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Current|

This is the flow of charge

=20
TSt

The S.1. unit of current is Ampere (A)

An Ampere is the current flowing in a circuit when a charge of one coulomb passes any point through
the circuit in one second.

Mechanism of conduction in metals (heat effect on metals)

Conduction in metals is due to free electrons. Free electrons have thermal energy, and move randomly
through metal from one atom to another. When a battery is connected across the ends of the metal, an
electric field is set up. The electrons are accelerated by the field; they gain velocity and kinetic energy.
When they collide with an atom vibrating about its fixed mean position (called a lattice site) they give up
some of their energy to it. Kinetic energy lost is transferred into heat energy within the metal and
causes the temperature of the metal to increase.

Although the movement of electron is erratic, on average the electrons drifts in a direction of a field
with mean average speed depending on the strength of the field. It is this electron which constitutes an
electric current.

The electrical resistance is caused by the obstruction due to atoms to electron movements.

Derivation of | = nAve and J = nve

Consider a section of a metallic conductor in which a current is flowing.
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Let | = current through the conductor (A)
L = length of the conductor (m)
A = cross-section area (m?)
n = number of free electrons per unit volume (n)
e = charge on each electron (C)

v = average (drift) velocity of the electron (ms™)
L

L
I

]
1
(e—> €—> @\ cross- section area (A)

\

number of free electrons
per unit volume (n)

It follows that
Volume of the section = LA
Number of free electrons in the section = nLA

Total quantity of charge which is free to move = nLAe

. . L
Time taken for an electron to travel through the section = -

Rate of flow of charge = % =nlAve
v

Hence current, | = nLAve

nLAve _

. 1
Current density, = =T, = nve

Potential difference (P.d.)

This is work done in transferring a charge of 1 coulomb from one point to another in a circuit. Whenever
current flows from one point to another, it does so because the electrical potential at two points are
different. If two points are at the same potential, no current can flow between them.

Resistance (R)

This is the opposition to the flow of current in the material.
Resistance R =;. The S.I. units of resistance is ohms (Q)

An ohm is a resistance of a conductor through which a current of one Ampere is flowing when the
potential difference across is one volt. i.e. 1Q = 1IVA™.
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Resistivity (p, rho)

Resistivity is electrical resistance across opposite faces of a cube of 1m long
l l A

R x ZorR—pZ andp—RTQm

Conductivity (A)

It is the reciprocal of resistivity

Some conductors have resistances which depend on current flowing through them; but in most cases
the resistance of many conductors (metals) depend only on their physical circumstances e.g.
temperature. This was discovered by Ohm and such conductors are called ohmic conductors and obey
Ohm’s law.

Coulomb

Is the quantity of charge passing in one second through a given cross-section area of a conductor when
current flowing is one Ampere.

Electromotive force (e.m.f)

This is the work done in transferring one coulomb of charge around a circuit in which a battery is
connected. E.m.f is denoted by E.

Ohm’s law

States that the current flowing through a conductor is directly proportional to the P.d. across it provided
that there is no change in physical conditions such as temperature of the conductor.

i.e. =RV
Experiment to determine Ohm’s law

Cell switch

Ammeter @) B Rheostat

Potentiometer
The switch is closed the current (I) from ammeter and P.d. (V) from the potentiometer are recorded.
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The rheostat is adjusted to obtain several values of | and V

The graph of V against | is plotted.

A graph of V against |

V(V)

N

AV
Al

AN

I(

A straight line graph through the origin implies that V is directly proportional to |

AV
Al

From the graphR=—=tan 0

Factors affecting resistance

1.

Length: Resistance increases with the length of a conductor; electron make more frequent
collision with atoms when the length of the conductor increases. This reduces drift velocity of
free electron hence resistance increases.

Cross sectional area (A): Resistance reduces with increase in cross sectional area. When the
cross-sectional area increases, the number of electrons that drift along the conductor increases.
This implies that there is an increase in the number of electrons per second that pass a given
point, thus an increase in current and consequently a decrease in resistance.

Temperature: Resistance increases with temperature increase. Increase in temperature causes
atoms to vibrate with greater amplitude and frequency about their mean positions. The velocity
of electrons also increases making more collision between electrons and atoms. This increase in
collision between electron and atoms reduces the drift velocity of electrons and increases
resistance.

Ohmic conductors

These are conductors that obey ohm’s law.

Non-ohmic conductors

Are conductors that do not obey ohm’s law; examples

Graphs of non-ohmic conductors

Vv v >
Junction diode
(semi-conductor) sulphuric acid
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Resistance in combination

(i) Series combination
n r2 r3
ﬂwﬁ §V2%||;|: Vs ]:I
[ A
Y

|1

11

Vv

For series arrangement, the same current | flows through the resistors but each resistor has its own

P.d. across
Forry, Vi=ril s (i)
Forray, Va=ral s (ii)
Forrs, Va=r3l e, (iii)
V=Vi+V,+V;

=ril +rpl + 13l

= |(r1 +ry+ r3)

. v
Resultant resistance, R = 7= (ri+ra+rs)

(i) Parallel arrangement
rn
hh
A l2 || r2 |I B
| /
rs 4
|1
[
Vag

The p.d. across each resistor is the same = Vg

Total sum of current I =11+ 1, + I3
1% 1% v
- AB + AB+ AB
1 T2 3
1 1 1
= VAB [_ +—++ _]
1 T2 T2
I 1 1
= —=|=+=+ —]

1 1
R v AB 1 T2 T2
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Example 1

(i) Define a volt
(ii) Derive the formula of resultant resistance for 3 combined resistors in parallel.
(iii) In the circuit, the battery has negligible internal resistance.

 —

LI

60
2 |::|1 2Q)
I
12V

Find ammeter and voltmeter reading

Solution

(iii)

/N
/]

Vi

6Q and 12 Q are in parallel, let their effective resistance be R

=1y ithenR1=4Q
Ry 6 12

Equivalent circuit
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A=

2 40 @)

[
[

12V

2Q and 4Q resistors are in series

The effective resistance R=2+ 4 =6Q

. . e.m. 12
From the circuit formula | = —f ===24
total resistance 6

N

From ohm’slaw,V=IR=2x4 =80

Example 2

The resistance of a nichrome element of an electric wire is 50.9Q at20.0°C when operating a 240V
supply the current flowing through it is 4.17A. Calculate the stead temperature reached by the electric
fire if the temperature coefficient of resistance of nichrome is 1.7 x 10*K™.

Solution
Ry0=50.90, a=1.7x 10*K?, Rg=? V=240V, |=4.17A

From Ohm’s law

Rg=2L =22=57550

I 417

Using Re = Ro(1 + a6)

R20 = Ro(1 + 20a) = 50.9 ................ (i)

Re = Ro(1 + aB) = 57.55 .............. (i)

From equation (i) and (ii) and substituting for a
6=791.1°C

Example 3

A nichrome wire of length 1m and uniform diameter 0.722mm at 25°C is made into a coil. The coil is
immersed in 200cm? at the same temperature and a current 5.0A is passed through the coil for 8
minutes when the water starts to oil at 100°C. Find

(i) The resistance of the coil
(ii) The electrical energy expended assuming all of it goes to heating the water
(iii) The mean temperature coefficient of resistance of nichrome between 0° and 100°C.

(Resistivity of nichrome at 25°C =1.2 x 10°®)
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Solution

(0) L=1.0m, d = 0.722mm = 7.2 x 10°m
2 —412
A=m = nw:4.07x 107m?
Using Rys = L
pZS.Z

Rys = 1.2x 1076 x ————=2.9480
4.07x10-7

(ii) Assuming no heat losses
Electric energy dissipated = heat gained by water = mc6
= (200 x 10)(4200)(100-75) = 63000J
Electric energy dissipated = I°Rmean Xt

| =5.0A, t = 8minutes = 8 x 60 = 480s

_ Ras5+ Rypo
Rmean - T

52X Rppeanx 4800 = 6300

Rmean = 5.202

59= R25+2R100
Rloo = 7552.{2

Using Re = Ro(1 + 06)

R20 = Ro(1 + 25a) =2.948 ................ (i)
Re = Ro(1 +100a) = 7.552 .............. (ii)
Divide eqn (ii) by (i)

1+100a _ 7.552

1+25a  2.948

o =0.0434
Example 4

2

| ]

X

7Q
30 6Q

— —
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In the figure X is an accumulator of the e.m.f 24V and having internal resistance of 1Q. Find the effective
resistance of the circuit.

Solution
%4V
|
| |
I :
10nN 2| 70)
30 6Q
ra
30
50 20
— Is | [ 17}
rs6Q)

r6, r7, and r8 are in parallel; let their effective resistance be R;

W

+

N | =

+

[N

1
Ry

[N

R1= .Q

R: and rs are in series; their effective resistance R, =5+ 1 =6Q
rs and r4 are in series, their effective resistance R3 =3 + 6 =9Q

R2 and Rz are in parallel, let their effective resistance be R4

1

Ry

Rs=3.6Q

18

+

[ N
O | =

Rs4, r1 and ry are in series their effective resistance, R=3.6 + 1+ 7= 11.6Q
Therefore, effective resistance of the circuit = 11.6Q
Example 5

A battery of unknown e.m.f and internal resistance is connected in series with a load resistance of R
ohms. If a very high resistance voltmeter connected across the load reads 3.2V and the power dissipated
in the battery is 0.032W and the efficiency of the circuit is 80%. Find

(i) The current flowing
(ii) The internal resistance of the battery
(iii) The e.m.f of the battery
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Solution

Total resistance =R +r
. E .
From circular formulal=——.....cccocovvirenenenes (i)
R+7

Power dissipated in the battery = 1r = 0.032w..(ii)
From Ohm’s law

Terminal p.d. = IR=3.2V ..o (i)

power out put

Efficiency = x100

power in put
Power generated = El = I*(R+r)

Power output = I’R

I°R___ 80
I2(R+1) ~ 100
= 100R =80(R +r)

= R=4r

From equation (3)
IXAr=3.2 e eeeeereevveeveseeseeeesvesneeneans (1Y)

Divide eqn. (ii) by (iv)

I?r _0.032
4Ir ~ 0.32
| =0.04A
. 0.032
From equation (ii) r = 12

r=201
butR=4r=4x20=80Q

E=I(R+r)=0.04(80 + 20) = 4V
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Example 6

A battery of e.m.f 12V and having unknown internal resistance is connected in series with load R. if a
very high resistance voltmeter connected across R reads11.4V and the power dissipated in thee battery
is 0.653W. Find

(i) Current flowing

(ii) Internal resistance of the battery
(iii) The value R

(iv) The efficiency of the circuit.

Solution

NB= p.d. across the internal resistance is the lost volts
Ir=E-IR

From Ohm'’s law

V=R = 114V et sereeieeseieisenessesenene (1)
Lost volts = e.m.f of battery — terminal p.d

Ir=12 =114 = 0.6V .coorieircrireiere et e (ii)
Power dissipated in the battery = 1r = 0.653W ...........(iii)

(i) Divide eqn. (iii) by (ii)

I’r _ 0.653
06
| =1.088A

(ii) From eqn. (ii)

0.653 0.653
=T = Tross?] - 0.55Q
(iii) From eqn. (i)
V=1IR
R =% =10.480Q
1.088

power output

(iv) Efficiency = . x 100%
power in put

_I?R _ 1.0882 x 10.48

=— = ——x100=95%
El 12 x 1.088
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Example 7

A battery of e.m.f 16V and having negligible internal resistance is connected in series with 80Q and RQ.
When a voltmeter is connected across an 80Q) resistor, it reads 11.28 V while it reads 2.83V when
connected across R. find

(i) The value R.

(ii) The resistance of the voltmeter
Solution
E:| 16V
| -

Ry
O
Case 1: let R1 be effective resistance of 80Q and R,
1,1
Ry 80 B
80Ry

R, B0 Ry (i)
IRYL = 1128ttt s e (ii)
|22 | [ = 1128 o (iii)

80+ R,

IRZA.72 e e e eae e (iv)
Case ll

Let effective resistance between Rv and R be R,

E=16V

|
-

g0 ————{ R |

la

Ry
o)
V)
283V
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1 1

— + _

R, R Ry
R.Ry

R, =
27 R+R,

[%] L X S (v)

18] A 1 e 1 A (vi)

I* =0.1654

RR 2.83 _ 2.83
—L === = =17.152
R+R, I' 0.165

RR, = 17.152R + 17.152Ry wooveeeeeeereereeseresrrie, (vii)

Eqgn. (iii) = Eqgn. (iv)

80R, _ 11.28 _
R[80+Ry ] 4.72

C10) R B T E: 1o R0 - 20 T (ix)
80R,, = 191.186R + 2.390RR,, ....orvveeerereecrrrerreeerssrssreenn (x)
Substituting RRv from equation (vii) into equation (x)
80R, =191.186R + 2.390R(17.152R + 17.152R,,)

80R, = 232.179R + 40.993R,,

232.179R
R, = (80—40.993) 5.95ZR
Substituting R, = 5.952Rin equation (vii)

5.952R? = 17.152R + 17.152 x 5.952R

R = 17:152+102.089
- 5.952

R, =5.952 x 20 = 119.040

= 20.03

Example 8

(a) Whatis meant by e.m.f and internal resistance of a battery?

(b) Ad.csource of e.m.f 16V and negligible internal resistance is connected in series with two
resistors of 400Q and RQ respectively. When voltmeter is connected across 400Q) resistor it
reads4.0V while it reads 6.0V when connected across the resistor of RQ. Find

(i) The resistance of the voltmeter (= 400Q)
(ii) The value R. (600Q)
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Potential divider

When resistors are arranged in series, the form a potential divider.

{ ©

Consider two resistor of resistance R1 and R, connected in series with a d.c supply of V volts as shown
and having negligible internal resistance.

Total resistance R= R1+ Ry vovvvvveveineiiecece e (i)

From circuit formula;

. e.m.
Current flowing, = —f
total resistance

SRRy (i)
From Ohm’s Law
Vi = TR oottt sr e (iii)
Putting (ii) in (iii)
v, = Rlile]V ......................................................... (iv)
Vo = IR et vttt s st e (v)
Put (ii) in (v)
v, = [Rl’fRz] ¥ oo (vi)

Dividing (iv) : (vi)
Vl: VZ = Rl: RZ
For any resistor arranged in series, the p.d. across R1

Vi = S W— supply voltage

Total resistance

Note: in potential dividers, the load is connected across a section of a divider whose p.d. is equal to the
operating voltage of the load. The load may be a cooker, electric bulb, etc. the load resistance, say R1,
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will now be considered to be in parallel to the resistance of the lower section of the divider. Let the
resistance of the lower section be R and that of the upper section be R;.

|

R2

Ra

T

Now Ry is in parallel with R,

P.d. across Ri1 = p.d. across the load

Let R be effective resistance of Ry and R,

1 1 1 Ri+Rp

R~ Ry R,  R4Ry
_ R4Rp
R1+RL

Since Ris in series with R»
Total resistance = R + R,.

Example 9

The figure shows a potential divider, V, is a very high resistance voltmeter. A is an accurate ammeter

|

200

(i) Find the ammeter and voltmeter readings
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(ii) If the voltmeter above was replaced by another voltmeter of resistance 120, what will be
the new reading?
(iii) Find the percentage change in the ammeter reading

(iv) If the voltmeter is replaced by a C.RO, what will be its reading
Solution
(i)
200 IZ
P 120V I
== 400
Vi

Total resistance R =20 + 40 = 60Q

N e.m. 120
From the circuit formula | = —f = =" =24
total resistance 60

From Ohm’s law V = IR = 2 x 40 = 80V

(ii) i ------------- T

200 j’j
i 120V
== 400
V-
G1Dzog) 1
—Y

Now 40Q and 120Q are in parallel, their effective resistance R

11

=2+ L.Rr.=300
Ry 40 = 120

Equivalent circuit
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200 V2

Total resistance = 20 + 30 = 50Q
Current | = 120 2.4A
50

From Ohm’s law, V=1R;=2.4x30 =72V

From Ohm’s law, |1 =% =2 1.84

40
(iii) Percentage change in current = % = 2_21'8 x 100% = 10%
(iv) A C.R.Ois considered as an ideal voltmeter of infinite resistance which makes it to be very

accurate, hence, its reading would be the same as in (i) above i.e. 80V
Example 10

The figure shows a potential divider. V is a very sensitive voltmeter.

|

400
120V
- 300 60Q2
9
T )
&
(i) Find the ammeter and voltmeter readings
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(ii) If the voltmeter above was replaced by another voltmeter having a resistance of 120Q), what
is the new reading of voltmeter?
(iii) Find the percentage change in ammeter reading

Solution

(i) 30Q and 60Q are in parallel. Let their effective resistance be R
1 3
=t 5= 5 R=20Q

Equivalent circuit

400

N

= 200 (\I)
T

Total resistance = 40 + 20 = 60Q

120
Currentl=— =24
60

From Ohm’s law V = IR =2 x 20 = 40V

From Ohm’s law ammeter reading = Y -2_ ZA
R 60 3
(ii)
400
T ih IZ N |3
120V
T 300 600 \D 1200
T AN
W)
30Q, 60Q and 120Q are in parallel, their effective resistance R is given by
=+ =+ —;R=17.143Q
R~ 30 60 120

Effective circuit
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== 17.1430

400 and 17.143Q are in series

400

Total resistance =40 + 17.143 = 57.143Q

. . e.m. 120
From the circuit formula, | = f = = 2.104
total resisitance 57.143

From Ohm’s law, V=1R=2.1x17.143 = 36V

Voltmeter reading = 36V

From Ohm’s law | =%
Ammeter reading =1, + 15 = 24+ 22 =094
60 120

2—-09
2

Percentage change in ammeter reading = x 100 =55%

Kirchhoff’s laws (1824-87)
First law or law of conservation of current a junction

States that the sum of currents entering a junction is equal to the sum of currents leaving the junction

I3

lh+l2=13+ 14
Or the algebraic sum of all currents at a junction is zero. i.e. I3 + I- 13-l =0
Here a current, |, is reckoned positive if it floes towards the point and negative if it flows away from it.
Second law or closed loop equation

In any closed loop, the algebraic sum of all the potential drops is equal to the algebraic sum of all the
e.m.fs.
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YV =Y E WhereVisthe p.dand E is the e.m.f.
Sign allocation to p.ds in circuit

When allocating signs to the p.d across a resistor, the direction of current flowing through a resistor is
considered in relation to the direction of the loop.

The p.d across a resistor is considered be positive if the current is in the same direction as that of the
loop.

| R
N 1
rd | S|

=+IR
loop

And the p.d is considered to be negative if the current is in an opposite direction to that of the loop.

I R
N 1
I —_

=-IR
loop

Sign allocation to e.m.fs

When allocating signs to e.m.fs of cells, the polarity of the cell is considered in relation to the direction
of the loop. The e.m.f of a cell is considered to be positive if the loop moves from negative terminal of
the cell towards the positive terminal.

cell
_
loop E= +ve

And it is considered to be negative if the loop moves from positive terminal towards the negative
terminal

cell

_||_

loop - e

After application of Kirchhoff’s law for electric circuit networks independent simultaneously equations
involving both the known and unknowns will be obtained and these can now be solved using the
available appropriate methods of techniques.
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Example 11

In the figure, find the current flowing through the 2Q, 3Q and 6Q resistor.

8V
A II F
20 40
fV 30
B L —1—¢E
[ I
Vv
60
C F‘ ————D
Solution
.8V
AJ_ < I: F
B" 3V 30 'E
%—i|—|:|—
Y >
o Can> ]
Py .
60
C F‘ ————D

Considering loop 1 (ABEFA)

21+31,+41=8+-3

6l +311=5 e, (2)

Considering loop 2 (BEDCB)

3l1+-71, -6l -5, =-3+6=
31,-18, =3 ............ (3)

Divide equation3 by 3
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Substituting egn. 1in eqn.2
6(l1+12)+3l,=5
My +6l3=5 oo, (5)
Egn. (4) and eqn. (5)
10I11=6

-5 _

l1= o 0.64

From eqn. (4)

_ L1 _ 0.6-1

= —0.0674
6 6

I2
=1 + I, =0.6 +-0.067 = 0.533A
-~ Currents are

I, = 0.64

I, = 0.067A (in a direction opposite to that assumed in the diagram)

[3=0.533A
Example 12
F 7Q) JE_ 50) D
3V
6Q
2Q)
10V —— TV
30 40
1 3 [ +H——=

(a) Inthe figure, find the current flowing through the 3Q, 2Q and 4Q resistors.
(b) If a vey high resistance voltmeter is connected across BD, what will be its readings?

Solution
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7Q) 50

6Q

10V = i

I 30 40

S > +——
A B 1, C

At junction B;

Considering loop 1 (ABEFA)
31+ 21471 =10+ -3 oo (ii)
101+ 213 = 7 e (iii)
Considering loop 2 (BEDCB)
2l;-51,—6l,—4l, =-3+5
211 =15 = 2 (iv)
Substitute eqn. (i) into eqgn. (iii)
10(la+ 1)+ 21,=7
1211+ 10012 = 7 oo (v)
Multiply 6 into eqgn. (iv)
6 x [21; — 151, = 2]
1213 -901; = 12 o (6)
Egn. (v) —eqn. (6)
1001, = -5

I, =-0.05A
From eqn. (iv)

L= 200 < 0.6244

From eqn. (i)
I=1,+1,=0.625+-0.05=0.575A

~ currents are 0.575A, 0.625A, and 0.05A (in direction opposite to that assumed in the diagram)
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Considering loop 1(BEDB)
Let V be p.d across BD
211 -5, -V =-3
V=3+2l;-51;=3+(2x0.625)—(10 x —0.05) = 4.5V
Alternatively
Considering loop 2 (BDCB)
V-6l,-41,=5
V=5+10I2

=5+10x- 0.05

=4.5V
Example 13

In the diagram, V is a very high resistance voltmeter. Find its reading

P

10V = — 4V

O,

2Q) 6Q)
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Solution

10V _—_ —_ 4V

Jo 7 [

Q

Considering theloop >V = Y E

21+41=10-4=6

I=1A
Alternatively, net p.d=10-4=6
Total resistance = 4+2 = 6Q

From circuit formula

net p.d 6

Current, | =———=-=1A
total resistance 6
P
10V _—_ — 4V
©

I T [

Considering loop 1

V+20=10
V=10-21=10-(2x1) =8V
Alternatively

Considering loop 2
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V-41=4
V=4+41=4+4x1=8V
Example 14

In the diagram, V is a high resistance voltmeter. Find its reading.

P'
12V l _J|28V
20 @) 40
Q
Solution
P
12V ——8V
20 40
Q

Considering theloop >V = Y E
21+41=12-8=4

I=0.667A
Alternatively, net p.d=12-8=4
Total resistance = 4+2 = 6Q

From circuit formula

Current, | = —_petpd g =0.66A

total resistance
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12V —_—8V

20 40

Q
Considering loop 1
V+20=12
V=12-21=12—-(2x0.667) = 10.67V
Alternatively
Considering loop 2
V-41=8
V=8+4x0.667 =10.67V

Example 16

12Q)

3A

16Q)

Solution
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At junction B

11=1240.1 oo (i)
At junction D

4+ 0.1=l4 oo (iii)
Considering loop 1 (ABDA)

121, + 10x 0.1 -161, =0

1213-160 = -1 e (4)
Considering loop 2 (BCDB)
15I3-Rla=1 .o (5)
Considering loop 3
1213 + 1513 = X cveeeee (6)
From eqn. (1)

=3 =11 e (7)

Put (7) into (4)

121, - 16(3-11) =-1

281, =47

l1=1.679A
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l2=3-I

b=3=1.679=1.321A

From equation (2)
I3=1,-0.1=1.679-1=1.579A
From eqn. (3)
l2=1,+0.1=1.321+0.1=1.421A
(ii) From eqn. (5)

Rls = 1513 — (10 x 0.1)

_ (15x1.579)-1
B 1.421

R =15.9640

For cell X,

X =12l +15l3=(12 x 1.679) + (15 x 1.579) = 43.833V

Example 17

50V—=

In the figure A is a battery of e.m.f 50V and having internal resistance of 1Q. Find

(i) The effective resistance of the circuit
(ii) The power in the battery.

Solution
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At junction A

At junction B

=13+ la+ Is e, (i)
Considering loop 1 (AEFA)

8l + 81 +1=50 oo (i)
8l1+ 91 =50 oo (iV)
Considering loop 2 (ABEA)

8l +8l3—=8l1=0 .o (v)
Considering loop 3 (BEDB)

8I3- 8(la +Is) -814=0
8l3—16l4—8I5=0......cccoeuuee. (vi)
Considering loop 4 (BDCB)
8l4-8l5-8l5s=0

8la—16l5=0 ccevererrreerrereirereeens (vii)
From eqn. (vii)

8|4 = 16|5

From eqn.(vi) and (viii)

8l3—16(2I5)-8Is=0

From eqn. (2)

I =5ls+ 2ls + Is = 8ls ............... (x)
From eqn. (v)

8(8ls ) + 8(5ls) —8I, =0

[1=13l5 e (xi)
From eqn. (i)

I =13ls5 + 8l =215

From eqn. (iv)
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8(13Is) + 9(2115) =50

=20

57 203

1=21x —==2=2
293 R R

R =13.9520

Alternatively
Taking path BCD
Effective resistance =8 + 8 = 16Q

16Q and 8Q are in parallel

1 11 16
—= —+-:;R=—1
R 16+8' 3

Now ?!2 is in series with 8Q
Effective resistance = %!2 +8= ?!2

%!2 | s in parallel with 8Q along BE

1-24+2 R=50
R 8 40

50 and 8Q (AB) are in series and their effective resistance =5 + 8 = 13Q

13Q and 8Q (AE) are in parallel

11,1 p 104
R 13 8 21
104 . .
Now H.Q, 8Q (EF), 1Q are in series
. 104
Total resistance = X'Q +80+10=13.9520

(i) power dissipated = I’r = (21 x 25703)2 x1=12.84W
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Example 18

— 60 |

1 6Q) 6Q)
60

[0 |
-1 6Q |

The figure shows a network of resistors connected to a battery of e.m.f 50V and internal resistance
0.4Q. find

(i) Effective resistance in the circuit
(ii) Power dissipated in the battery

Solution
B
e [ 60 | C
10.40
50V 1
—_ 60 60
6Q)
Zo 1
e F 1 6Q | E D

B C
60 6Q
=5 1
I 1 6Q | E D
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R is in series with resistor FE
R;=3+6=9Q

R, is parallel with resistor FB

1 1 1
R_3_ ;+ E'R3_3'60

Rs is in series with resistors BA and AG

Effective resistor R=3.6+ 6 + 0.4 = 10Q

FromV=1IR
I=K= 2=5A
R 10

(ii) power = 1°r =52 x 0.4 = 10W

The Wheatstone bridge (1843) circuit network

It an arrangement of four resistors; the unknown resistor, the standard resistor, and the variable
resistors. It is used in comparison of resistances. The circuit is arranged as shown below:

Battery
—] k-1

R1 - unknown

R2 —standard resistor

R3 and R4 are variable resistor
G —center zero galvanometer

Ig- current flowing through the galvanometer.
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Comparison of resistance

In comparison of resistance, the unknown resistor is connected on one side of the bridge with a
standard resistor on the opposite side as shown in the circuit.

Procedure
The variable resistor R3 and R4 are varied until the galvanometer indicates zero deflection.
As the resistors R3 and R4 are varied, the potentials at B and D change.

The galvanometer reads zero when Vj, = 15

When the potential at B (V) is greater than the potential at D (V}), then I flows from B to D, giving a
deflection to one side of the galvanometer. When (Vp) > (V) current flows from D to B and the
galvanometer deflects to another side.

Conditions for balance
These can be derived in two ways

(i) By considering the physical principles involved
(ii) By application of Kirchhoff’s laws

Considering the physical principle

Consider a Wheatstone bridge below

Battery
—{ -]

At balance, Iy + Vp

= Vas+ Vap
|1R1 = |2R3 ............................ (I)
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Similarly
VBC =VCD
|1R2= |2R4 .................................... (II)

Divide eqn. (i) by eqgn. (ii)

I1Ry _ IZR3
1R, I R,

Or at balancing point

Ry _ R3
R, Ry

(ii) Applying Kirchhoff’s laws

Battery
—{ -

Considering loop 1 (ABDA)

|1R1+0XRg—|2R3=0

Considering loop 2 (BCDB)
I1Rs + O X Rg — ;R4 = 0

[1R3 = [2R4 weeveeeee. (ii)
Divide (i) by (ii)

Rt _Rs

Rz Ry

. . R
The resistance of unknown resistor, Ry = R—3 xR,
4
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Example 19

(a) Draw a Wheatstone bridge circuit network and use to derive the balancing condition.
(b) Explain how the network in (a) can be used to determine resistance of unknown resistor.

(c)

Battery
- - _| |
| I

9

0Q

100Q

In the figure, the 20Q resistor is shunted with a 100Q resistor for the bridge to balance. When P and
Q are interchanged, the shunt resistance changes to 50Q for the bridge to balance again. Find the
value of S and true ratio P:Q.

Solution

Effective resistance of 20 and 100

R 20 100 3
At balance
P_R
o~ s
5 .
> B30 i, (i)
Q0 3s

Effective resistance, R1, for 20Q and 50Q

1 1 1 100
—=—4 —;Ri =1
R,y 20 50 7

At balance

Egn. (i) and eqn. (ii)
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S — 30515430
100 3S

From eqn. (ii)

P_ 75 _ 7x1743_ 4 o
Q 100 100
Example 20

The figure below shows unbalanced Wheatstone bridge circuit network. P is a coil of resistance 16.5Q at
oocC.

D
120
P
A C
16Q) 240 -
B
|- 1
48V
Find
(i) The potential at Band D
(i) If the galvanometer is connected across BD, in which direction would the current flow
(iii) If the temperature coefficient of resistance of the coil is 2.0 x 10K, to what temperature
must the coil be raised in order to balance?
Solution
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Considering loop 16l1 + 241, = 48

401, =48

1 =1.2A
Considering loop 2
121, + 16.51,=48
l,=1.684A

Ve = Vs —Vc = IR (since current flows from region of high potential to that of low potential)
But V¢ = 0 (since potential due to the earth is zero)
Vg =IR =1.684 x 16.5 = 27.79V
Potential at B, Vs = 27.79V
Veo=Vo—Vc=IR
ButVc=0
Vo=IR=1.2x24=28.8V
Potential at D = 28.8V

(ii) The current would flow from D to B since D is at a higher potential that at B.
(iii) Let the temperature be 6

At balance;
Bo = 22.Rg =180
12 16

Using Rg = Ro(1 + aB)
18 = 16.5(1 + 2.0 x 10%0)
6 =45.5°

The coil must be raised to 45.5° to balance

The meter bridge

A meter bridge consist of a uniform slide wire 1m long (or mounted on a meter rule). The wire is
connected in series with accumulator (driver cell) which maintains a steady current through the wire. A
meter bridge is used in measurement of resistances, resistivity and temperature coefficient of
resistance. The circuit is arranged as shown below.
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battery K

= /

|
R R2
£|:|7 /)E |—|:l—
LHG | /[ ! "] RH.G E—
1
|2
AL J — B
| L N4 L2 N
N VAN 21

Procedure

The unknown resistor is connected to L.H.G of the meter bridge. Switch K is closed and Jockey is placed
at different places on the slide wire until the galvanometer indicates zero deflection. The meter bridge is
said to be balanced. The balancing lengths L; and L, are noted and recorded.

At balancing point

Ry _ R

RA] R]B

But Ry; = KI; and R;p = K1, where K is resistance per cm of the wire

Ri _ Ry
KI; Kl
R L
Thus, =2 = %
Ry Ly
Example 21

Draw a circuit diagram of a meter bridge and use it to derive the balancing conditions.

Experiment to determine the resistivity of a material of a wire
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battery K

=0 /

wire X Rs

E it
{L.ID //] "1 RH.G B=

AL
1/ L1
IS

—
[
(o]

/ L \
1

~

Procedure

(i) The mean diameter (d) of wire X is measured using a micrometer screw gauge, and cross section
nd? L
area, A= T of the wire is calculated

(i) Starting with a suitable measured length of X in meters, the balancing point is determined using a
Jockey.

(iii) The balancing length L; and L, are noted.

(iv) The resistance of specimen wire X is calculated from

R=Rsx b
Ly
(v) The experiment is repeated for different lengths of X and corresponding balance lengths L; and L,

are obtained.
Table of results

Length of wire X L1 (m) L2(m) R=R,x =
Ly

A graph of R of R against X is plotted. This is a straight line within limits of experimental errors
passing through the origin
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R/Q

N

7
x/m

The slope of the graph is determined.

The resistivity of the wire can be obtained from p = slope x A

Theory of the experiment

From %. Ths is in the form y = mx; gradient = p

Experimental determination of temperature coefficient of resistance.

A specimen wire in form of a coil immersed in a water bath where temperature 6 is varied and
measured by a thermometer. The end of the coil are connected to L.H.G of the meter bridge with
a standard resistor in R.H.G. the circuit is as below:

Thermpmeter

Rs

' /}E !—:E
;l LHG | / | RH.G

\
p
|
—
L
vz

] L

-l 2 2 |£&
. 1€

i

Al Coil ).

- - %@5 |+

EA S béttjery Nk
T

Heat
Procedure
(i) Starting with suitable temperature, stop heating and switch K is closed.
(ii) Balancing point is determined
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(iii) The balance lengths L; and L, are obtained
(iv) The resistance R of the coil at temperature 8 is calculate. Rg = R, 2—1
2

(v) The experiment is repeated for different values of 8 and corresponding values of L; and L,
are tabulated.

Length of wire X L (m) L2(m) Rg=Ryx =
Ly

A graph of RO is plotted against temperature. A straight line is obtained.
/N

Re/Q
slope = Roa
Ro

N

7
temperature/°C
The slope and intercept of the graph are determined. The temperature coefficient of resistance
(T.C.R) can be obtained by the intercept

_ slope
intercept

Theory of the experiment

From Rg=Ro(1 + ab) = Ro + Ro0l®
The interceptis = RO

Slope = Roat
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Example 22

A specimen wire in the form of a coil was connected in the L.H.G of a meter bridge with a standard
resistor in the R.H.G. when the temperature of the coil reached 45°C, a balance length of 45.2 was
obtained and when the temperature was raised to 80°C a balance length of 51.2cm was obtained. Find

the temperature coefficient of resistance of the coil.

Solution
nu Ks
/e [
LHG L A 1 RH.G B
J
| L N4 L2 N
A VAN 2l

Let Re be the resistance at 8°C

At balance
Rg _ _Rs
1~ (100-1)
Rys _  Rs

452 (54.8)

Rs .
Rus =452 x Tag e (i)
Rso _ _Rs
51.8  (48.2)

Rs .
Rgy = 51.8x TBg s (i)

Using Rg = Ro(1 + ab)

Rus = Ro(1 + 45@) oo, (iif)
Rgo = Ro(1 + 80@) woovoovceersceoessre (iv)
Eqn. (iv) + eqn.(iii)

Rgo _ (1+ 8005)

Rag (Lt aBg) s (v)
Egn. (i) + eqgn.(i)
Roo _ 3L8Rs o 548 (vi)

Rys 48.2 45.2R,

Equating (v) and (vi)
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(1+80a) _ 51.8R 54.8
(1+ 45a) 4822 45.2R,

a=1.4182 x 103k!
Example 23

Explain why a Wheatstone bridge/meter bridge is unsuitable for comparison of very high or low
resistance.

Solutions

Consider a Wheatstone bridge circuit network below

B
R1 RZ
A (G C
Rs R4
D

If R1 is much larger than R;, the current would pass through R, and the galvanometer will deflect on one
side for all adjustment on R; and R.

In case of Meter Bridge the current would pass through the slide wire only and the galvanometer would
deflect on one side for all positions of the jockey along the slide wire and hence a balance point cannot
be obtained.

Hence a Wheatstone bridge becomes unsuitable for comparison of resistances which differ very much in
magnitude.

Very low resistances

Where the resistances to be compared are very low, the resistance of the connecting wires become

. . . R R .
substantial and the balancing point R—l = R—3 becomes inaccurate.
2 4

. . Ri+T Ry+T .
For accuracy, the balancing condition becomes ﬁ = ﬁ, where ry, 2, r3 and rs are the resistances
2 2 4 4

of the connecting wires

In the case of a meter bridge, the balancing length will be very low that the resistances of end
connection become substantial. Thus end correction needs to be added to improve the accuracy.
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Ry Li+te
R, Lr+e

An end correction is the length of the slide wire which has the same resistance at the contact at zero
end of the wire.

Measurements of current ant voltage

Current is measured by milliammeter (in milliamperes) or by ammeters in amperes. The milliammeter
and ammeters are low resisitance instruments to allow much current through them.

Potential differences are measured by voltmeters in volts. Voltmeters are high resistance instruments
not to allow current through them

Conversion of a milliammeter into an ammeter.

Moving coil instruments give full scale deflections (f.s.d) for currents smaller than those generally
encountered in the laboratory.

A moving coil ammeter can be converted into an ammeter in order to read big currents by connecting
low resistance (S) called a shunt across its terminals. The shunt diverts most of the current to be
measured away from the coils (not to damage it)

Suppose the coil of the meter has a resisitance r = 20Q and full scale deflection Is of 5 millamperes. And
we wish to shunt it so as to give f.s.d of 5 amperes.

r=200

SA 5r’r\1A
v 7

(s)
\&J

L 5A - 5mA = 4.995A

Then the current through the shut = (1 —1s) = (5 —0.005) = 4.995A
The potential difference across the shunt is the same as that across the coil =IR
=20x0.005 =4.995 x Rs
Rs = 0.02002Q

Therefore the resistsnce of the shunt = 0.02002Q
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Example 23

A moving coil galvanometer gives a full scale deflection of 4mA and has a resisitance of 5Q. How can
such an instrument be conveted into an ammeter that give f.s.d of 10A

Solution

Let the required resistance be Rs.

r=50

0A 4mA
74

V.

(s)
\&

J 10A - 4mA = 9.996A

Current through the shunt resistor = 10A —4mA = 10 — 0.004 =9.996A
The potential difference across the shunt is the same as that across the coil =IR
=5x0.004 =9.996 x Rs
Rs =0.002Q
Conversion of a milliammeter into a volitmeter.

Moving coil instrument are more sensitive and accurate than other form of voltmeters.

To convert a milliammeter, a large resistance called a multiplier is connected in series to draw extra p.d.
toit.

Rg R
m
lg

o (s)
U I

O,

From the diagram
V = (p.d. across the galvanometer) + (p.d across the resistor)

= IgRg + Ing
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Example 24

A moving coil galvanometer gives af.s.dof 6mA and has a resistance of 4Q. How can the instrument be
converted into

(i) Ammeter giving a f.s.d of 15A
(ii) Voltimeter reading up to 20Q

Solution
(i) A shunt of resistance Rs is used
Current through the shunt = 15 —-0.006 = 14.994A
p.d across the galvanometer = p.d across the shunt = IR
0.006 x 4 =14.994 x R,
Rs = 0.0016Q
(ii) A multiplier resistor of resistance Rm used
voltage across the galvanometer = IR =0.006 x 4 = 0.024
voltage across the multiplier resistor = 20 — 0.024 = 19.976V
Rm = =22 = 3329()
006
Example 25

A moving coil galvanometer of resistance 5Q and current sensitivity of 2div/mA gives a full scale
deflection of 16div. how can such an instrument be converted into

(i) Ammeter reading up to 20A
(i) A voltmeter in which each division represents 2V.
Solution

16divx 1

8mA

Full scale deflection galvanometer reading =

(i) A shunt of resistance R; is used
Current through the shunt = 20 —0.008 = 19.992A
p.d across the galvanometer = p.d across the shunt = IR
0.008 x 5=19.992 x R;
Rs =0.002Q
(iii) A multiplier resistor of resistance Rm used
voltage across the galvanometer = IR =0.008 x 5 = 0.04V
Total voltage to be read = 2V x 16 = 32V

voltage across the multiplier resistor =32 — 0.04 = 31.96V

Rm = 222° ~ 39950
0.008

Example 25

A wire of diameter, d, length, L and resistivity, p, is made in form of a circular loop. A current enters and
leaves the loop at points P and Q respectively.
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4px(L—x)

Show that the resistance R of the wire is given by R = — 70

Solution

R,- ”7" ................................ (i)
R, p(L; 2 e (ii)
2
Where A is the cross section area = ﬂT veereereereeneeenennnens (1)

Effective resistance, R, for the loop

1 1 A A

i1, 1_ 4
R

Ry R px  p(L—x)
Substituting for A

_ 4px(L—x)
T madzl

Example 26

(i) Define the term resistivity and temperature coefficient

(ii) Explain why metals have positive temperature coefficient of resistance.

(iii) Explain why semi-conductors have negative temperature coefficient of resistance.
(iv) Give two substance with negative coefficient of temperature.

Solution
(i) Resistivity is the resistance across opposite faces of a cube of material of side 1m
(ii) Metals have positive temperature coefficient of resistance because their resistance increases

with temperature. Increasing temperature increases the speed and kinetic energy of electrons
and the amplitude of vibration of atoms. The vibration of atoms hinder the movement of
electrons increasing resistance with temperature.
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(iii) Semi-conductors have negative temperature coefficient of resistance because increase in
temperature breaks the strong forces of attraction between outer electrons and the nuclear
attraction. This sets electrons free to conduct heat and electricity.

Potentiometer

It consist of a uniform slide wire which can be of any length (but usually 1m) connected in series with an
accumulator or driver cell which maintains a steady current through the wire.

The driver cell supplies a uniform p.d across the wire and hence the p.d across any length of the wire is
directly proportional to the length of the section.

Driver cell switch, K

N

A B

Principle of a slide wire potentiometer

Potentiometers are used to measure resistance, current and voltages. In all cases the unknown p.d is
balanced against the p.d across a given section of the slide wire when the galvanometer shows no
deflections.

The unknown p.d could be the p.d across a resistor, terminal p.d of a cell on either an open circuit or
closed circuit or e.m.f of thermocouples.

N.B. In order to balance, the positive terminal of the unknown p.d is connected to the positive terminal
of the driver cell.

Standardization or calibration of the slide wire
Standardization is a process of calibrating a slide wire so that its p.d per cm is known.

A standard cell is balanced against the slide wire; this is done using the circuit below.

Driver cell switch, K

.[ /
VRN
Fx. = >
\

Procedure

K is closed and the jockey is placed at different places along the slide wire until the galvanometer shows
zero deflection. The balance point L; is obtained
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At balance ES = KLi wcoovvvvrveirerneiceirennnn, (i)
Where k is the p.d per centimeter of the slide wire

From equation (i)

_Es
=

k

note that: if the resistance of the wire is known, then the steady current flowing in the slide wire can be
calculated given the e.m.f of the standard cell.

At balance

Let | be the steady current flowing
Es = Va = IRa

Let r be the resistance per cm, then
Ra=rly

Es =IrL;

. E
Hence | can be obtained from | = j
1

Consider the following cases

driver cell / K

| 1
L

r LK1

When K is closed and K; open, the balance length is Lo and when K and K; are closed, the balance length
changes to Ls.

Procedure
Case 1 K closed, K1 open
E = VAJ = kLo .......................................... (I)

When K and K; are closed

Substitute eqn, (iii) in egn.(ii)

50 Sponsored by The Science Foundation College +256 753 80 27 09



ER
— =Kl
R+1

Divide (i) by (iv)

E(R+7) _ Lo
ER Ly

r L
1+4-==2
R L

L (L_o_ )
R~ \L,
a1

Ly
or
1_ (L_O)i 1
R \r L, ) T

1 . 1. . . . Lo . -1
A graph OfE against —gives a straight line with the slope — and intercept = -
1

Example 27

In the figure, X is a cell of e.m.f 3V and having negligible internal resistance. AB is a uniform slide wire
1.2m long and having a resistance of 4Q. Y is a cell of unknown e.m.f and internal resistance.

X, 3V 20
N ]
Ll | I |
A J B
_|Y
10Q Ki
L ke

When both K; and K; are open, G shows no deflection when AJ = 86.5cm. When both K; and K; are
closed, G shows no deflection when AJ = 83.3cm. Find

(i) The e.m.f of cell Y
(ii) The internal resistance of cell Y
(iii) The value of R
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Solution

X, 3V 2Q)

A B
Resistance AB, Ras =4

Total resistance =4 + 2 = 6Q

. . e.m. 3
From circuit formula | = —f = >-=0.54
total resistance 6

Vag = IRag=0.5x4 =2V

p.d. per cm = V:;B = 12—0 = 6—10ch‘1

(i) With K; and K; open,

At balance; E=Va=Ray=kL= 6—10 x90 = 1.5V
e.m.fof cell, E=1.5V

Alternatively

E=Va =IRa

Ras = resistance percm x L= % x90 = 1.5V

(i) At balance IR =KL ....cccceeveereeeennennnn(i)
From the circuit formula | = ——
R+T
> Rk
R+1
L5x10_ 1 orc
10+ 60
r = 0.40
(iii) Let R; be the effective resistance between R and 10Q
10R
17 10+r
IR, =—2— =1 x84.3
Ri+04 60
R, = 60 = 10R
10+R
R=15Q
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Example 27

In the figure AB is a uniform wire 1m long and having a resistance of 4Q). Y is a cell of unknown e,m.f and
internal resistance.

2.5V 20
|1 [ |
I IJ—I

b
o}

Y

_|r80 rK

When K is open, G shows no deflection when AJ = 90.0cm. When K is closed, G shows no deflection
when AJ = 87.8cm. Find

(i) E.m.f of the cell Y

(ii) Internal resistance of Y.
Solution
2.5V 20
I [ 1
I | I |

>
os)

RAB = 4Q

Total resistance = (4 + 2) = 6Q

e.m. 2.5
Total current | = S E— —A
total resstance 6

VAB=|RAB=% x4 = SV

—E; — i -1
p.d. per cmk-2 =100 = 60ch

when K is open, L =90.0cm
At balance, E=Va =Kl = 6—10 x90 =1.5V

Alternatively

E=Va=IRn

Resistance per cm = Bas - 2 0.040cm™1
L 100

Ra;=0.04 x 90 =3.6Q

E= % x 3.6 = 1.5V (which is e.m.f of cell Y)

53 Sponsored by The Science Foundation College +256 753 80 27 09



(ii) when K is closed L = 87.8cm

E
From the formula, | =1=—
R+71

1= 2R _ L
R+7r

R=80,E=1.5V

15x8 1
=— x87.8
8+r 60

= r =020

Example 27

In the figure Ab is a uniform slide wire of 1.0m long and having a resistance of 4Q. Y is a cell of unknown
e.m.f and internal resistance.

2.5V 40
I ——
I | I
A J 8
Y
12Q0) Ki
Q

When K; and K; are open G shows no deflection when AJ = 96cm. when K3 is closed and K is left open, G
shows no deflection when AJ = 92.9cm. When K3 and K3 are closed, G shows no deflection when AJ =
91.4cm. Find

(i) The e.m.fof cell Y
(i) Internal resistance of Y
(iii) The value of Q

Solution
Resistance AB, Ras =4

Total resistance =4 + 4 = 8Q)

. . e.m. 2.53
From circuit formula | = —f = — =0.0.31254
total resistance 8

VAB = |RAB =0.3125x4 =1.25V

% 125 1 _
i

.d. percm = = =
p.c.p L 100 80

(i) With Ky and K; open,
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At balance; E = Va = Ry = kL = 810 x 96 = 1.2V

e.m.fof cell, E=1.2V
Alternatively

E=Va =IRn

Ras = resistance percm x L= % x96 = 1.2V

(ii) At balance IR =KL ....ccoeveeeereveerenenenna(i)
From the circuit formula | = £
R+7r
> 2ok
R+r
X2 %929
12+4r 80
r =040

(iii) Let R; be the effective resistance between Q and 12Q

At balance IR; = kL

&=k|_
Ry+1

12R; _ 1 _
R +0.4 80

91.4 = 1.1425

Rl = 7.9

Substituting R1 in equation (i)

1, 1
— = 6”+ IE
Q=240
Example 28

In the figure AB is a uniform slide wire of 1m long and having a resistance of 4Q.

4.0V 20
|t [ |
L | I
A X J ;
_|Y
10Q K

X is an accumulator of e.m.f 4.0Q and having negligible internal resistance.
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When K is open, G shows no deflection when AJ =56.25cm. When K is closed, G shows no deflection
when AJ =51.5cm. Find

(i) E.m.f of the cell Y

(ii) Internal resistance of Y
Solution
RAB = 4Q

Total resistance = (4 + 2) = 6Q

e.m. 4.0
Total current | = —f = —A
total resstance 6

4.0 8
VAB—|RAB—? x4 = EV

8
p.d.percmk=248 -3 = Zyop-t
L 100 75
(i) When K is open, L = 56.25cm
At balance, E=Vp =Kl = % x 56.25 = 1.5V (e.m.fof Y)
Alternatively

E=Va =IRa

Resistance per cm = Bas = 2 0.040cm1
L 100
Ra;=0.04 x 56.25 = 2.25Q
E =|RAJ=§ x 2.25 = 1.5V (which is e.m.f of cell Y)

(ii) When K is closed L = 51.5cm

From the formula, I = 1= £
R+T
==kl
R+T
R=10Q,E=1.5V
L5x10 2 L cq4q
10+r 75
= r=11

-~ internal resistance of a cell = 1Q
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Example 29

In the figure, cell X is of e.m.f 2.0V and negligible internal resistance, AB is a uniform slide wire of length
100cm and resistance 5Q

X, 2V
- 0

Y NK

_|50 Kz
—

When both K; and K; is open, the balance length AD = 90cm. When K; is closed, the balance length
change to 75cm. Find

(i) E.m.f of the cell Y
(ii) Internal resistance of Y
(iii) The balance length if both K; and K; are closed

Solution
K1 is open
RAB = 5Q

Total resistance = (5 + 1) = 6Q

m. 20 1
Total current | = —em/f __20_1 A
total resstance 3
1 5
VAB—|RAB—§ X5 = EV
1% s 5
p.d.perecmk=-28=-2_= —_pyem?!
L 100 300
(i) When K; is closed
Total resistance = 5Q
2
Total current = EA
2
VAB=|RAB=E x5=2V
1% 2 1 _
p.d.perecmk=-22=-"= —yem™?
L 100 50

k|:Ey:%x90:1.5v

~e.m.fofacell =1.5V
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(i) WhenKis open L=75cm

E
From the formula, | =1=—
R+71

ER

_R+r_

R=5Q0,E=1.5V

15x5 _ 5
54r 300
> r=1.

x 75

-~ internal resistance of a cell = 1Q

(iii) Balance length if both K; and K; are closed
Kl = IR = —&
R+7
i _1.5x5
50 5+1
L=62.6cm

NB when K1 is closed, current passes through the switch alone where there is less resistance.
When K1 is closed, current passes through 1Q resistor
Hence the different values of resistance.

Example 30

In the figure below when K; is open and K; closed, G shows no deflection for AJ = 83.3cm.

3Y,1Q
A 1F J 5 30
N oo
100 Ka

When K; is closed and K; open, G shows no deflection when AJ = 67.5cm

(a) Find the resistivity of the potentiometer wire 1m long with a diameter 0.5mm and having a
resistance of 5Q

(b) Calculate
(i) e.m.f of cell X

(ii) internal resistance of X
(iii) the balance length when both switches K; and K; are closed
(iv) the balance length when both K; and K; are open.
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Solution

RA _Rmd? _5xmx(0.5x1073)

(@) p= =9.81x107Qm
L 4L 4x1
(b) when K2 is open
RAB = SQ
Total resistance = (5 +3 + 1) =9Q
Total current 1=—<2 = 3_-14
total resstance 9 3
1 5
VAB—|RAB—§ x5 = EV
14 s 1
p.d.percmk=-28=—2_= —yem~1
L 100 60

(i) When K3 is closed

Total resistance =5+ 1 =6Q
Total current = 2= lA
6 2

. . 5
Resistance per centimeter =100

5
100

1

p.d. percm IR /¢ k = x % = ZVem™

40
(i) Ex=kl == x83.3=2.1V
40

~em.fofacell =21V

(i)  WhenKjis closed and K; is open L=67.5cm

From the formula, I = 1= £
R+T
=K S
R+T
R=10Q,E=2.1V
21210 _ 1 oo
10+ 60
= r=8.671

(iii) Balance length if both K; and K; are closed

Kl = IR = ==

R+T
1, 21x9
60 " 9+8.67
L=64.18cm
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Example 31

The figure below shows a slide wire AB of length 1m and resistance 0.04Qcm*

2Y,1Q
, I 5 5 10
_|C N K
2Q K2
— ¥

When K; and K; are open, galvanometer shows no deflection when AD = 90.0cm. When K; is open
and K; is closed, AD changes to 60.0cm. Find

(i) E.m.fcellC
(ii) Internal resistance of cell C
(iii) The value of Ad when K; and K; are closed

Solution
K1 is open
Ras = 0.04 x 100 = 4Q

Total resistance = (4 +1 + 1) = 6Q

e.m. 20 1
Total current | = __em/f _20_1 A
total resstance 6 3

1 4
VAB=|RAB=— x4=-V

3 3

1% 2 5 1

p.d.peremk=-2=-2_= " = —yem~?

L 100 300 75

(i) When Kj is closed, K; is open

Total resistance =4 + 1 =50
2
Total current = EA

VAB: |RAB:§ x4 = 1.6V

B _16 _ 1

v 2 _
p.d. percm k=42 = —Vcm
L 100 125

kL=Ey=% x90=1.5V

60 Sponsored by The Science Foundation College +256 753 80 27 09



~e.m.fofacell =1.5V

(iv) When K; is open and Kz closed L =60cm

E
From the formula, | =1=—
R+71

=2 o
R+r

R=2Q,E=1.5V

1.5x2 1
=—x 60

2+r 75
> r=1.

-~ internal resistance of a cell = 1.75Q

(v) Balance length if both K; and K; are closed

ER

kI=IR=—
R+T

;a_ _LSxZ

125 24175

L=50.0cm

Example 32

In the figure, AB is a uniform slide wire 1.2m long and having resistance 4Q. Y is a cell of e.m.f 1.5V and
having unknown internal resistance.

X
I+ 20
A J 3 7y |
Y, 1.5V

16 Q) Ki
l,Kz

When both K1 and K2 are open G shows no deflection when AJ = 90.0cm; when K1 is closed and K2
open, G shows no deflection when AJ = 88.3cm. When Both K1 and K2 are closed, G shows no deflection
when AJ = 87.3. Find

(i) The current flowing through the slide wire
(ii) The e.m.f of cell X
(iii) Internal resistance of Y

(iv) The value Q
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K1 is open
RAB = 4Q

Total resistance = (4 + 2) = 6Q

e.m. E. .
Total current | = —f = e (I)
total resstance 6

(i)  When K; and K2 are open, L= 90

At balance

EY=VAJ= IRAJ= 15V ............................................. (II)

Resistance per cm = = i!)cm‘1
1.2x100 30

RAJ=— x 90 = 30
30
From eqn. (ii)
Ix3=15
I =0.5A
(ii) From eqn.
Ex=IR=6 x0.5=3V

~e.m.fofcell X=3V

(iii) When Ki is closed, K2 is open, L = 88.3cm
At balance, IR = Va; = IRpj
From circuit formula

-_E
T R+
Then
ER 1
Rer o IRaj; but Ray = T x 88.3
15210 — 0.5x = x 88.3
16+7 30
r = 0.31
(iv) When K1 and K2 are closed, L= 87.3cm, let the effective resistance R

From circuit formula
E

T R+

Then

ER 1
Rer IRas; but Ray = 70 X 87.3
=05x — x 87.3
30

1.5x R,
R,+0.3
R, =9.70

But
11,1

— = =4 =
R, 16 Q

1 1 1

= —+
9.7 16 Q
Q=24.63Q
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Example 32

In the figure X is accumulator of e.m.f 3V and having negligible internal resistance. AB is a uniform slide
wire 1.2m long and having a resistance 4Q. Y is a cell of unknown e.m.f and internal resistance

Ki
"
X3V 20
———_T
A J B

Y

|
60 Ka
e
When K3, K; and K; are open the balance length, AJ = 90cm

When K3, K; are closed and Ks is open the balance length, AJ =43.9cm
When K3, K5 are closed and K; are open the balance length, AJ =58.1cm

Find
(i) The e.m.f of cell Y (ans. 1.5V)
(ii) Internal resistance of a cell Y (ans. 0.2Q)

(iii) Value Q (ans. 12Q)
(iv) Balancing length when K1, K2 and K3 are all closed (ans.38.71cm)

Comparison of e.m.f
The e.m.f of two cells can be compared using circuit below:

Driver cell Ks

|1 e
|r

s 1P -

MKz

P= protective resistor
Eo= standard cell
E = cell of unknown e.m.f

G center zero galvanometer
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Procedure

(a) The standard cell is first balanced against the slide wire. This is done as follows:
- Kiifclosed and Sis put in position 1 with K, open, the jockey is placed at different places along
the slide wire until the galvanometer indicates zero deflection.
- Anapproximate balance point is obtained, K; is closed to obtain the actual balance length Lo.
Eo=KLo woorereeeveceeee (i) (where k is the p.d per cm of the slide wire.
(b)S is placed in position 2 and the new balance length L is obtained

E L
Ey Lo
L
OrE=—xE,
LO

Experiment to determine internal resistance of a cell

Driver cell K;

| L
1T

E
e
K2

R

P = protective resistor

R=variable resistor

G = center zero galvanometer

E = dry cell whose internal resistance is required
J = jockey

Procedure

(a) The dry cellis first balanced against the slide wire as follows:
K1 is closed while K; and K3 are left open, the jockey is placed in different places on the slide wire
until the galvanometer shows no deflection. K3 in the closed and the actual balance length L, is
noted.
At balance
E=KLy coeereeeeeeece e (i) where k is the p.d per cm
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(b) The variable resistor is adjusted to a suitable value and the p.d across it is balanced against the
slide wire as follows
With K; and K2 closed, K3 open, an approximate balance length is obtained. K; is then closed and
actual balance length, L is obtained.

At balance
IR=KL oo (i) where 1 is current flowing through the resistor

The experiment is repeated for different values of R and corresponding lengths, L are recorded.

The results tabulated including values of% and %

A plot of % against % give a straight line with intercept = _71

Theory of the experiment

Divide (i) by (iii)

(R+1ME _ Lo
ER
R+7r _ LO
— =
r L
1+-==
R L

1_(L0)1 1
R \r/L r

A graph of% against %

1
R
slope =LT°

/ -
-1 L

Intercept =—-
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Example 33
Outline the principles of a slide potentiometer
Solution

A potentiometer consists of a uniform slide wire which can be any length (about 1m long) connected
with a driver cell which maintains a steady current through the wire. Since the wire is uniform, has a
constant resistance per cm, driver cell supplies a constant p.d per cm of the wire or uniform p.d so that
p.d across any length, L. of the wire is directly proportional to the length.

i,e.Vx LorV=kL

the unknown p.d is balanced against the slide wire by placing the jockey along the slide wire until the
galvanometer shows no deflection.

In order to balance, the unknown p.d must be connected in the opposition with the driver cell.
Example 34

With the aid of a circuit diagram, describe how you would determine the internal resistance of a dry cell
using a potentiometer.

Comparison of resistance using a potentiometer

The resistance can be compared using the circuit below

Driver cell P
TG R
AR 3 B

2

G = center zero galvanometer
P: and P, = rheostat
R; = standard resistor

R,= unknown resistor
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Procedure

With connections at a and b (shown by full lines,) the p.d across R1 is balanced against the slide wire.
The jockey is placed at different points along the slide wire until the galvanometer shows no deflection.
The balance length L; is noted.

At balance

Where k is the p.d per cm of the slide wire and | is the current flowing through the resistance.

The connection at a and b are now replaced by those at b and ¢ ( shown by dotted line). The p.d across
R. is now balanced against the slide wire. The balance length L,is noted

At balance

Divide eqn. (i) by eqgn. (ii)

R _ Ly
R, L
Example 35

In the figure X is an accumulator of e.m.f 2.5V and having negligible internal resistance. Y is a cell of
e.m.f 1.5V having internal resistance 1Q.

XIE.SV 20
it 1
A,(_J.]_—_%l B
5 Ri R2
b C
v
1.5V, 1Q

AB is a uniform wire 1m long and having a resistance of 40Q. With the connection at a and b a balance
length of 39.8cm was obtained. When the connection at a and b were replaced by those ataandc, a
balance length of 82.4cm was obtained. Find

(i) Current flowing through slide wire
(ii) The resistance R; and R,.
Solution

2,5V 4Q
|
|

I —

B
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Total resistance =4 + 2 = 6Q

Steady current flowing

emf __ _25_ 5,

"~ total resistance 12

4

Resistance per cm = Too = 0.040cm™?

5 4 1 _
p.dpercm,k=IR/cm=—x — = —Vcem™!
12 7 100 60

T e,

1.5V, 10
In

Total resistance=R;+ Ry + 1

1.5

Current flowing, | = ——— ..o (i)
Ri+ Rp+1

with connections ataand b
At balance
IRy =kLy; L1 =39.8cm
IRy == X 39.8 = 0.6633 .o (i)
With connections ataand ¢
IRy +Ry) = Kl == x 824 = 1.3733 ........... (il
From eqn. (i)
I(R1+ R2+ 1) = 1.5 et (iv)
Substituting eqn. (iii) into eqgn. (iv)
I(Ri+Ry) +1=1.5
1.3733+1+1.5
I =0.1267A

From eqn. (ii)

_ 1.6633

= =5.24Q
0.1267

R1

From eqn. (iii)

Ri+R, = % =10.840

R, =10.84-5.24 =5.60Q
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Possible problems of the experiment

If balance point cannot be obtained, then either the p.d. per cm is too small or too big. The
variable resistor P1 is adjusted until measurable balance length is obtained

Or

The p.d across the resistances may be too small or too big. The variable resistor P2 is adjusted
until balance point is restored. (The variable resistors P; and P, are adjusted until balance point
is obtained.

Note

P, adjust the current through the slide wire or current delivered by the driver cell and consequently this
changes p.d per cm of the slide wire and directly affects the balance point.

P, adjusts the current through the resistors and hence the p.d across them.

If the resistances to be compared are very small, then the balance length L1 and L2 will be very small. An
end error correction needs to be added for accurate results.

R L )
-1 = -1 pecomes inaccurate
Ry Ly

R Li+e
For accuracy, —= = *—

Rz L2+e

Note that

An end correction is the length of the slide wire which has the same resistance as the contact at the zero
end or extreme end of the wire.

How to obtain end correction

- The p.d across R1 is balanced against the slide wire using the circuit below

Driver cell P
5 S \
AR 3 B

2

- The balance length L1 is measured and recorded. Let e be end correction

At balance
IRI=K(L1 + €) coeeeee ettt (i)
- The p.d across R; is now balanced against the slide wire and its balance say L, is noted
At balance
IR2=K(L2 # €) coveeeeeeeeeece et (ii)
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- The p.d across both R; and R; is now balanced against the slide (with connection at a and c) and
the balance length Ls is noted.
[(R1+ R2) = K(Ls +€) wevrveeeeerecte e (iii)
The end correction of the wire is obtained from
(e=Ls-(Li—- L))

Theory

Add (i) and (ii)

[(R1+ Ry) =k(L1 + Ly + 2€) wevveveeceeerernee, (iv)
Egn. (iii) and (iv)

L+L+2e=Ls3+e

L+L+e=Ls

e =Ls-(L1— La)

Note that:

- If the e.m.f out of the dry cell is greater than that of the driver cell, the balance point will not be
obtained.

- Similarly, if the positive terminal of the driver cell is connected to the negative terminal of the
dry cell the balance point cannot be obtained since current flows in one direction.

Example 36

When resistors 4Q and 8Q are connected respectively in the LHG and RHG of meter bridge, balance
point is obtained at a point a distance 32.0cm from left hand of the bridge wire. When the resistors
are interchanged a balance point of 68.0cm from the left is obtained.

The resistance of the slide wire is uniform equal to 5Q. Calculate the end error.
Solution

If e; is the end error on the LHS and e; is the end error of RHS

From,
Ry _ Ry
L1 +e Lz +e
4 8

32+e;  68+e,

on interchanging the resistors,

4 8

68+e;  32+e,

solving simultaneous equation for eqn. (i)and (ii)
e = e =4cm
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.. 5 -
resisitance per cm = - = 0.052cm™1

resistance e; = e; = 4 x 0.05 = 0.202

Measurement of thermoelectric e.m.f

Thermoelectric e.m.fs are of order 107 volts or 10*volts. In the measurements of thermoelectric
e.m.f, the uniform slide wire is connected in series with very high variable resistance and the driver
cell so that the current flowing through the wire is very small and consequently the p.d across the
wire will be of the same order as the thermoelectric e.m.f to be measured.

The circuit is arranged as shown below:
Driver cell P«

G — Center zero galvanometer
P’ - protective resistor

Es- standard cell

P and Q variable resistors

S —Switch

E - Thermocouple

Procedure

- The variable resistor P and Q are first adjusted so that the current flowing through the slide wire
is very small and consequently the p.d. across AB is of the same order as thermoelectric e.m.f

- Sis putin position 1. With K open, the jockey is placed at different places of the slide wire until
the galvanometer shows no deflection. P and Q are adjusted until a measurable/reasonable
approximate balance length is obtained. K is then closed and actual balance length L; obtained

At balance
Es = VCJ = I(Q+ rLs) ............................................... (|)
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Where ris the resistance per cm of the slide wire

- The e.m.f of the thermocouple is now balanced against the slide when S is in position 2; the
balance length L is obtained.
At balance
RV T [ OO (ii)

meﬁH=Qﬁ% ...................................... (iii)

Put (iii) in (ii)
_ EsrL
- Q+rLg
Thus, the e.m.f of the thermocouple can be obtained fromEj, r, L, Q and Lg which are known.

Example 37

In the figure AB is a uniform slide wire 1m long and having a resistance of 5Q. X is a cell of unknown
e.m.f and having negligible internal resistance.

9980

When S is put in position 1, G shows no deflection when AJ = 60.0cm. When S is put in position 2 a
balance length of 40.0cmis obtained. Find

(i) The current flowing in the slide wire
(i) The e.m.f of cell X
(iii) The e.m.f of the thermocouple
Solution |X 9980
| |
997Q
C A B

Resistance AB =5Q
Total resistance =997 + 998 + 5 = 2000Q

Steady current flowing
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em.f E,

| = =B, (i)

" total resistance 2000

At balance
ES = VC] = |(997 + RA])= 1.5

resistance _ 5

— = 0.052cm™1

cm 100

L=60cm
RAJ =rL=0.05x60=3Q

(997 +3)=15

|=—-=15x107%A
Current flowing | = 1.5 x 103A
From (i) Ex = 20001 = 2000 x 1.5 x 10 = 3V
At balance e.m.f of thermocouple E = Va; = IR
Ray=rL=0.05x40 =2Q
E=1.5x10%x2=3.0mV
Example 38

In the figure AB is a uniform slide wire 1m long and having a resistance of 4Q. X is a cell of e.m.f 2.5V and
having negligible internal resistance.

|X|= 2.5V R
|

11990

When S is put in position 1, G shows no deflection when AJ = 25.0cm. When S is put in position2, the
balance length changes to 40cm. Find

(i) The current flowing
(ii) The resistance R
(iii) The e.m.f of thermocouple
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Solution

|2.|5V R
|

11990
|G

A

ve]

Resistance of AB = 4Q
Total resistance = (1199 + 4 + R)Q

Steady current flowing

em.f _ 2.5
total resistance  (1199+4+R) ~ 7T

At balance, Es = 1(1199 + Rn) = 1.5

4

Resistance /cm =— = 0.04cm™?
100

L=25cm

RAJ =rL=0.04x250Q=1Q

=2 - 1.25x10°A
1200

Current flowing = 1.25 x 103A

(i) From eqn. (i)

25
(1199+4+R)

R=797Q

(iii) At balance

E=VAJ=IRAJ
Ra=rL=0.04x40=1.6Q
E=1.24x10%x1.6=2mV

=1.25x 10°A
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Measurement of current

The current flowing through a resistor can be determined by measuring the potential difference which it
sets across a standard resistor. The circuit is arranged as shown below:

Driver cell P, «
| |
A A
A ! B
Es
[
S JZ :
1
Rs [ K
 —
| I
[ —LZ2
| |
P2
Procedure
(i) The slide wire is first calibrated so that p.d per cm is known. This is done as follows:
- With Sin position 1, and K open, the standard cell is balanced against the slide wire.
- The jockey is placed at different points along the slide wire until the galvanometer
shows no deflection. K is then closed and actual balance length, Ls is measured and
recorded.
At balance
Es = kLs where k is the p.d per cm
=5 (i)
=g e i
(ii) The p.d across a standard resistor is now balanced against the slide wire as follows

- With Sin position 2 and K open, the rheostats are adjusted the experiment repeated
until a measurable approximate balance length obtained, K is then closed, the actual
balance length say L is measured and recorded

At balance

[ e (ii)

Where [, is the actual current flowing in the resistors
[ = EsL

@ RLs

Thus, the current flowing in the resistors can be obtained from values of Es, Ls, Rs and L.
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Calibration of an ammeter

The circuit is arranged as shown below

Driver cell P, #
| |
A A
A ] B
Es
[
S 12 :
1
Rs K
 —
LI
@P
|—CZ
| |
P2

P1 and P, = rheostat

Rs = Standard resistor

G = Center zero galvanometer

Es — Standard cell

AB — Uniform slide wire

A — Ammeter to be calibrated
Procedure

- Thesslide wire is first calibrated so that its p.d per cm is known. This is done as follows: with S
put in position 1, and K open, the standard cell is balanced against the slide wire until the
galvanometer shows no deflection. K is then closed and the actual balance Ls is measured and
recorded.

At balance
S (i) where k is the p.d. per cm

- The p.d across a standard resistor is now balanced against the slide wire. This is done as follows:
with S put in position 2 and K open, the rheostats are adjusted until the ammeter indicates a
suitable reading | and an approximate balance length is obtained. K is then closed and the actual
balance length L is measured.

At balance
[aRs =KL ot (i) where 1, is the current flowing through the resistors.
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- The experiment is repeated for different ammeter readings | and corresponding balance length,
L are measured and recorded. The results are tabulated including values of I..

Table of results

I(A) L la

A graph of |, against | is plotted. This gives a calibration curve for the ammeter.

Calibration of a voltmeter
The circuit is arranged as shown below

Driver cell P, #
| |
| L
A ] B
Es
|
| D S lz :
D 1
Rs [ K
 —
L
—Z0
| |
P2

P1 and P, = rheostat

Rs = Standard resistor

G = Center zero galvanometer
Es — Standard cell

AB — Uniform slide wire

V — Voltmeter to be calibrated
J —sliding contact (jockey)

Procedure

The standard cell is first balanced against the slide wire. This is done as follows:-

With S placed in position 1 and K open, the jockey is tapped at different places of the slide wire
until the galvanometer shows no deflection. This is an approximate point.

K is closed and actual balance length Ls is measured.
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At balance
Es = Kls covrrnreieeeenen, (i) where k is the p.d per cm.

The p.d across the standard resistor is now balanced against the slide wire as follows
With S placed in position 2 and K open, the rheostat P; is first adjusted until the voltmeter

indicates suitable reading.

The experiment is repeated and an approximate balance length is obtained. K is closed and
actual balance length L is measured.

If Va is the actual p.d. across, then

At balance
Va =KL oo, (i) but k = ==
L
_ EgL
V, = T —— (iii)

- The experiment is repeated for different voltmeter readings and the corresponding balance
lengths, L are obtained.

- The results are tabulated including values of V..
Table of results

V(V) L(cm) v, = Bk

A graph of V against V is plotted. This gives a calibration curve for the voltmeter.

Advantage of potentiometer

- Atbalance it does not draw current from the circuit and hence the resistance of the connecting
wires are irrelevant in the calculations.

- Itis more accurate compared to a voltmeter since at balances and does not draw current.

- It can measure a wide range of voltages only limited by the e.m.f of driver cell
Disadvantages of a potentiometer

- It does not give direct readings

- ltrequires a skilled person to operate

- ltis bulky

Example 39

(a) Define current density and the ohm and state their units.

(b) (i) Sketch the current versus voltage characteristic for a gas discharge tube.
(ii) Explain the main features of the graph in (b)(i).

(c) The figure shows a cell of e.m.f, E and internal resistance, r, connected to a voltmeter, V and
variable resistance, R. explain how the value of V varies with R.
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(d) Infigure R1 and R2 are resistor of 10Q and 90Q) respectively. If the cells have negligible internal
resistances, find the value of X at which G shows no deflection

2V

1.2v
|
I

(e) Describe how the internal resistance of a cell can be measured using a slide wire potentiometer
Solution

(a) Current density is the amount of current flowing through a conductor having a cross sectional
area of 1m?.
Ohm is the resistance of a conductor that has a p.d of 1V across it when carrying a current of 1A.
(b) (i)

A
/A ¢

V/V

(ii) Along OA the p.dis low so the electrons and the positive ions have low velocities.
Consequently the current flowing is low. The current flowing is also proportional to the
applied p.d so ohms law is obeyed
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Along AB, all ions produced by the ionizing agent are collected by the electrode. So a
constant current called saturated current flows

Also in this region the different velocity is sufficient to prevent appreciable recombination of
positive ions and electrons.

Along BC the p.d is high enough to enable the electrons to have sufficient K.e for knocking
electrons out of the electrons they collide with. At higher p.d even the electrons produced by
collision acquire enough K.e to enable them to cause ionization when they collide with
neutral atoms. So there is uncontrollable growth of current and the gas is said to be broken
down

(c) AsRincreases, | decreases, since r is constant it implies that the quantity Ir decrease. But
because E is constant it follows that V = E — Ir will increase.

When R decreases, | increases, V decreases

(d) Suppose current flowing in driver circuit is |

2
| = (10+90) - 0.02A

p.d across R1 =1R; =0.02 x 10 = 0.2V

p.d across 10Q =0.2V

10
(x+10)

but also p.d across 10Q resistor = 0.2 = x 1.2; x=50Q

Thank you
Compiled by Dr. Bbosa Science + 256 778 633 682
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