistance of the

Solution: - j
Given E=22V, R=500, V=18V
Wearetocalculate/andr. e
‘Wehave V=IR ]
' vV 18V .
or 3 I =-R- = m =0.36A
Internal resistance rcan be calculated by using
' E=V+ir
or Ht 2.2V=18V+0.36Axr g
or : rE1MVA'=1.11Q

Maximum Power Output

In the circuit of Fig. 13.19, as the current I flows through the
resistance R, the charges flow from a point of higher potential
to a point of lower potential and as such, they loose potential
energy. If V is the potential difference across R, the loss of
potential energy per second is V /. This loss of energy per
second appears in other forms of energy and is known as
power delivered to Rby current /.

Power deliveredtoR=P, = VI

=/'R (~ V=IR)
E
R+r

E°R E’R
...... (13.17)

= =
P (R+1? (R-r® +4Rr - :
when R = r, the denominator of the expression of P, is least
and so P, is then a maximum. Thus we see that maximum
power is delivered to a resistance (load), when the intemal
resistance of the source equals the load resistance. The

As I=
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such a method fails in the case of complex networks
consisting of a number of resistors, and a number of voltage
sources. Problems of such networks can be solved by a
system of analysis, Misbasedupootwombs known as
Kirchhoff's rules.

Kirchhoff's First Rule

It states that the sum of all the currents meeting at a point in
the circuitis zeroi.e.,

ETEOPE L Kt (13.18)
* It is a convention that a current flowing towards a point is
takenasposltrveandma!flo\ndngmyfrmapoinlbukon
as negative.
Considarasﬂuamnmda!ourwkesnne»tatapoinln
(Fig. 13.20). The cumrents flowing into the point A are
1, and I, and currents flowing away from the point are /, and /..
According to the convention currents /, and /, are positive and
currents /, and /, are negative. Applying Eq. 13.18 we have

Ll +(-5)*(-1)=0
or L+L=141, Seapaan 1)

 Using Eq. 13.19 Kirchhoff's first rule can be stated in other

words as

h 'mr‘d"d“m W Mm

Pl L e e S S F She

Khmhoﬂs&stmhwhidwumknomuﬁdmoﬂ'spdnl
rule is @ manifestation of law of conservation of charge. If
there is no sink or source of charge at a point, the total charge
flowing towards the point must be equal to the total charge
flowing away from it.
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Kirchhoff's Second Rule

Hmtesmlﬂsaalgehmicsunolvonagedsmgesmadmd
circuit or a loop must be equal to zero. Consider a closed
circuit shown in Fig. 13.21. The direction of the current /
flowing through the circuit depends on the cell having the
greater emf. Suppose E, Is greater than E,, so the current
flows in counter clockwise direction (Fig. 13.21). We know
that a steady current is equivalent to a continuous flow of
positive charges through the circuit. We also know that a
voltage change or potential difference is equal to the work
done on a unit positive charge or energy gained or lost by it in
moving from one point to the other. Thus when a positive
charge AQ due to the current / in the closed circuit
. (Fig. 13.21), passes through the cell E, from low (-ve) to high

potential (+ve). it gains energy because work is done on it. |

Using Eq. 13.12 the energy gain is £; AQ. When the current
passes through the cell £. it loses energy eyuui lu - E, AQ
because here the charge passes from high to low potential. In
going through the resistor R,, the charge AQ loses energy
equalto -/ R, AQwhere I R, is potential difference across R,.
The minus sign shows that the charge is passing from high to
low potential. Similarly the loss of energy while passing
through the resistor R, is -/ R, AQ. Finally the charge reaches
the negative terminal of the cell E, from where we started.
According to the law of conservation of energy the total
mnge in energy of our system is zero. Therefore, we can

EAQ-IR,AQ-E,AQ-IR,AQ=0
of  E-IR-E-IR=0 e L)
which is Kirchhoff's second rule and it states that

_ Ty
a-‘," -m..h ﬁﬁ

Wahavaseenthatthis rule:ssnmplyapatﬂwlarwayof
stating the law of conservation of energy in electrical
problems.

Before applying this rule for the analysis of complex network
it is worthwhile to thoroughly understand the rules for finding
the potential changes.
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R0 R=30, R=150

E~40V, E =00V, E»80V
Fig 1322
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] If a source of eml is traversed from negative to
positive terminal, the potential change is positive, itis
negative in the opposite direction.

(i) If a resistor is traversed in the direction of current, the
change in potential is negative, it is positive in the
opposite direction.

Example 13.6: Calculale the currents in the three
resistances of the circuit shown in Fig. 13.22.

Solution: o

First we select two loops abcda and ebefe. The choice of
loops is quite arbitrary, but it should be such that each
resistance is included atleast once in the selected loops.
After selecting the loops, suppose a current /, is flowing in the
first loop and 1/, in the second loop, all flowing in the same
sense. These cumrents are called loop cuments. The actual

‘curments will be calculated with their help. It should be noted
* that the sense of the current flowing in all loops should
anticlockwise.

essentially be the same. It may be clockwise or

Here we have assumed it to be clockwise (Fig. 13.22).

We now apply Kirchhoff's second rule to obtajn the equations
required to calculate the currents through the resistances. We
first consider the loop abcda. Starting at a point 'a’ we follow
the loop clockwise. The voltage change while crossing the
battery E, is - E, because the current flows through it from
positive (o negative. The voltage change across R, is - IR,
The resistance R, is common to both the loops /, and I,
therefore, the currents /, and /, simultanecusly flow through it.
The directions of currents /, and /, as flowing through R, are
opposite, so we have to decide that which of these currents is
to be assigned a positive sign. The convention regarding the
sign of the current is that if we are applying the Kirchhoffs
second rule in the first loop, then the current of this loop Le, 1,
will be assigned a positive sign and all currents, flowing
opposite to /, have a negative sign. Similarly, while applying
Kirchhoffs second rule in the second loop, the current /, will be
considered as positive and /, as negative. Using this
convention the current flowing through R, is (/, - /) and the
voltage change across is - (/, - 1) R.. The voltage change
across the battery £, is E, . Thus the Kirchhoffs second rule as

‘applied to the loop abcda gives

~E"I.R.'U-' ':lnl’Ez =0
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Substituting the values, we have
-40V-1,x100-(l,-1)x30Q+60V=0
20V-100Qx[/+3(/-1)=0
or . ASS3LEAVOTE2A i (13.21)
Sin::‘ﬂyapplylngkirdummmwmobopebcb.
“ .

-E-(L-1)R:-1,R,*E, =0
Substituting the values, we have
-60V- (- 1,)x300-1,x150+50V=0
-10V-15Qx[/+2(L-1)]=0
or  B1-91,=2VQ'=2A SR (13:22)
Solving Eq. 13.21 and Eq. 13.22 for /, and /,, we get

I.'zA and I,e-gA

Knowingmevamolloopaman&sl.andl,tmw

current flowing through each resistance of the circuit can be
determined. Fig. 13.22 shows that /, and /, are the actual
currents through the resistances R, and R The actual
wmtmrwghR,ismmﬂammofl.aMI,thMbn
is along the larger current. Thus

The current through R.-I.=§A=0.68Aﬂowinghthe
directionof /,i.e.,fromatod.

The currentthrough R, =/, - I, = 2A-—A=044Aﬂowlngm

the direction of 1, i.e.. fromctob. ° 2
MW!M.R,=I,=§A-0.22AM in the
directionof/,i.e., fromftoe.

Procedure of Solution of Circuit Problems

After solving the above problem we are in a position to apply
the same procedure to analyse other direct current complex
networks. While using Kirchhoff's rules in other problems, itis
worthwhile to follow the approach given below:

1)} Draw the circuit diagram.

resistance is inciuded at least once in the selected loops.
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(i) Assume a loop current in each loop, all the locp
currents should be in the same sense. It may be
either clockwise or anticlockwise.

(iv) Write the loop equations for all the selected loops.
For writing each loop equation the voltage change
across any component is positive if traversed from
low to high potential and it is negative if traversed
from high to low potential.

.{v)  Solvethese equations for the unknown quantities.

The Wheatstone bridge circuit shown in Fig. 13.23 consists
of four resistances R,, R, R, and R, connected in such a way
$0 as to form a mesh ABCDA. Abattery is connected between
points A and C. A sensitive galvanometer of resistance R, is
€ connected between points B and D. If the switch S is closed,
a current will flow through the gailvanometer. We are to
determine the condition under which no current flows
through the galvanometer aven after the switch is closed. For
this purpose we analyse this circuit using Kirchhoff's second
twle. We consider the loops ADBA.DCBD and ADCA and
assume antidockwise loop cumrents 1, I; and I, through the
loops respectively. The Kirchhoff's second rule as applied lo
icop ADBA gives

C LR (LR R (L =RR=0 e (13.23)
Similarty by applying the Kirchhoff's second rule to loop

£ BCDBys have !
L BR-URRAGIRE0 e (1324)
. The current flowing through the galvanometer will be zero if,

I, - I, = 0 or I, = I, With this condition Eq. 13.23 and
Eq. 13.24 reduceto

-I.R,'(I.-l’,‘)&" i e 7 (13.25)

Dividing Eq. 13.25by Eq. 13.26
SRRy S R !
X e R RV st H "3'2:”

Thus whenever the condiion of Eq. 13.27 is satisfied, no current
fiows through the galvanometer and it shows no defiection, or

when the galvanometer in the Wheatstone bridge
circuit shows no deflection, Eq. 13.27 is satisfied.

i
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If we connect three resistances R,, R, and R, of known
adjustable values and a fourth resistance R, of unknown
value and the resistances R,, R, and R, are so adjusted that
the galvanometer shows no deflection then, from the known
smn,,namnmunknownmmam&eanbo
determined by using Eq. 13.27.

Potential difference Is usually measured by an instrument
called a voltmeter. The voltmeter is connected across the two
paoints in a circuit between which potential difference is to be
measured. It is necessary that the resistance of the voltmeter
be large compared to the circuit resistance across which the
voltmeter is connected, Otherwise an appreciable cument will
flow through the voltmeter which will alter the circuit current and
the potential difference to be measured. Thus the voltmeter can
read the correct potential difference only when it does not draw
any cumrent from the circuit across which it is connected. An
ideal voltmeter would have an infinite resistance.

However, there are some potential measurino instruments
such as digital voltmeter and cathode ray oscilloscope which
practically do not draw any current from the circuit because of
their large resistance and are thus very accurate potential
measuring instruments. But these instruments are very
expensive and are difficult to use. A very simple instrument
which can measure and compare polenual differences
accurately is a potentiometer.

A potentiometer consists of a resistor R in the form of a wire
on which a terminal C can slide (Fig. 13.24 a). The resistance
between A and C can be varied from 0 to R as the sliding
contact C is moved from A to B. If a battery of emf E is
connected across R (Fig. 13.24 b), the curmrent flowing
through itis I = E/R. If we represent the resistance between A
and C by r, the potential drop between these points will be
rl=r E/R. Thus as C is moved from Ato B, rvaries fromOto R
and the potential drop betweenAand C changes from 0 to E.
Such an arrangement also known as potential divider can be
used to measure the unknown emf of a source by using the
circuit shown in Fig. 13.25. Here Ris in the form of a straight
wire of uniform area of cross section. A source of potential,

say a cell whose emf E, is to be measured, is connected
between A and the sliding contact C through a galvanometer
G. Itshould be noted that the positive terminal of E, and that of
the potential divider are connected to the same point A. If, in
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the loop AGCA, the point C and the negative terminal of E, are
at the same potential then the two terminals of the

will be at the same potential and no current will
flow through the galvanometer. Therefore, to measure the
polential E, the position of C is so adjusted that the
galvanometer shows no deflection. Under this condition, the
emf E, of the cell is equal to the potential difference between A
and C whose value Er/Ris known. In case of a wire of uniform
cross section, the resistance is proportional to the length of the
wire. Therefore, the unknown emf is also given by

where L is the total length of the wire AB and ¢ is its length from
Ato C, after C has been adjusted for no deflection. As the
maximum potential that can be obtained betweenAand Cis E,
so the unknown emf £, should not exceed this value, otherwise
* the null condition will not be obtained. It can be seen that the
unknown emf E, is determined when no current is drawn from it
and therefore, polentiometer is one of the most accurate
methods for measuring potential.

The method for measuring the emf of a cell as described
above can be used to compare the emfs £, and E, of two
cells. The balancing lengths ¢, and¢, are found separately for
the two cells. Then,

f i
E,=ET' and E,-E-Ll

SUMMARY
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132
133

134
135

potenﬁaldiﬁemnoeisappﬂodaaossﬂwondsofacomegm What is the effect
on the drift velocity of free electrons by

(0} increasing the potential difference

(¥) decreasing the length and the temperature of the wire
Do bends in a wire affect its electrical resistance? Explain.
What are the resistances of the resistors given in the figures A and B? What is
the tolerance of each? Explain what is meant by the tolerance?
Beown

Groen

Mw

Fig @ 133
W\'ryaoesmerasustanoeolaoonduclomsemlhlenwam?

What are the difficulties in testing whether the filament of a lighted bulb obeys Ohm's
law?
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136

13.7
138

139

13.1

13.2

133

134

13.5

136

Is the filament resistance lower or higherin a 500 W, 220 V light bulb thanina 100 W,
220Vbulb?

Describe a circuit which will give a continuously varying potential.
Explain why the terminal potential difference of a baltery decreases when the
current drawn from itis increased?

What is Wheatstone bridge? How can it be used to determine an unknown
resistance?

How many electrons pass through an electric bulb in one minute if the 300 mA

current is passing through it? (Ans: 1.12x10™)
Acharge of 90 C passes through a wire in 1 hour and 15 minutes. What is the current
inthe wire? (Ans: 20mA)

Find the equivalent resistance of the circuit (Fig.P.13.3), total current drawn from the
source and the current through each resistor.

R=60
R=30
R=60
L6V
*¥ -
Fig. P. 13.3

(Ans:6.00,1.0A,05A,05A, 1.0A)

A rectangular bar of iron is 2.0 cm by 2.0 cm in cross section and 40 cm long.
Calculate its resistance if the resistivity of iron is 11 x 10° Om. (Ans: 1.1x10°0)

The resistance of an iron wire at 0°C is 1 x 10° (). What is the resistance at 500 C if
the temperature coefficient of resistance of ironis 5.2x 10°K'?  (Ans:3.6x10'Q)

Calculate terminal potential difference of each of cells in circuit of Fig. P.13.6.

WA
800
0010 £
' 24V aov
(Ans: 23.8V, 7.8V)

FigP. 138
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13.7 Find the current which flows in all the resistances of the circuit of Fig. P.13.7.

a0V 6oV ‘l

1840

B (Ans: 125A,05A)

13.8 Find the current and power dissipated in each resistance of the circuit, shown in
Fig. P.13.8.

1062 100

- 200
g 200 -

0o
100 100 l
_w——

FigP. 138

(Ans: 0.8A. 1.4A.2.2A, 0.64 W, 1.96 W, 392 W, & 9.68 W)
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