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TOPIC 13 
Electric circuits

13.1 Overview
13.1.1 Module 4: Electricity and Magnetism
Electric circuits
Inquiry question: How do the processes of the transfer and the transformation of energy occur in electric 
circuits?

Students:
 • investigate the flow of electric current in metals and apply models to represent current, including: 

 –  I =  
q
t
  (ACSPH038)

 • investigate quantitatively the current–voltage relationships in ohmic and non-ohmic resistors to explore 
the usefulness and limitations of Ohm’s Law using:

 –  V =  
W
q

 –  R =  
V
I

  (ACSPH003, ACSPH041, ACSPH043)

 • investigate quantitatively and analyse the rate of conversion of electrical energy in components of elec-
tric circuits, including the production of heat and light, by applying P = VI and W = Pt and variations 
that involve Ohm’s Law (ACSPH042)

 • investigate qualitatively and quantitatively series and parallel circuits to relate the flow of current through 
the individual components, the potential differences across those components and the rate of energy con-
version by the components to the laws of conservation of charge and energy, by deriving the following 
relationships: (ACSPH038, ACSPH039, ACSPH044)

 –  ΣI = 0 (Kirchoff’s current law — conservation of charge)
 –  ΣV = 0 (Kirchoff’s voltage law — conservation of energy)
 –  Rseries = R1 + R2 + … + Rn

 –  1
Rparallel

=  
1
R1

+  
1
R2

+ … +  
1
Rn

 • investigate quantitatively the application of the law of conservation of energy to the heating effects of 
electric currents, including the application of P = VI and variations of this involving Ohm’s Law 
(ACSPH043).
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13.2 Electric currents
13.2.1 A simple electric circuit
Before studying electric currents in more detail, we will look at a simple example to recall earlier work you 
have done on this subject. Figure 13.2 shows a familiar situation involving an electric current.

Note the following:
 • For the globe to light up there must be a complete conducting path between 

the terminals of the battery. The switch must be closed.
 • The battery is necessary for a current to flow around the circuit. The ability 

of the battery to cause a current to flow is often referred to as its voltage.
 • The battery has two terminals, marked positive and negative.
 • The light globe resists the flow of the current. As a result of this resistance, 

the current causes the light globe to heat up to such an extent that it gives 
off light.

 • The wires connecting the light globe to the battery do not heat up.
As an aid in representing electric circuits in diagrams, the symbols shown in 

figure 13.3 are used. Therefore, the circuit shown in figure 13.2 can be repre-
sented more simply as shown in figure 13.4.

+ –

Connecting
wire

Resistor

Battery

Switch

FIGURE 13.3 Symbols 
for circuit components

FIGURE 13.2 A simple electric circuit

FIGURE 13.4 Circuit 
diagram for circuit 
shown in figure 13.2

FIGURE 13.1 Electricity is an integral part of modern life. How do the processes of the 
transfer and the transformation of energy occur in electric circuits?
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13.2.2 Defining 
current
Electric current is the move-
ment of charged particles 
from one place to another. The 
charged particles may be elec-
trons in a metal conductor or 
ions in a salt solution. Charged 
particles that move in a con-
ductor can also be referred to 
as ‘charge carriers’.

There are many examples 
of electric currents. Lightning 
strikes are large currents. 
Nerve impulses that control 
muscle movement are exam-
ples of small currents. Charge 
flows in household and auto-
motive electrical devices such 
as light globes and heaters. Both positive and negative charges flow in cells, in batteries and in the ionised 
gases of fluorescent lights. The solar wind is an enormous flow of protons, electrons and ions being blasted 
away from the Sun.

Not all moving charges constitute a current. There must be a net movement of charge in one direction for 
a current to exist. In a piece of metal conductor, electrons are constantly moving in random directions, but 
there is no net movement in one direction and no current. A stream of water represents a movement of mil-
lions of coulombs of charge as the protons and electrons of the water molecules move. There is no elec-
trical current in this case, because equal numbers of positive and negative charge are moving in the same 
direction.

For there to be a current in a circuit there must be a complete conducting 
pathway around the circuit and a device to make the charged particles move. 
When the switch in the circuit is open, the pathway is broken and the current stops 
almost immediately.

Electric current is a measure of the rate of flow of charge around a circuit. It 
can be expressed as:

I = Q
t

where I is the current and Q is the quantity of charge flowing past a point in the 
circuit in a time interval t.

The unit of current is the ampere (A). It is named in honour of the French 
physicist André-Marie Ampère (1775–1836).

The unit for charge is the coulomb (C), named after the French physicist 
Charles-Augustin de Coulomb (1736–1806).

One coulomb of charge is equal to the amount of charge carried by 6.24 × 1018 electrons. The charge 
carried by a single electron is equal to −1.602 × 10−19 C.

One ampere is the current in a conductor when 1 coulomb of charge passes a point in the conductor every second.
The charge possessed by an electron is the smallest free charge possible. All other charges are whole-

number multiples of this value. This so-called elementary charge is equal in magnitude to the charge of a 
proton. The charge of an electron is negative, whereas the charge of a proton is positive.

FIGURE 13.6 André-
Marie Ampère

(a) This is an electric current. A beam of electrons.

(b) This is an electric current. Movement of ions in a salt solution.

(c) This is not an electric current. Movement of a neutral body.
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FIGURE 13.5 Electric currents.
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In real circuits, currents of the order of 10−3 A are common. To describe 
these currents, the milliampere (mA) is used. One milliampere is equal to 
1 × 10−3 ampere.

To convert from amperes to milliamperes, multiply by 1000 or by 103. 
To convert from milliamperes to amperes, divide by 1000 or multiply  
by 10−3.

13.2 SAMPLE PROBLEM 3

Convert 450 mA to amperes.

SOLUTION:

450 mA
1000

= 0.450 A

So 450 mA is equal to 0.450 A.

13.2 SAMPLE PROBLEM 1

What is the current in a conductor if 10 coulombs of charge pass a point in 5.0  seconds?

SOLUTION:

Q = 10 C
 t = 5.0 s

 I = Q
t

= 10 C
5.0 s

= 2.0 C s−1

= 2.0 A

13.2 SAMPLE PROBLEM 2

How much charge passes through a load if a current of 3.0 A flows for 5  minutes and 20 seconds?

SOLUTION:

     I = Q
t

or Q = It
     I = 3.0 A
 t = 5 minutes and 20 seconds = 320 s
    Q = 3.0 A × 320 s

= 960 C
= 9.6 × 102 C

AS A MATTER OF FACT
Charges smaller than that carried by the electron are understood to exist, but they are not free to move as a 
current. Particles such as neutrons and protons are composed of quarks, with one-third of the charge of an 
electron, but these are never found alone.

When the current is 1 ampere,
6.25 x 1018 electrons pass through a
cross-section of the conductor in one
second.

–
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–
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FIGURE 13.7 Meaning of 
ampere in terms of electrons.

UNCORRECTED P
AGE P

ROOFS



TOPIC 13 Electric circuits 5

c13ElectricCircuits.indd Page 5 01/08/17  3:15 PM

13.2.3 The hydraulic model of current
Most circuits have metal conductors, which means that the charge car-
riers will be electrons.

Metal conductors can be considered to be a three-dimensional arrange-
ment of atoms which have one or more of their electrons loosely bound. 
These electrons are so loosely bound that they tend to drift easily among 
the atom. Metals are good conductors of both heat and electricity 
because of the ease with which these electrons are able to move, trans-
ferring energy as they go. Diagrammatically, the atoms are represented 
as positive ions (atoms that have lost an electron and have a net positive 
charge) in a ‘sea’ of free electrons. 

When the ends of a conductor are connected to a battery, the free electrons drift towards the positive 
terminal. The electrons are attracted by the positive terminal and indeed accelerate, but constantly bump 
into atoms, so on average they just drift along.

The flow of electrons through a metallic conductor can be modelled by the flow of water through a pipe.
Electrons cannot be destroyed, nor, in a closed circuit, can they build up at a point. Therefore, if electrons 

are forced into one end of a conductor, an equal number will be forced out the other end. This is rather like 
pouring a cupful of water into one end of a full pipe. It forces a cupful of water to come out the other end.

Note that when water is put in one end it is not the same water that comes out the other end, because the 
pipe was already full of water.

13.2.4 Charge movement through a metal
In a metal, some electrons become detached from their atoms and are able to 
move freely within the metal. These are called free electrons. The atoms that 
have lost electrons become positively charged ions. The positively charged 
atoms form a lattice through which the free electrons move freely. The free elec-
trons are the charge carriers that allow the metal to conduct an electric current.

The free electrons in a metal are in constant random motion. Each free 
electron makes frequent collisions with positive ions of the lattice. At each 
collision the electron changes direction. Although the average speed of free 
electrons between collisions is of the order of 106

 m s−1, there is no net 
movement of the electrons, so there is no electric current. The random move-
ment of a free electron through a metal lattice is shown in figure 13.10a.

If there is an electric field in a metal, the free electrons, being negatively 
charged, will experience a force in the opposite direction to the field. As a 
result of this force, there will be a net movement in the direction of the force 
superimposed on the random movement of the free electrons. This net movement is called electron drift 
and constitutes an electric current. Electron drift is illustrated in figure 13.10b. The drift velocity of an elec-
tron is of the order of 10−4 m s−1, much smaller than the average speed of its random motion.

FIGURE 13.8 The hydraulic 
model for current flow. One 
cupful of water in one end of 
the pipe means one cupful out 
the other end.

Metal atom that has lost one or
more electrons

Free electron
The free electrons are in
constant random motion. 
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FIGURE 13.9 Structure of 
a metal
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FIGURE 13.10 Motion of free electron (a) with no electric field (b) with 
an electric fieldUNCORRECTED P
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As the free electrons drift in the opposite direction to the field, they lose electric potential energy and gain 
kinetic energy. The free electrons continually collide with the positive ions in the metal lattice. In these col-
lisions, the kinetic energy gained by the electrons is transferred to the positive ions of the lattice, causing 
them to vibrate with greater energy. The energy of vibration of the atoms of a body is heat energy. Thus, 
when an electric current flows through a metal, electric potential energy is transformed into heat energy.

13.2.5 Describing current direction
By the time the battery was invented by Ales-
sandro Volta in 1800, it was accepted that elec-
tric current was the movement of positive charge. 
It was assumed that positive charges left the pos-
itive terminal of the battery and travelled through 
a conductor to the negative terminal. This is 
called conventional current.

In reality, the charge carriers in a metal con-
ductor are electrons moving from the negative 
terminal towards the positive terminal of the bat-
tery. The effect is essentially the same as positive charges moving in the opposite direction.

When dealing with the mechanisms for the movement of electrons, the term ‘electron current’ is used.
Direct current (DC) refers to circuits where the net flow of charge is in one direction only. The current 

provided by a battery is direct current, which usually flows at a steady rate.
Alternating current (AC) refers to circuits where the charge carriers move backwards and forwards 

periodically. The electricity obtained from household power points is alternating current.

13.2.6 Measuring electric current
Electric current is measured with a device called an ammeter. This must be 
placed directly in the circuit so that all the charges being measured pass through 
it. This is known as placing the ammeter in series with the circuit.

Ammeters are designed so that they do not significantly affect the size of the 
current by their presence. Their resistance to the flow of current must be 
negligible.

The circuit diagram symbol for an ammeter is shown at right.
Most school laboratories now use digital multimeters. These can measure voltage drop and resistance as 

well as current. Each quantity has a few settings to allow measurement of a large range of values. Labels on 
multimeters may vary, but those given below are most common.

The black or common socket, labelled ‘COM’, is connected to the part of the circuit that is closer to the 
black or negative terminal of the power supply. The red socket, labelled ‘VΩmA’, is used for measuring 
small currents and is connected to the part of the circuit that is closer to the red or positive terminal of the 

+
–

(b) Conventional current

+
–

(a) Electron current 

FIGURE 13.11 (a) Electron current direction.  
(b) Conventional current direction.

A

FIGURE 13.12 The 
circuit diagram symbol 
for an ammeter

FIGURE 13.13 A digital 
multimeter, which can 
measure current, voltage 
drop and resistance

13.2 SAMPLE PROBLEM 4

A current of 5.00 A passes through a wire for 6.00 s. Calculate the number of electrons passing 
through a cross-section of the wire in this time.

SOLUTION:

As the current is 5.00 A, a charge of 5.00 C will pass through a cross-section of the wire in 1 s. 
Therefore, in 6.00 s a charge of 6.00 × 5.00 C will pass through. 1 C of charge is equivalent to 
6.25 × 1018 electrons. If n is the number of electrons, then:

n = 6.00 × 5.00 × 6.25 × 1018

= 1.88 × 1020.
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power supply. The red socket, labelled ‘  10A MAX  ’ 
or similar, is used for measuring large currents, see 
warning below. The dial has a few settings, fi rst 
choose the setting for current, labelled ‘A’, with the 
largest value. If you want more accuracy in your 
measurement, turn the dial to a smaller setting. If the 
display shows just the digit ‘  1  ’, the current you are 
trying to measure exceeds the range of that setting 
and you need to go back to a higher setting.  

  WARNING: While for most quantities, multimeters 
are quite tolerant of values beyond a chosen setting, 
care must be taken when measuring current. 
Multimeters have a fuse that can blow if the current exceeds the rated value. For this reason, they have 
two red sockets. One socket is for exclusive use when measuring currents in the range   200 mA   to   10A  . 
This is labelled ‘  10A MAX  ’. (Some multimeters may be able to measure up to   20 A  .) The other red socket 
is for currents less than   200 mA   as well as the other quantities of voltage and resistance.  

 If you are using a needle type ammeter, the instructions above generally apply.      

  13.3  Supplying energy 
  13.3.1  Voltage 
 A power supply is a source of electric potential energy that enables electrons to move around a circuit. It 
separates positive and negative charges to produce a positively charged terminal and a negatively charged 
terminal. If a conductor joins the positive and negative terminals of a power supply, an electric fi eld is 
established through the conductor from the positive terminal to the negative terminal of the power supply. 
If the conductor is a metal, this fi eld will exert forces on the free electrons in the opposite direction to the 
fi eld, causing them to move towards the positive terminal. 

 13.2 Exercise 1  
1.   State the difference between conventional current and electron current.  
2.     (a)    Identify the charge carriers in a metal.  

(b)   Describe how charge carriers move in a conductor under the infl uence of a power supply.    
3.   True or False? ‘It is possible to have a charge of   6.0 × 10–19 C  .’  
4.   Convert   45 mA   to amperes.  
5.   What is the current passing through a conductor if   15   coulombs of charge pass a point in   3.0   seconds?  
6.   For how long must a current of   2.5   amperes fl ow to make   7.5   coulombs of charge pass a point in a circuit?  
7.   How long will it take an electron to travel from a car’s battery to a rear light globe if it has a drift velocity of 

  1.0 × 10–4 m s–1   and there is   2.5 m   of metal to pass through? (Electrons travel from the negative terminal of 
the battery through the car body towards the circuit elements.)  

8.   What is the current fl owing through a section of wire if   2.0 C   of charge passes through it in   5   seconds?  
9.   How many electrons move through a conductor every second if they produce a   3   A current?  

10.   How many electrons will move through the cross-section of a wire in an   8   second period of time if the wire 
has a current of   1 A  ?   

 As the free electrons drift in the opposite direction to the fi eld, they lose electric potential energy and gain 
kinetic energy. The free electrons continually collide with the positive ions in the metal lattice. In these col-
lisions, the kinetic energy gained by the electrons is transferred to the positive ions of the lattice, causing 
them to vibrate with greater energy. The energy of vibration of the atoms of a body is heat energy. Thus, 
when an electric current fl ows through a metal, electric potential energy is transformed into heat energy. 

  13.2.5  Describing current direction 
   By the time the battery was invented by Ales-
sandro Volta in 1800, it was accepted that elec-
tric current was the movement of positive charge. 
It was assumed that positive charges left the pos-
itive terminal of the battery and travelled through 
a conductor to the negative terminal. This is 
called  conventional current.  

 In reality, the charge carriers in a metal con-
ductor are electrons moving from the negative 
terminal towards the positive terminal of the bat-
tery. The effect is essentially the same as positive charges moving in the opposite direction. 

 When dealing with the mechanisms for the movement of electrons, the term ‘ electron current ’ is used. 
  Direct current  (DC) refers to circuits where the net fl ow of charge is in one direction only. The current 

provided by a battery is direct current, which usually fl ows at a steady rate. 
  Alternating current  (AC) refers to circuits where the charge carriers move backwards and forwards 

periodically. The electricity obtained from household power points is alternating current.  

       13.2.6  Measuring electric current 
 Electric current is measured with a device called an  ammeter . This must be 
placed directly in the circuit so that all the charges being measured pass through 
it. This is known as placing the ammeter in series with the circuit. 

 Ammeters are designed so that they do not signifi cantly affect the size of the 
current by their presence. Their resistance to the fl ow of current must be 
negligible. 

 The circuit diagram symbol for an ammeter is shown at right.  
 Most school laboratories now use digital multimeters. These can measure voltage drop and resistance as 

well as current. Each quantity has a few settings to allow measurement of a large range of values. Labels on 
multimeters may vary, but those given below are most common. 

 The black or common socket, labelled ‘COM’, is connected to the part of the circuit that is closer to the 
black or negative terminal of the power supply. The red socket, labelled ‘  VΩmA  ’, is used for measuring 
small currents and is connected to the part of the circuit that is closer to the red or positive terminal of the 

+
–

(b) Conventional current

+
–

(a) Electron current 

  FIGURE 13.11  (a) Electron current direction. 
(b) Conventional current direction.  

A

  FIGURE 13.12  The 
circuit diagram symbol 
for an ammeter  

  FIGURE 13.13  A digital 
multimeter, which can 
measure current, voltage 
drop and resistance  

 Watch this eLesson: The hydraulic model of current
Searchlight ID: eles-0029

 Try out this interactivity: The hydraulic model of current
Searchlight ID: int-0053

 RESOURCES

  FIGURE 13.14  A 
needle-defl ection 
ammeter.  
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Most power supplies convert another form of energy into electric potential energy. 
For example, a battery uses a chemical reaction to separate electrons, leaving one 
terminal short of electrons and, therefore, with an excess of positive charge. The 
other battery terminal has an excess of electrons and so is the negative terminal.

In the school laboratory, the power supply is usually a power pack that con-
verts electric potential energy from the mains supply into a form of electric 
potential energy that is more suitable for school use.

The potential difference V across a power supply is a measure of the number of 
joules of electric potential energy given to each coulomb of charge that passes through 
it. This potential difference is often referred to as the voltage across the power supply.

For example, a 5-volt battery gives 5 joules of electric potential energy to 
each coulomb of charge that passes through the battery. If electric potential 
energy, W, is given to a charge, q, that passes through the power supply, then the 
potential difference, V , across the power supply is given by the formula:

V =  
W
q

13.3.2 The conventional point of view
Looking from the perspective of conventional current, that is, positive charge 
carriers, the current would go in the opposite direction. In the circuit that follows, 
positive charges at A, the positive terminal, would leave with energy and arrive at 
F with no energy. The graph below shows the energy held by one coulomb of 
charge, that is, the voltage, as the charge moves around the circuit from A to F.

At the positive terminal, A, the coulomb of charge has 9 joules of energy; its 
voltage is 9 V. The wire, AB, from the battery to the globe is a good conductor, so 
no energy is lost and the voltage is still at 9 V. In the globe, as the current goes 
from B to C, the coulomb of charge loses 3 joules of energy and now has a voltage 

+ –

I

FIGURE 13.16 The 
circuit symbol for a 
battery showing 
direction of 
conventional current

current
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FIGURE 13.17

FIGURE 13.15 A 
power pack is used in 
school laboratories to 
supply electrical 
potential energy to a 
circuit.

13.3 SAMPLE PROBLEM 1

Calculate the amount of electric potential energy given to 2.00 coulomb of charge that passes through 
a 1.50 × 102 V power supply.

SOLUTION:

              V = W
q

1.50 × 102 = W
2.00

             W = 3.00 × 102  J
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of 6 V at C. The conducting wire from C to D has no effect, so the coulomb of charge arrives at the motor,  
DE, with 6 joules of energy. This energy is used up in the motor so that at E the voltage is 0 V. The charge 
then moves on to F, the negative terminal, where the battery re-energises the charge to go around again.

Voltage is also called the electric potential. Using the hydraulic model, at A the charge is like water in a 
high dam that has gravitational potential energy that can be released when the dam opens. The charge at A has 
an electric potential of 9 V or 9 joules for every coulomb, which can be released when a switch is closed.

13.3.3 Measuring potential difference or voltage drop
The potential difference or voltage drop between any two points in a circuit can 
be measured with a voltmeter. The voltmeter must be connected across a part of 
the circuit. If the voltmeter was connected to points A and B in the circuit above, 
it would display zero, as there is no difference in the potential or voltage between 
those two points. If instead it was connected across the globe at BC, it would 
show a voltage drop of 3 V (9 − 6 = 3 V). This means that in the globe 
3 joules of electrical energy are lost by each coulomb of charge and 
transformed by the globe into light and heat.

Voltmeters are designed so that they do not significantly affect the size 
of the current passing through the circuit element. For this reason, the 
resistance of the voltmeter must be much higher than the resistance of the 
circuit elements involved. Resistance will be discussed later in this chapter. 
The circuit diagram symbol for a voltmeter is shown at right.

As discussed in section 13.2.6, most school laboratories now use dig-
ital multimeters, which can generally measure both AC and DC volt-
ages. To measure DC voltages, use one of the settings near the ‘V’ with 
a bar beside it.

The black or common socket, labelled ‘COM’, is connected to the part of the circuit that is closer to the 
black or negative terminal of the power supply. The red socket, labelled ‘VΩmA’, is used for measuring 
voltages and is connected to the part of the circuit closer to the red or positive terminal of the power supply. 
The other red socket, labelled ‘10A MAX’ is only for large currents. The dial has a range of settings; when 
first connecting the multimeter, choose the setting with the largest value. If you want more accuracy in your 
measurement, turn the dial to a smaller setting. If the display shows just the digit ‘1’, the voltage you are 
trying to measure exceeds the range of that setting and you need to go back to a higher setting.

13.3.4 Energy transformed by a circuit
Charges experience a potential difference as they go from the negative terminal of a power supply to its 
positive terminal; this potential difference is equal in magnitude to the potential difference across the power 
supply. A charge travelling from the negative to positive terminal of a 12-volt power supply goes from 
having an electrical potential of 0 volts up to an electrical potential of 12 volts. With this increase in elec-
trical potential comes an increase in each charge’s electrical potential energy. This increase in energy is the 
result of work being done by the power supply on the charge. As a result, we have until now used W (the 
symbol for work) to represent the increase in electrical potential energy that a charge q experiences when it 
moves through a potential difference V:

that is, W = V q.
When the charges travel from the positive terminal of a power supply through an electric circuit and then 

back to the negative terminal, the charges experience a drop in electrical potential. This is because the elec-
trical potential energy carried by the charges decreases at every point in the circuit where some of their 
electrical energy is converted into some other form of energy. For example, when electric charges travel 
through a light globe, some of the electric potential energy of the charges is converted into heat energy, 
causing the bulb filament to glow. With the decrease in each charge’s electrical energy from one side of the 

+

−

+

−

circuit
element V

FIGURE 13.19 Connecting a 
voltmeter into a circuit

V

FIGURE 13.18 The 
circuit diagram symbol 
for a voltmeter
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globe to the other, there is a corresponding drop in each charge’s electric potential. A circuit component 
over which such a potential drop occurs is called a load.

Since the potential difference is a measure of the loss in electrical potential energy by each coulomb of 
charge, the amount of energy (W) transformed by a charge (Q) passing through a load can be expressed as:

        W = Vq

since V = W
q

where V  is the potential difference across the load.
The amount of charge passing through a load in a time interval t can be expressed as:
           q = It
Thus, W = V/t

where I is the current.

13.3.5 Power delivered by a circuit
In practice, it is the rate at which energy is transformed in an electrical load that determines its effect. The 
brightness of an incandescent light globe is determined by the rate at which electrical potential energy is 
transformed into the internal energy of the filament.

Power is the rate of doing work, or the rate at which energy is transformed from one form to another. 
Power is equal to the amount of energy transformed per second, or the amount of energy transformed 
divided by the time it took to do it. Power can therefore be expressed as:

P =  
W
t

where P is the power delivered when an amount of energy is transformed (i.e. an amount of work W is 
done) in a time interval t.

The SI unit of power is the watt (W).
1 watt = 1 joule per second = 1 J s–1

Since W = VIt and P =  
W
t

then P =  
VIt
t

or P = VI
And since V =  

W
q

 and q = It,

therefore, V =  
W
It

or W = VIt
This is a particularly useful formula because the potential difference V  and electric current I can be 

easily measured in a circuit.

13.3 SAMPLE PROBLEM 2

What is the potential difference across a heater element if 3.6 × 104 J of heat energy are produced 
when a current of 5.0 A flows for 30 s?

SOLUTION:

As W = V/t, 

      V = W
It

= 3.6 × 104 J
5.0 A × 30 s

= 240 V

13.3 SAMPLE PROBLEM 3

What is the power rating of an electric heater if a current of 5.0 A flows through it when there is a 
voltage drop of 240 V across the heating element?

SOLUTION:

or 1.2 kW

 

  I = 5.0 A
 V = 240 V
 P = VI
   = 240 V × 5.0 A
   = 1200 W
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13.3.6 Transposing formulae
If you have trouble transposing formulae to solve a question, you could use the triangle below left.

Cover the pronumeral you want to be the subject, for example I. What is visible in the triangle shows 
what that pronumeral equals. In this example,

I = P
V

.

This method can also be used for any formula of the form x = yz. For example, q = It and W = vq.

×q V

w

×I t

q

FIGURE 13.21 Variants of the power 
formula triangle

13.3 SAMPLE PROBLEM 4

How much energy is supplied by a mobile phone battery rated at 3.7 V and 1200 mAh? ‘mAh’ stands 
for milliamp hours, which means that the battery would last for one hour supplying a current of 
1200 mA or two hours at 600 mA.

SOLUTION:

V = 3.7 V
 I = 1200 mA = 12 A, 
 t = 60 × 60 = 3600 s.
The energy produced is given by E = VIt, so
E = 3.7 × 1.2 × 3600

= 16 KJ

×V I

P

FIGURE 13.20  
Power formula 
triangle

globe to the other, there is a corresponding drop in each charge’s electric potential. A circuit component 
over which such a potential drop occurs is called a load.

Since the potential difference is a measure of the loss in electrical potential energy by each coulomb of 
charge, the amount of energy (W) transformed by a charge (Q) passing through a load can be expressed as:

        W = Vq

since V = W
q

where V  is the potential difference across the load.
The amount of charge passing through a load in a time interval t can be expressed as:
           q = It
Thus, W = V/t

where I is the current.

13.3.5 Power delivered by a circuit
In practice, it is the rate at which energy is transformed in an electrical load that determines its effect. The 
brightness of an incandescent light globe is determined by the rate at which electrical potential energy is 
transformed into the internal energy of the filament.

Power is the rate of doing work, or the rate at which energy is transformed from one form to another. 
Power is equal to the amount of energy transformed per second, or the amount of energy transformed 
divided by the time it took to do it. Power can therefore be expressed as:

P =  
W
t

where P is the power delivered when an amount of energy is transformed (i.e. an amount of work W is 
done) in a time interval t.

The SI unit of power is the watt (W).
1 watt = 1 joule per second = 1 J s–1

Since W = VIt and P =  
W
t

then P =  
VIt
t

or P = VI
And since V =  

W
q

 and q = It,

therefore, V =  
W
It

or W = VIt
This is a particularly useful formula because the potential difference V  and electric current I can be 

easily measured in a circuit.

13.3 SAMPLE PROBLEM 2

What is the potential difference across a heater element if 3.6 × 104 J of heat energy are produced 
when a current of 5.0 A flows for 30 s?

SOLUTION:

As W = V/t, 

      V = W
It

= 3.6 × 104 J
5.0 A × 30 s

= 240 V

13.3 SAMPLE PROBLEM 3

What is the power rating of an electric heater if a current of 5.0 A flows through it when there is a 
voltage drop of 240 V across the heating element?

SOLUTION:

or 1.2 kW

 

  I = 5.0 A
 V = 240 V
 P = VI
   = 240 V × 5.0 A
   = 1200 W

  

WORKING SCIENTIFICALLY 13.1
The power packs used in most school labs have a knob that is turned to change the size of the voltage sup-
plied. While the positions are marked 2V,  4V, etc., do you think this actually indicates the potential difference 
supplied to the circuit? Investigate whether the percentage difference between the marked voltage value and 
the voltage supplied to the circuit varies between packs and if it changes depending upon the resistances in the 
circuit that it is supplying.
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13.4 Resistance
13.4.1 Defining Resistance
The resistance, R, of a substance is defined as the ratio of the 
voltage drop, V , across it to the current, I, flowing through it.

R = V
I

The resistance of a device is a measure of how difficult it 
is for a current to pass through it. The higher the value of 
resistance, the harder it is for the current to pass through the 
device.

The SI unit of resistance is the ohm (symbol Ω). It is the 
resistance of a conductor in which a current of one ampere 
results from the application of a constant voltage drop of one 
volt across its ends.

1 Ω = 1VA−1

The ohm is named in honour of Georg Simon Ohm 
(1787–1854), a German phyiscist who investigated the effects 
of different materials in electric circuits.

 FIGURE 13.22 Georg Simon Ohm

13.3 Exercise 1
1. If electrons are the carriers of charge around an electric circuit, why is current taken to travel from the 

positive terminal to the negative terminal of a power supply?
2. A mobile phone battery has a voltage of 3.7 V. During its lifetime, 4000 coulombs of charge leave the 

battery. How much energy did the battery originally hold?
3. What is the potential difference across a light globe if 1.44 × 103 J of heat is produced when a current of 

2.0 A flows for 1.0 minute?
4. How much energy does a 1.5 V battery give to 0.5 coulombs of charge?
5. The charge on an electron is 1.6 × 10–19 coulombs. How much energy does each electron have as it leaves 

a 1.5 V battery?
6. How much electrical potential energy will 5.7 µC of charge transfer if it passes through a voltage drop of 6.0 V?
7. A 6.0 V source supplies 3.6 × 10–4 J of energy to a quantity of charge. Determine the quantity of charge in 

coulombs and microcoulombs.
8.  Copy and complete the following table

Potential difference Energy Charge

? V 32 J 9.6 C

? V     4.0 J 670 mC

9.0 V    ? J 3.5 C

12 V    ? J 85 mC

4.5 V 12 J ? C

240 V        7.5 kJ ? C

9. What is the energy loss when a current of 5 mA flows for 10 minutes through a conductor across which the 
potential difference is 2000 V?

10. An electron-Volt (eV) is a unit of energy representing the work done in moving an electron through a 
potential difference of 1 volt. Approximately how many joules is equal to one electron-Volt?
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13.4.2 Factors that determine resistance
The resistance of a conductor is a result of collisions between the free electrons and the lattice of positive 
ions. The greater the number of collisions, the greater the resistance. The resistance of a particular con-
ductor is determined by four factors:
 • length
 • material
 • area of cross-section
 • temperature.

Resistance and length
Consider free electrons drifting through a metal 
wire. The longer the wire, the greater the chance 
of a collision between a free electron and an ion 
in the lattice. Therefore, the longer the wire, the 
greater its resistance. If two conductors differ 
only in length, the longer conductor will have 
the greater resistance. The resistance, R, is pro-
portional to the length, I : RμI.

If two conductors, differing only in length, have lengths l1 and l2 and resistances R1 and R2, then: 
R1

R2
= l1

l2
. 

If the length of a conductor is doubled, keeping all the other factors the same, the resistance will be doubled. 
This is illustrated in figure 13.23.

A useful comparison is with the flow of water through a pipe. It is more difficult for water to flow 
through a long pipe, than to flow through a short pipe.

Resistance and area of cross-section
Consider free electrons drifting through a metal wire. The smaller the area of cross-section of the wire, the 
greater the chance of a collision of a free electron with an ion in the lattice. Therefore, the smaller the area 

R2 will have greater resistance than R1.

R1

3 cm

R2

6 cm

FIGURE 13.23 Dependence of resistance on length

13.4 SAMPLE PROBLEM 1

A 2.0 cm length of wire has a resistance of 1.6 Ω . What would be the resistance of 1.0 × 102 cm of the 
wire?

SOLUTION:

The resistance of 1.0 cm of the wire is 1.6 Ω
2.0 cm

.

Therefore, the resistance, R, of 1.0 × 102 cm of the wire will be: (
1.6
2.0) × (1.0 × 102) Ω .

Therefore, R = 8.0 × 101 Ω .

PHYSICS IN FOCUS

The lie detector
The lie detector, or polygraph, is a meter which measures the resistance of skin. The resistance of skin is greatly 
reduced by the presence of moisture. When people are under stress, as they may be when telling lies, they 
sweat more. The subsequent change in resistance is detected by the polygraph and is regarded as an indication 
that the person may be telling a lie.
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of cross-section of the wire, the greater its 
resistance. (Note that doubling the area of 
cross-section is not the same as doubling the 
diameter of a wire. If the diamter is multiplied 
by two, the area of cross-section is multiplied by 
four.)

If two conductors differ only in area of 
cross-section, the conductor with the greater area 
of cross-section will have the lesser resistance. 

The resistance, R, of a wire is inversely proportional to the area of cross-section, A : R ∝  
1
A

.

If two conductors, differing only in area of cross-section, have areas of cross-section A1 and A2 and 

resistances R1 and R2, then: 
R1

R2
= A2

A1
.

If the area of cross-section of a conductor is doubled, keeping all the other factors the same, the resist-
ance will be halved. This is illustrated in figure 13.24.

The flow of water comparison applies here also. It is more difficult for water to flow through a narrow 
pipe than to flow through a wide pipe.

Resistance and material
When a free electron is drifting through a wire, the chance of a collision with an ion in the lattice depends, 
in a complex way, on what metal the wire is made of. The size of the postive ions, the shape of the lattice 
and the distance between the ions will all have an effect on how many collisions are made between ions and 
electrons. These factors are reflected in the conductor’s resistivity (ρ) measured in ohm metres (Ω  m). 
Resistance is directly proportional to the resistivity:

R ∝  ρ
The larger the resistivity, the greater the resistance of the material. Two conductors made of dif-

ferent materials but having the same length, area of cross-section and temperature will have different 
resistivities and, so, will have differing resistances. Table 13.1 shows the resistivities of some common 
materials at 20 °C.

13.4 SAMPLE PROBLEM 2

Two pieces of resistance wire, X and Y, have the same length. Wire X has a cross-sectional area of 
1.00 mm2, and a resistance of 5.00 Ω . Wire Y has a cross-sectional area of 4.00 mm2. What will be the 
resistance of wire Y?

SOLUTION:

Area of cross-section of X
Area of cross-section of Y

= 1.00
4.00

.

Therefore: Resistance of X
Resistance of Y

= 4.00
1.00

.

Therefore: 5.00
Resistance of Y

= 4.00
1.00

.

Therefore: Resistance of Y = 5.00 × 1.00
4.00

= 1.25 Ω .

R1 will have greater resistance than R2.

R1

0.8 cm2

R2

1.6 cm2

FIGURE 13.24 Dependence of resistance on area of 
cross-section

UNCORRECTED P
AGE P

ROOFS

diacriTech
Highlight

diacriTech
Highlight



TOPIC 13 Electric circuits 15

c13ElectricCircuits.indd Page 15 01/08/17  3:15 PM

TABLE 13.1 Comparative resistivities of materials

Material Resistivity (Ω  m) Material Resistivity (Ω  m)

Silver 1.5 × 10–8 Tungsten 5.5 × 10–8

Copper 1.7 × 10–8 Carbon 3.5 × 10–5

Aluminium 2.6 × 10–8 Rubber approx. 1013–1016

Iron 12 × 10–8 Glass approx. 1010–1014

Nichrome 1 × 10–6 Wood (maple) 4 × 1011

The resistivity of a material influences its use. When a conductor with negligible resistance is required, 
copper is commonly used. When a conductor is required to have some resistance, for example, in a heating 
coil, a material such as nichrome is used. Materials such as glass and rubber are used to make insulators. 
For household circuits, copper wiring is used. Aluminium and steel (iron) are usually used for transmission 
lines as copper is too expensive and is not mechanically strong enough.

Resistance and temperature
When the temperature of a conductor is increased, the ions in the lattice vibrate with greater amplitude. 
This increases the chance of a collision between a free electron and an ion in the lattice. Therefore, 
increasing the temperature of a conductor increases its resistance.

As an example, consider a conductor made of copper with a resistance of 1.000 × 10−3 Ω  at 0° C. If its 
temperature is raised to 100°C, its resistance will be 1.393 × 10−3 Ω .

If the material experiences very little change in its temperature, as is assumed for the majority of the 
circuits we will consider, then the combined effects of length L, cross-sectional area A and resistivity ρ on 
the overall resistance R of a conductor can be related by the formula:

R = ρL
A

where A is in m2, L is in m and ρ is in Ω  m.

13.4 SAMPLE PROBLEM 3

Calculate the resistance of a copper wire that is 40 cm long and has a diameter of 2 mm.

SOLUTION:

Given: D = 2 mm = 2 × 10–3 m; L = 40 cm = 0.40 m; ρ = 1.7 × 10–8 (from table 13.1)
To find: R
First, we will need to calculate the cross-sectional area of the wire:
A = π r2

= π (
D
2 )

2

= π × (1 × 10−3)2

= 3.1 × 10−6 m2

Now, we can substitute in values to find R:

R = ρL

A

= (1.7 × 10−8) × 0.40

3.1 × 10−6

= 2.2 × 10−3 Ω
So, the wire has a fairly small value of resistance, 2.2 mΩ.
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13.4.3 Resistors
In many electrical devices, resistors are used to control the current 
flowing through, and the voltage drop across, parts of the circuits. Resis-
tors have constant resistances ranging from less than one ohm to millions 
of ohms. There are three main types of resistors. ‘Composition’ resistors 
are usually made of the semiconductor carbon. The wire wound resistor 
consists of a coil of fine wire made of a resistance alloy such as nichrome. 
The third type is the metal film resistor, which consists of a glass or pot-
tery tube coated with a thin film of metal. A laser trims the resistor to its 
correct value.

Some large resistors have their resistance printed on them. Others have a colour code to indi-
cate their resistance, as shown in the table and figure below. The resistor has four coloured bands 
on it. The first two bands represent the first two digits in the value of resistance. The next band 
represents the power of ten by which the two digits are multiplied. The fourth band is the manu-
facturing tolerance.

argon and nitrogen 
(at low pressure)

glass bulb

fuse

electrical contacts

tungsten
�lament

FIGURE 13.25 A 240-volt, 
60-watt globe

(a) (b)

FIGURE 13.26 Examples of (a) carbon resistors and  
(b) a coiled wire resistor

WORKING SCIENTIFICALLY 13.2
Investigate the resistance of a light globe at different temperatures. Does the degree of non-ohmic behaviour 
depend upon the wattage of the bulb?

wire conductor

laser-cut grooves
(to adjust resistance) glass or pottery tube

capmetal � lmcoloured bands

FIGURE 13.27 Example of a metal film resistor

conductortolerance

power of
ten multiplier

�rst digit

second digit

FIGURE 13.28 A resistor, showing 
the coloured brands
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TABLE 13.2 The resistor colour code

Colour Digit Multiplier Tolerance
Black 0 100 or 1
Brown 1 101

Red 2 102 ±2%

Orange 3 103

Yellow 4 104

Green 5 105

Blue 6 106

Violet 7 107

Grey 8 108

White 9 109

Gold 10−1 ±5%

Silver 10−2 ±10%

No colour ±20%

13.4.4 Ohm’s Law
Georg Ohm established experimentally that the current I in a metal 
wire is proportional to the voltage drop V  applied to its ends.

I ∝ V
When he plotted his results on a graph of V  versus I, he obtained 

a straight line.
The equation of the line is known as Ohm’s Law and can be 

written:
V = IR

where R is numerically equal to the constant gradient of the line. This 
is known as the resistance of the metal conductor to the flow of 
current through it. Remember that the SI unit of resistance is the ohm.

If you have trouble transposing equations, you can use the triangle 
method for Ohm’s Law: simply cover the quantity you wish to calculate, 
and the triangle indicates what to do.

For example, if you are given the voltage drop and the current and you 

wish to find the resistance, cover R, and the triangle shows that R = V
I

.

V

I0

metal A

metal B

FIGURE 13.29 Graphs of V versus 
I for two different metal wires

×I R

V

FIGURE 13.30 Triangle for 
Ohm’s Law

13.4 SAMPLE PROBLEM 4

What is the resistance of the following resistors if their coloured bands are:
(a) red, violet, orange and gold
(b) brown, black, red and silver?

SOLUTION:

(a) Red = 2, violet = 7, so the first two digits are 27.
 The third band is orange, which means multiply the first two digits by 103. So the resistance is 
27 000 Ω , or 27 k Ω .

The fourth band is gold, which means there is a tolerance of 5%. This means that the true 
value is 27 000 Ω ± 1350 Ω  (5% of 27 000 Ω ).

(b) Brown and black give 10. Red means multiply by 102, so the resistance is 1.0 × 103 Ω , and the 
tolerance is 10%.
 When holding a resistor to read its value, keep the gold or silver band on the right and read the 
colours from the left.
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13.4.5 Ohmic and non-ohmic devices
An ohmic device is one for which, under constant physical conditions such as temperature, the resistance 
is constant for all currents that pass through it.

A non-ohmic device is one for which the resistance is different for different currents passing through it.
The graph in figure 13.29 has voltage on the y-axis and current on the x-axis. The graph is drawn this 

way so that the gradient of lines for the metals A and B gave the resistance of each. However, the size of 
the current in a circuit depends on the magnitude of the voltage; that is, the voltage is the independent var-
iable and the current is the dependent variable. The accepted convention graphs the independent variable on 

the x-axis and the dependent variable on the y-axis. So in figure 13.31a below the gradient equals 1
R

.

Non-ohmic devices
Many non-ohmic devices are made from elements that are semiconductors. 
They are not insulators as they conduct electricity, but not as well as metals. 
Common semiconductor elements are silicon and germanium, which are in 
Group 14 of the periodic table. Many new semiconductor devices are compounds 
of Group 13 and Group 15 elements such as gallium arsenide.

The conducting properties of silicon and germanium can be substantially changed by adding a very small 
quantity of either a Group 13 element or a Group 15 element. This is called doping and affects the move-
ment of electrons in the material.

V0

I

I

(a) (b)

I = (   ) V1
–
R

FIGURE 13.31 The I versus V graphs for (a) an ohmic resistor and (b) a diode, 
which is a non-ohmic device

FIGURE 13.32 Circuit 
symbol for a diode

13.4 SAMPLE PROBLEM 5

A transistor radio uses a 6 V battery and draws a current of 300 mA. What is the resistance of the radio?

SOLUTION:

From Ohm’s Law: R = V
I

so R = 6 V
0.3 A

 (since 300 mA = 0.3 A)

= 20 Ω .
Remember, the voltage drop must be expressed in volts and current must be expressed in amperes.

Note that the equation used for defining resistance is R = V
I

. This is not Ohm’s Law unless R is 

constant. The V  versus I graph is not a straight line for a metallic conductor unless the temperature 
is constant.
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A diode is formed by joining two differently doped mate-
rials together. A diode allows current to flow through it in 
only one direction. This effect can be seen in the current–
voltage graph for a diode in figure 13.31b, where a small 
positive voltage produces a current, while a large negative 
or reverse voltage produces negligible current. 

Light-emitting diodes (LEDs) are diodes that give off 
light when they conduct. They are usually made from gal-
lium arsenide. Gallium nitride is used in blue LEDs.

Thermistors are made from a mixture of semiconductors 
so they can conduct electricity in both directions. They 
differ from metal conductors, whose resistance increases 
with temperature, as in thermistors an increase in tempera-
ture increases the number of electrons available to move 
and the resistance decreases.

Light-dependent resistors (LDRs) are like thermistors, except they respond to light. The resistance of 
an LDR decreases as the intensity of light shining on it increases. The axes in figure 13.34b for an LDR 
have different scales to the other graphs. As you move from the origin, each number is 10 times the pre-
vious one. This enables more data to fit in a small space.

13.4.6 Heating effects of currents
Whenever a current passes through a conductor, thermal energy is produced. This is due to the fact that the 
mobile charged particles, for example electrons, make repeated collisions with the atoms of the conductor, 
causing them to vibrate more and producing an increase in the temperature of the material.

This temperature increase is not related to the direction of the current. A current in a conductor always 
generates thermal energy, regardless of which direction the current flows. Examples of devices that make 
use of this energy include radiators, electric kettles, toasters, stoves, incandescent lamps and fuses.

10 000
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100 1000
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R
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(a)

FIGURE 13.34 (a) Circuit symbols for an LDR; (b) resistance-versus-light intensity 
graph for an LDR

WORKING SCIENTIFICALLY 13.3
When the transformers/rectifiers for charging mobile phones are connected to the power point, they will often 
heat up. Investigate the relationship between the period of time the transformer/rectifier is plugged into the 
power point and the temperature of the casing when (a) the phone is connected and charging, (b) the phone is 
connected and already fully charged and (c) no phone is connected.

Temperature (°C)

R
es

is
ta

nc
e 

(k
Ω

) 2

1

20

(b)

40 600

(a)

FIGURE 13.33 (a) Circuit symbol for a 
thermistor; (b) resistance-versus-temperature 
graph for a thermistor
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13.4.7 Power and resistance
The rate at which energy is dissipated by any part of an electric circuit can be expressed as:

P = VI
where

P = power
  I = current
V = voltage drop.

This relationship can be used, along with the definition of resistance, R = V
I

, to deduce two different 

formulae describing the relationship between power and resistance:

         P = VI = (IR)I
Thus P = I2R.

         P = VI = V(
V
R )

 

[1]

Thus P = V 2

R
. [2]

You now have three different ways of determining the rate at which energy is transferred as charge flows 
through a voltage drop in an electric circuit:

P = VI       P = I2R       P = V2

R
.

In addition, the quantity of energy transferred, ΔE, can be determined:
Δ E = W

= V/t
= I2Rt

= V2t
R

These formulae indicate that in conducting wires with low resistance, very little energy is dissi-
pated. If the resistance, R, is small, and the voltage drop, V , is small, the rate of energy transfer is also 
small.

AS A MATTER OF FACT
Nichrome is a heat-resistant alloy used in electrical heating elements. Its composition is variable, but is usually 
around 62% nickel, 15% chromium and 23% iron.

13.4 SAMPLE PROBLEM 6

A portable radio has a total resistance of 18 Ω  and uses a 6.0 V battery consisting of four 1.5 V cells 
in series. At what rate does the radio transform electrical energy?

SOLUTION:

P = V   

2

R

= (6.0 V  )2

18 Ω
= 2.0 W
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13.4 SAMPLE PROBLEM 7

A pop-up toaster is labelled ‘240 V, 800 W’.
(a) What is the normal operating current of the toaster?
(b) What is the total resistance of the toaster while it is operating?

SOLUTION:

(a)      P = VI

⇒ I = P
V

= 800 W
240 V

= 3.3 A

(b)       P = V 2

R

⇒ R = V 2

P

= (240 V)2

800 W
= 72 Ω

PHYSICS IN FOCUS
Resistance thermometers
The change of resistance of a conductor with temperature change can be used to make a thermometer. 
Such a thermometer can be used over a much greater range of temperatures than a liquid-in-glass 
thermometer.

The metal element of such a thermometer consists of a fine wire 
(approx. 10−4 m diameter). As this element is fragile, it is wound 
around a support made of mica, a mineral which is an insulator with 
a high melting point. The element is connected to an electrical circuit 
so that its resistance can be measured. To use the thermometer, the 
element is inserted into the place where the temperature is to be 
measured. The resistance of the element is measured using the elec-
tric circuit connected to it, and the temperature is calculated from the 
known temperature–resistance characteristics of the element.

The most common metals used to make resistance thermometers 
are platinum, nickel and copper. Figure 13.35 shows how the relative 
resistance of copper varies with temperature. The relative resistance 
of a metal at a particular temperature is the ratio of the resistance of 
the metal at that temperature to its resistance at 0°C.

Copper wire elements are used between 120° C and 200°C; nickel elements between between 
150°C and 300°C; platinum elements between 258°C and 900°C. A resistance thermometer can 
measure temeperature to an accuracy of ± 0.01°C.
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FIGURE 13.35 Relative 
resistance against tempera-
ture for copper.

13.4 Exercise 1
1. You are given four pieces of wire made of the same material. The lengths and diameters of the wires are 

given in the following table. List these in order of increasing resistance.

Length (cm) Diameter (mm)

(a) 10   1
(b) 10   2
(c) 20      0.5
(d) 20 11

UNCORRECTED P
AGE P

ROOFS

diacriTech
Highlight



22 Jacaranda Physics 11

c13ElectricCircuits.indd Page 22 01/08/17  3:15 PM

2. A 30 cm length of wire has a resistance of 1.6 Ω . How much resistance will a 90 cm length of wire have that 
is cut from the same roll of wire?

3. What will be the resistance of a 2 m length of nichrome wire if it has a diameter of 1 mm? (ρnichrome = 1 × 6−6 Ωm)
4. A 4 m length of wire has a cross-sectional area of 1 × 10–3 m2 and a resistance of 60.0 m Ω .

(a) Calculate the resistivity of the metal the wire is made from.
(b) What metal is the wire made from? (Use table 13.1.)

5. A microwave oven is labelled ‘240 V,  600 W’.
(a) What is the normal operating current of the microwave oven?
(b) What is the total resistance of the microwave oven when it is operating?

6. A temperature sensing system in an oven uses a thermistor with 
the characteristics shown in the figure at right.
(a) What is the resistance of the thermistor when the temperature 

in the oven is 100 °C?
(b) What is the temperature in the oven when the resistance of 

the thermistor is 400 Ω?
7. Calculate the current drawn by:

(a) a 60 W light globe connected to a 240 V source
(b) a 40 W globe with a voltage drop of 12 V across it
(c) a 6.0 V,  6.3 W globe when operating normally
(d) a 1200 W,  240 V toaster when operating normally.

8. How much energy is provided by a 6.0 V battery if a current of 
3.0 A passes through it for 1.0 minute?

9. Copy and complete the following table.

Potential difference Current Resistance

? 8.0 A 4.0 Ω
? 22 mA 2.2 kΩ
12 V ? 6.0 Ω
240 V ? 8.0 × 104 Ω
9.0 V 6.0 A ?

1.5 V 45 mA ?

10. What are the resistances and tolerances of resistors with the following colour codes:
(a) blue, green, red, gold
(b) orange, black, brown, silver
(c) black, brown, black, red.
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FIGURE 13.36

 Watch this eLesson: Resistance
Searchlight ID: eles-2516

 Try out this interactivity: Picking the right resistor
Searchlight ID: int-6391

 Explore more with this weblink: Ohm’s Law app

 Complete this digital doc: Investigation 4.2: The current-versus-voltage characteristics of a light globe
Searchlight ID: doc-16170

 Complete this digital doc: Investigation 4.3: Ohm’s Law
Searchlight ID: doc-16171

 RESOURCES

UNCORRECTED P
AGE P

ROOFS

diacriTech
Highlight

diacriTech
Highlight



TOPIC 13 Electric circuits 23

c13ElectricCircuits.indd Page 23 01/08/17  3:15 PM

13.5 Series and parallel circuits
13.5.1 Circuit diagrams
A circuit diagram shows schematically the devices used in constructing an electrical circuit. The table 
below shows the symbols commonly used in drawing circuits.

13.5.2 Kirchoff’s Laws
We owe much of our understanding of electrical circuits to the German 
physicist Gustav Kirchoff. Building upon the work of Georg Ohm, Kir-
choff developed two essential laws that allow us to calculate the volt-
ages, currents or resistances for even very complex electrical networks.

Kirchoff’s Current Law — the conservation of charge
Electric charge is conserved. At any point in a conductor, the amount 
of charge (usually electrons) flowing into that point must equal the 
amount of charge flowing out of that point. Electrons do not build up 
at a point in a conductor, nor will they magically disappear. You don’t 
get traffic jams in electric circuits.

The sum of the currents flowing into a junction is equal in magnitude to the sum of the currents flowing 
out of that junction: Iin = Iout or, ΣI = 0.

In figure 13.37, Ia + Ic = Ib + Id + Ie.

TABLE 13.3 Symbols used in circuit diagrams

Circuit component Symbol Circuit component Symbol

Connection between 
conductors

• Resistor with sliding 
contact to give a variable 
resistance

Terminal ◦ Semiconductor diode* or

Conductors  
not connected*

or Single pole switch (open)

Conductors 
connected* or

Button switch (open)

Earth*
or

Voltmeter

Battery Ammeter

Variable power 
supply*

or Incandescent lamp* or

Resistor

or

Light-dependent resistor 
(LDR)

Variable resistor*
or

Heat-dependent resistor 
(thermistor)

*The first of the two alternative symbols is used in this book.

Ia
Ib

Ic
Id

Ie

FIGURE 13.37 Five wires 
soldered at a junction

UNCORRECTED P
AGE P

ROOFS

diacriTech
Highlight

diacriTech
Highlight

diacriTech
Highlight

diacriTech
Highlight



24 Jacaranda Physics 11

c13ElectricCircuits.indd Page 24 01/08/17  3:15 PM

Kirchoff’s Voltage Law — the conservation of energy
Around a circuit electrical energy must be conserved. This can be stated as:

In any closed loop of a circuit, the sum of the voltage drops must equal the sum of the emfs in that loop, 

that is ΣV = 0 for any closed-circuit loop.

13.5 SAMPLE PROBLEM 2

Find the values of currents a, b, c, d, e and f  as marked in figure 13.39.

SOLUTION:

At junction A,
          Iin = Iout
⇒ 15.3 = 7.9 + a

     ⇒ a = 7.4 mA.
At junction B,
                 Iin = Iout
⇒ 7.9 + 7.4 = b

             ⇒ b = 15.3 mA.
At junction C,
         Iin = Iout
⇒ 15.3 = c + 2.1

     ⇒ c = 13.2 mA.
At junction D,
          Iin = Iout
     ⇒ c = d + 6.5
⇒ 13.2 = d + 6.5

     ⇒ d = 6.7 mA.
At the resistor, 
   e = 2.1 mA, as Iin = Iout for the resistor.
At junction E,
                           Iin = Iout
      ⇒ d + 6.5 + e = f
⇒ 6.7 + 6.5 + 2.1 = f

                        ⇒ f = 15.3 mA.

6.5 mA

2.1 mA

7.9 mA

15.3 mA

c

e

d

b

a

f

A

B

CD

E

FIGURE 13.39

13.5 SAMPLE PROBLEM 1

Calculate the magnitude and direction of the unknown current in figure 13.38, showing currents 
meeting at a junction.

SOLUTION:

Currents flowing into the junction equal
1.0 + 4.0 = 5.0 A.
Currents flowing out of the junction equal
2.5 + 1.3 = 3.8 A.
Therefore the unknown current must be
5.0 − 3.8 = 1.2 A out of the junction.

2.5 A

1.3 A

4.0 A

I

1.0 A

FIGURE 13.38
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13.5.3 Resistors in series
There are two ways in which circuit elements can be connected. These are called in series and in parallel.

When devices are connected in series, they are joined together one after the other. There is only one path 
for the current to take. 

When devices are connected in parallel, they are joined together so that there is more than one path for 
the current to flow through.

Many devices can be connected in series and parallel. These include resistors and cells.
When a number of resistors are placed in series, some basic rules can be derived.
There is only one path for the current to flow through. Therefore in figure 13.41, the current in R1 equals 

the current in R2 and in R3. I1 refers to the current in R1; I2 to the current in R2 etc. Similarly V1 is the 
voltage drop across R1; V2 is the voltage drop across R2 etc.

I = I1 = I2 = I3

Since  V = I R, 
         V1 = I R1

         V2 = I R2

         V3 = I R3

The total voltage drop, VT, across resistors in series is equal to the sum of the voltage drops across each 
individual resistor.

      VT = V1 + V2 + V3

⇒ VT = I R1 + I R2 + I R3

⇒ VT = I (R1 + R2 + R3)

Since VT = I RT (where RT is the effective resistance of all three resistors), the effective resistance offered 
by resistors in series is found by obtaining the sum of the individual resistances:

RT = R1 + R2 + R3.
This means that the effective resistance of a circuit is increased by adding an extra resistor in series with 

the others. The resistance of a series circuit is greater than that for any individual resistor.

R1

I

R2 R3

FIGURE 13.41 Resistors 
connected in series

13.5 SAMPLE PROBLEM 3

Calculate the unknown voltage drop Vbc in figure 13.40.

SOLUTION:

            V = the sum of the voltage drops
            V = 9.0 V
⇒ 9.0 V = 5.2 V + Vbc

    ⇒ Vbc = 3.8 V V = 9.0 V

Vab = 5.2 V

Vbc

a

b

c

FIGURE 13.40

13.5 SAMPLE PROBLEM 4

Find the effective resistance of a circuit comprising three resistors, having resistance values of 15 Ω , 
25 Ω  and 34 Ω , connected in series.

SOLUTION:

RT = R1 + R2 + R3
= 15 Ω + 25 Ω + 34 Ω
= 74 Ω
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13.5.4 Resistors in parallel
In a parallel branch of a circuit, there is more than one path for the current to flow through.

The total current flowing into the parallel section of a circuit equals the sum of the individual currents 
flowing through each resistor.

IT = I1 + I2 + I3

As can be seen in the following figure, the left-hand sides of all the resistors are connected to point A, so 
they are all at the same voltage. This means that all charges on that side of the resistors have the same amount 
of electrical potential energy. Similarly, the right-hand sides of the resistors are connected to point B, therefore 
they also are at the same voltage. This means that each resistor in a parallel section of a circuit has the same 
voltage drop across it.

VT = V1 = V2 = V3

In a parallel section of a circuit, the total current equals the sum of the individual currents, and the 
voltage drops across each resistor are the same. It is possible to derive an expression for the effective resist-
ance, RT, of a parallel section of a circuit.

       IT   = I1 + I2 + I3

⇒ V
RT

= V
R1

+ V
R2

+ V
R3

(since I = V
R

 for each resistor and the whole section of the circuit)

⇒ 1
RT

= 1
R1

+ 1
R2

+ 1
R3

 (dividing  both  sides  by  V )

13.5 SAMPLE PROBLEM 5

In the series circuit shown in figure 13.42 the emf of the power supply 
is 100 V, the current at point a, Ia, equals 1.0 A, and the value of R2 is 
60 Ω . Find the following quantities:
(a) the current at point b
(b) the voltage drop across R2

(c) the voltage drop across R1

(d) the value of R1.

SOLUTION:

(a) The current is the same at all points of a series circuit. Therefore the current at point b, Ib, is 1.0 A.
(b)                V2 = IR2

= 1.0 A × 60 Ω
= 60 V

(c)              ε = V1 + V2
⇒ 100 V = V1 + 60 V

           V1 = 40V
(d)   

     
    V1 = IR1
40 V = 1.0 A × R1
    R1 = 40 Ω

c

b

a

R1

R2ε

FIGURE 13.42

R1

R2

R3I3

I2

I1

IT IT

A B

FIGURE 13.43 A parallel branch of a circuitUNCORRECTED P
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This means that the reciprocal of the effective resistance is equal to the sum of the reciprocals of the 
individual resistances. The effective resistance is less than the smallest individual resistance. The more 
resistors there are added in parallel, the more paths there are for the current to flow through, and the easier 
it is for the current to flow through the parallel section.

Modelling resistors in parallel
One way to help understand this concept is to use the 
hydraulic model. Current is represented by water 
flowing in a pipe. Resistors are represented as thin 
pipes. The thinner the pipe, the greater the resistance 
and therefore less water can flow in the circuit. A 
conductor is represented by a large pipe through 
which water flows easily. The source of emf is repre-
sented by a pump that supplies energy to the circuit.

If there is only one thin pipe, it limits the flow 
of water. Adding another thin pipe beside the first 
allows more water to flow. The total resistance 
offered by the two thin pipes in parallel is less 
than that offered by an individual thin pipe.

pump

(a)

pump

(b)

FIGURE 13.44 The hydraulic model for resistors in 
parallel showing (a) a circuit with one ‘resistor’ and 
(b) a second ‘resistor’ added in parallel, which 
allows more current to flow and reduces the 
effective resistance

13.5 SAMPLE PROBLEM 6

What is the effective resistance of three resistors connected in parallel if they have resistance values 
of 5.0 Ω , 10 Ω  and 20 Ω  respectively?

SOLUTION:

      1
RT

= 1
R1

+ 1
R2

+ 1
R3

      1
RT

= 1
5.0  Ω + 1

10  Ω + 1
20  Ω

⇒ 1
RT

= 4
20  Ω + 2

20  Ω + 1
20  Ω

⇒ 1
RT

= 7
20  Ω

⇒ RT = 20  Ω
7

= 2.9  Ω
Note that the effective resistance of a set of resistors connected in parallel is always less than the 

value of the smallest resistor used. Adding resistors in parallel increases the number of paths for 
current to flow through, so more current can flow and the resistance is reduced.

If there are n resistors of equal value, R, the effective resistance will be R
n

.

RT = R
n

13.5 SAMPLE PROBLEM 7

Consider the parallel circuit shown in figure 13.45.
The emf of the power supply is 9.0 V, R2 has a resistance of 10 Ω , and the current flowing through 

the power supply is 1.35 A. Find the following quantities:
(a) the voltage drop across R1 and R2

(b) I2, the current flowing through R2

UNCORRECTED P
AGE P

ROOFS

diacriTech
Highlight



28 Jacaranda Physics 11

c13ElectricCircuits.indd Page 28 01/08/17  3:15 PM

Note: Adding a large resistance in parallel with a small resistance slightly reduces the effective resistance 
of that part of a circuit.

Parallel circuits are used extensively. Australian households are wired in parallel with an AC voltage of 
230 V. This is equivalent to a DC voltage of 230 V, and all the formulae that have been presented so far can 
be used for analysing AC circuits.

(c) I1, the current flowing through R1

(d) the resistance of R1

(e) the effective resistance of the circuit.

SOLUTION:

(a) For a parallel circuit, V1 = V2, which in this case is 9.0 V.

(b)          I2 = V
R2

⇒ I2 = 9.0  V
10   Ω

= 0.90 A

(c)           IT = I1 + I2
⇒ I1 = IT − I2

= 1.35 A − 0.9 A
= 0.45 A

(d)   
      R1 = V

I1

⇒ R1 = 9.0 V
0.45A

⇒ R1 = 20 Ω
(e)       1

RT
= 1

R1
+ 1

R2

⇒ 1
RT

= 1
10  Ω

+ 1
20  Ω

⇒ 1
RT

= 3
20  Ω

⇒ RT = 20  Ω
3

= 6.7 Ω

IT = 1.35 A

I2

I1

R1

R2 = 10 Ω

V = 9.0 V

FIGURE 13.45

13.5 SAMPLE PROBLEM 8

Find the effective resistance when a 10 Ω resistor is placed in parallel with a 10 kΩ  resistor.

SOLUTION:

      1
RT

= 1
R1

+ 1
R2

= 1
10 Ω

+ 1
10 000 Ω

= 1000
10 000 Ω

+ 1
10 000 Ω

= 1001
10 000 Ω

⇒ RT = 10 000 Ω
1001

= 9.99 ΩUNCORRECTED P
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The advantage of having parallel circuits is that all appliances have the same voltage across them and the 
appliances can be switched on indepen dently. If appliances were connected in series, they would all be on 
or off at the same time; and they would share the voltage between them, so no appliance would receive the 
full voltage. This would present problems when designing the devices, as it would not be known what 
voltage to allow for.

Car lights, front and rear, are wired in parallel for the same reason. If one lamp ‘blows’, the other lamps 
will continue functioning normally.

Short circuits
A short circuit occurs in a circuit when a 
conductor of negligible resistance is placed 
in parallel with a circuit element. This ele-
ment may be a resistor or a globe. The 
result of a short circuit is that virtually all 
the current flows through the conductor 
and practically none flows through the cir-
cuit element. Because there is effectively 
no voltage drop across the wire, there is 
also no voltage drop across the circuit ele-
ment, and no current flows through it. Think of what would happen in the hydraulic model if a conducting 
pipe were placed beside a thin pipe. This situation is represented in both ways in figure 13.46.

In this case, the current through the power supply passes through R1, but then flows through the short 
circuit, effectively avoiding R2 and R3.

13.5.5 Non-ohmic devices in series and parallel
Non-ohmic devices do not obey Ohm’s Law. Their 
current-versus-voltage characteristics can be presented 
graphically.

The value of  
V
I

 is not constant for non-ohmic devices.

The rules for series and parallel circuits still apply 
when analysing circuits containing non-ohmic devices. 
Devices in series have the same current and share the 
voltage. Devices in parallel have the same voltage and 
the current is shared between them. The actual values of 
the voltage or current are obtained from the V–I graphs 
for the devices.
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Voltage drop across diode
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FIGURE 13.48 V–I characteristic for a silicon diode

R2

R1

R3

(a)

R2

R1

R3

(b)

short
circuitpump

FIGURE 13.46 (a) Circuit diagram showing a short circuit (b) 
Hydraulic model of a short circuit

13.5 SAMPLE PROBLEM 9

Figure 13.47 shows a 10 kΩ  resistor which has been short circuited with a 
conductor of 0 Ω  resistance. Calculate the effective resistance of this 
arrangement.

SOLUTION:

      1
RT

= 1
R1

+ 1
R2

= 1
0 Ω

+ 1
10 000 Ω

= ∞
⇒ RT = 0 Ω

R2 = 10 kΩR1 = 0

FIGURE 13.47
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13.5.6 Power in circuits
Recall that the power being used in a circuit element is the product of the voltage drop across it and the 
current through it: P = VI. The total power being provided to a circuit is the sum of the power being used 
in, or ‘dissipated by’, the individual elements in that circuit. It does not matter if the elements are con-
nected in series or in parallel.

PT = P1 + P2 + P3 = ...

The voltage divider
The voltage divider is an example of resistors in series. It is used to divide or reduce a voltage to a value 
needed for a part of the circuit. A voltage divider is used in many control circuits, for example, turning on 
the heating in a house when the temperature drops.

The voltage divider has an input voltage, Vin, and an output voltage, Vout. 
A general voltage divider is shown in figure 13.50.

The current I flowing through R1 and R2 is the same, since R1 and R2 are in 
series.

       Vin = I(R1 + R2)

    ⇒ I = Vin

R1 + R2

     Vout = IR2

⇒ Vout = Vin

R1 + R2
× R2

13.5 SAMPLE PROBLEM 10

Figure 13.49 shows the current-versus-voltage graph for two elec-
trical devices.

If X and Y are in parallel, and the current through X is 2.0 A, 
calculate:
(a) the voltage across Y
(b) the current through Y.

SOLUTION:

(a) As X and Y are in parallel, the voltage across X equals the voltage 
across Y. From the graph, when the current through X is 2.0 A, the 
voltage is 10 V, so the voltage across Y is 10 V also.

(b) When the voltage across Y is 10 V, the current through Y is seen to be 3.0 A.

13.5 SAMPLE PROBLEM 11

A household electrical circuit is wired in parallel. Find the total current flowing in the circuit if the 
following appliances are being used: a 600 W microwave oven, a 450 W toaster and a 1000 W electric 
kettle. Household circuits provide a voltage drop of 230 V across each appliance.

SOLUTION:

The total power being used in the circuit is 600 + 450 + 1000 = 2050 W.

IT = PT

V

= 2050 W
230 V

= 8.91 A

X

Y

5

4

3

2

1

0
5 10 15 20 25

Voltage drop (V)

C
ur

re
nt

 (A
)

FIGURE 13.49

R1

R2

Vin

Vout

FIGURE 13.50 A 
general voltage dividerUNCORRECTED P
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This can be rewritten as:

Vout = [
R2

R1 + R2
] Vin, or more generally, 

Vout = [
resistance across which Vout is taken

sum of all resistances ]Vin = Rout

Rtotal
Vin.

If R1 and R2 are equal in value, the voltage will be divided equally across both resistors. If R1 is much 
greater than R2, then most of the voltage drop will be across R1.

13.5 SAMPLE PROBLEM 12

Calculate the value of the unknown resistor in the voltage divider shown 
figure 13.51, if the output voltage is required to be 4.0 V.

SOLUTION:

        Vout = R2Vin

R1 + R2

⇒ 4.0 V = 6.0 V × R2

2.2 k Ω + R2

⇒ 8.8 kΩV + 4.0 V R2 − 6.0 V R2
⇒ 2.0 VR2 = 8.8 kΩV
⇒ R2 = 4.4 kΩ

R1 = 2.2 kΩ

R2 Vout

0 V

6.0 V

FIGURE 13.51

13.5 Exercise 1
1. Find the effective resistance of three resistors in series if they have the following 

values: 1.2 kΩ ,  5.6 kΩ  and 7.1 kΩ .
2. Find the effective resistance of two resistors in parallel if they have resistance 

values of 1.2 kW and 4.8 kW.
3. Find the total current owing through a household circuit when the following 

devices are being used: a 400 W computer, a 200 W DVD player, a 500 W 
television and a 60 W lamp.

4. Calculate the value of the unknown resistor in the voltage divider in the 
diagram at right if the output voltage is to be 1.5 V. 

5. Two resistors of resistance 12.0 Ω  and 4.00 Ω  are connected in parallel to a power 
supply of 30.0 V. Calculate what the current will be through the power supply.

6. Calculate how many 20.0 W resistors, connected in parallel to a 2.00 V power 
supply, would result in a current of 1.00 A through the power supply.

7. Two resistors of 12.0 Ω  and 18.0 Ω  are connected in series to a 60.0 V power 
supply. Calculate the current flowing through the circuit.

8. Consider the circuit shown in figure 13.52. (a) Calculate the current through the 
2.50 Ω  resistor. (b) Calculate the current through the 6.00 Ω  resistor. 
(c) Calculate the voltage drop across the 6.00 Ω  resistor. (d) Calculate the 
voltage gain across the power supply.

9. (a)  Find the output voltage for the voltage divider shown in circuit (a) below.
(b) What is the output voltage of circuit (b) below if a load of resistance 4.4 kΩ  is 

connected across the output terminals of the voltage divider?

R1 = 2.2 kΩ

R2 Vout

0 V

6.0 V

FIGURE 13.51

10.0 V

2.50 Ω 6.00 Ω

FIGURE 13.52

(a)

Vin = 6.0 V

R1 = 2.2 kΩ

R2 = 2.2 kΩ Vout

FIGURE 13.53

(b)

Vin = 9.0 V

R1 = 2.2 kΩ

R2 = 4.4 kΩ Vout

FIGURE 13.54
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13.6 Review
13.6.1 Summary

 • An electric current is a net movement of electric charge. The SI unit of current is the ampere (A). One 

ampere is equivalent to one coulomb per second: I =  
q
t
.

 • Metals are electrical conductors because they have free electrons that act as charge carriers.
 • Insulators are materials that have no charge carriers and, therefore, cannot carry an electric current.

 • The potential difference (voltage) between the terminals of a power supply is the number of joules of 

electric potential energy given to each coulomb of electric charge: V = W
q

.

 • If a conductor connects the terminals of a power supply, a current will flow through the conductor. The 
movement of electrons is from the negative to the positive terminal of the power supply. The conven-
tional current direction is from the positive to the negative terminal of the power supply.

 • A resistor is a conductor that resists the movement of the current through it.
 • When current flows through a resistor, electric potential energy is dissipated as heat energy: W = I2R.

10. Consider the circuit shown at right. Determine:
(a) the total equivalent resistance R that would replace all of the 

resistors in the circuit without changing the value of I
(b) the value of I
(c) the value of I2
(d) the potential drop across the 8 Ω  resistor. 10 Ω

24 V

6 Ω 8 Ω

6 Ω 4 Ω

I

I1

I2

FIGURE 13.55
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 • The potential difference (voltage) between the ends of a resistor is the number of joules of electric poten-
tial energy dissipated for each coulomb of charge that passes through the resistor.

 • The resistance of a resistor is equal to the potential difference across the resistor divided by the current 

passing through the resistor: R =  
V
I

. The SI unit of resistance is the ohm (Ω ).

 • The resistance of a resistor depends on length, cross-section area, material and temperature: R = ρL
A

 at 

constant temperature.
 • An ammeter is used to measure current and is connected into a circuit in series. A voltmeter is used to 

measure electric potential difference and is connected into a circuit in parallel.
 • When resistors are connected in series to a power supply, the same current passes through each resistor 

and through the power supply.
 • When resistors are connected in series to a power supply, the sum of the voltage drops across the resis-

tors equals the voltage rise across the power supply.
 • When resistors are connected in parallel to a power supply, the sum of the currents through the resistors 

equals the current through the power supply.
 • When resistors are connected in parallel to a power supply, the voltage drop across each resistor equals 

the voltage rise across the power supply.
 • Non-ohmic devices such as LDRs, LEDs, diodes and thermistors do not obey Ohm’s Law.
 • Circuits containing non-ohmic devices can be analysed using the rules for series and parallel circuits 

with their voltage–current characteristic graphs.
 • The total power used in a circuit equals the sum of the powers used in individual devices.
 • A voltage divider is used to reduce an input voltage to some required value.
 • A voltage divider consists of two or more resistors arranged in series to produce a smaller voltage at its 

output.

 • The output of a voltage divider can be calculated using the equation: Vout = [
R2

R1 + R2
]Vin

13.6.2 Questions
1. Define an electric current.
2.   (a) Identify the charge carriers in a metal.

(b) Describe how these charge carriers move under the influence of an electric field in the metal.
(c) Describe how an electric field can be produced in the metal.

3. A current of 2.00 A is flowing through a wire.
(a) Calculate how many coulombs pass through a cross-section of the wire in 3.00 s.
(b) Calculate how many electrons pass through a cross-section of the wire in this time.

4. An electric current is flowing through a wire. A charge of 4.20° C passes through a cross-section of the 
wire in 3.00 s. Calculate the current in amps.

5. A current flows through a wire for 2.50 s. During this time 5.60 ×  1018 electrons pass through a 
cross-section of the wire.

(a) Calculate the charge passing through a cross-section of the wire in this time.
(b) Calculate the current in amps.

6. A current of 5.00 amps is passing through a wire.
(a) Calculate the charge passing through a cross-section of the wire in:

(i) 1.00 second
(ii) 1.00 minute.

(b) Calculate the number of electrons passing through a cross-section of the wire in each of these 
periods of time.

7. Explain how heat energy is produced when an electric current passes through a metal.
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8. Explain what is meant by the potential difference across the ends of a resistor.
9. When 2.50 C pass through a certain resistor, 50.0 J of heat energy is generated. Calculate the potential 

difference across the resistor.
10. The potential difference across a certain resistor is 32.0 V. Calculate how much heat energy is pro-

duced when 12.0 C of electric charge pass through the resistor.
11. A battery is marked 25 V. Explain what this means.
12. Calculate the change in electric potential energy as 2.00 C of charge passes through a 2.50 V battery.
13. Explain what is meant by:

(a) a conductor
(b) a resistor
(c) an insulator.

14. When a current of 2.00 A passes through a certain resistor, there is a  
potential difference of 16.0 volts across it. Calculate the resistance of the  
resistor.

15. A coil of wire has a resistance of 3.20 Ω . Calculate the potential difference  
across the coil when there is a current of 2.00 A passing through it.

16. The following table refers to the potential difference, V , across a resistor of resistance R when a 
current, I, passes through it. Calculate the values of the missing quantities and complete the table.

17. The table shown at right refers to the change in potential energy, W,  
when an electric charge, q, passes through an electrical potential 
difference, V . Calculate the values of the missing quantities and 
complete the table.

18. You are given four pieces of wire made of the same material. The 
lengths and diameters of the wires are given in the following table. 
List these in order of increasing resistance. Justify your answer.

19. Demonstrate by means of diagrams the correct way of connecting into a circuit:
(a) an ammeter
(b) a voltmeter.

20. Draw circuit diagrams showing resistors of 2.00 Ω , 
4.00 Ω  and 6.00 Ω  (a) in series and (b) in parallel with a 
12.0 V battery.

21. In the circuit shown in figure 13.56, the current through 
the 4.00 Ω  resistor is 5.00 A. Calculate:
(a) the current through the 8.00 Ω  resistor
(b) the current through the power supply.

v (v) I (A) R(Ω)

(a) 10.0    2.00

(b)      6.00 12.0

(c) 16.0 32.0

(d)      3.00 18.0

(e) 24.0    8.00

(f)    5.00    2.00

v (v) q(C) W(J)

(a) 12.0    2.00

(b) 25.0 50.0

(c)    6.00 42.0

(d)     8.00 32.0

(e)    4.00      0.50

(f)    2.00 16.0
Length (cm) Diameter (mm)

(a) 10 1

(b) 10 2

(c) 20 0.5

(d) 20 1

4.00 Ω 8.00 Ω

FIGURE 13.56
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22. In the circuit shown in figure 13.57, the current through the power supply is 6.00 A and the current 
through R1 is 4.00 A.

(a) Calculate the current through R2.
(b) Deduce which resistor has the greater resistance.

23. In the circuit shown in figure 13.58, the current through the 
power supply is 20.00 A and the current through the 6.00 Ω  
resistor is 4.00 A. Calculate the current through each of the 
3.00 Ω  resistors.

24. In the circuit shown in figure 13.59, the power supply has a 
voltage of 7.00 V and the voltage drop across R1 is 4.00 V.
(a) Calculate the voltage drop across R2.

(b) Deduce which resistor has the greater resistance.
25. In the circuit shown in figure 13.60, the power supply has a 

voltage of 20.0 V and the voltage drop across the 6.00 Ω  resistor 
is 12.0 V. Calculate the voltage drop across each of the 2.00 Ω  
resistors.

26. In the circuit shown in figure 13.61, the voltage drop across the 
5.00 Ω  resistor is 20.0 V.
 Calculate:
(a) the voltage drop across the 8.00 Ω  resistor
(b) the voltage of the battery.

R1

R2

FIGURE 13.57

6.00 Ω

3.00 Ω

3.00 Ω

FIGURE 13.58

R2R1

FIGURE 13.59

6.00 Ω 2.00 Ω 2.00 Ω

FIGURE 13.60

5.00 Ω

8.00 Ω
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27. In the circuit shown in figure 13.62, the voltage drop across 
the 12.0 Ω  resistor is 36.0 V.
 Calculate:
(a) the current through the 12.0 Ω  resistor
(b) the current through the 4.00 Ω  resistor
(c) the voltage drop across the 4.00 Ω  resistor
(d) the voltage of the power supply.

28. In the circuit shown in figure 13.63, the current through the 
5.00 Ω  resistor is 4.00 A. Calculate: 
(a) the voltage drop across the 5.00 Ω  resistor
(b) the voltage drop across the resistor R
(c) the current through the resistor R
(d) the resistance of the resistor R.

29. For the circuit shown in figure 13.64, calculate the current 
through the circuit.

30. For the circuit shown in figure 13.65, calculate:
(a) the potential drop across the 12.0 Ω  resistor
(b) the potential drop across the 4.00 Ω  resistor
(c) the current through the 4.00 Ω  resistor
(d) the potential gain across the power supply
(e) the current through the power supply.

31. For the circuit shown in figure 13.66, calculate:
(a) the current through the 25.0 Ω  resistor

(b) the current through the 15.0 Ω  resistor
(c) the current through the power supply.

32. For the circuit shown in figure 13.67, calculate:
(a) the total resistance
(b) the current through the power supply
(c) the potential drop across the 12.0 Ω  resistor.

12.0 Ω 4.00 Ω

FIGURE 13.62

5.00 Ω

60.0 V

R

FIGURE 13.63

2.00 Ω 3.00 Ω

20.0 V

FIGURE 13.64

12.0 Ω2.00  A

4.00 Ω

FIGURE 13.65

25.0 Ω

75.0 V

15.0 Ω

FIGURE 13.66

12.0 Ω 24.0 Ω

72.0 V
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33. When a certain resistor is connected to a 25.0 V power supply, the current through the resistor is 
12.5 A. Calculate the resistance of a second resistor, connected in series, that reduces the current to 
5.00 A.

34. In each of the following cases, calculate the total resistance:
(a) resistors of 12.0 Ω  and 16.0 Ω  in series
(b) resistors of 12.0 Ω  and 4.00 Ω  in parallel
(c) resistors of 12.0 Ω , 10.0 Ω  and 17.0 Ω  in series
(d) resistors of 12.0 Ω , 10.0 Ω  and 17.0 Ω  in parallel
(e) six 15.0 Ω  resistors in series
(f) five 2.00 Ω  resistors in parallel.

35. In each of the following cases, calculate:
(i) the current through each resistor
(ii) the voltage drop across each resistor.

(a) 5.00 Ω  and 7.00 Ω  resistors connected in series to a 6.00 V power supply
(b) 10.0 Ω , 20.0 Ω  and 40.0 Ω  resistors connected in series to a 140.0 V power supply
(c) 2.4 Ω  and 3.7 Ω  resistors connected in series to a 15 V supply
(d) 11.2 Ω , 20.4 Ω  and 31.5 Ω  resistors connected in series to a 128 V power supply
(e) 2.00 Ω  and 3.00 Ω  resistors connected in parallel to a 12.0 V power supply
(f) 12.0 Ω , 24.0 Ω  and 60.0 Ω  resistors connected in parallel to a 48.0 V power supply
(g) 17.3 Ω  and 25.6 Ω  resistors connected in parallel to a 125 V power supply
(h) 2.53 Ω, 7.12 Ω and 4.28 Ω  resistors connected in parallel to a 30.5 V power supply.

36. What are the resistances and tolerances of resistors with the following colour codes:
(a) orange, white, black, gold
(b) green, blue, orange, silver
(c) violet, green, yellow, gold?

37. The figure at right shows the current versus voltage 
characteristic for an electronic device.
(a) Is this device ohmic or non-ohmic? Justify your answer.
(b) What is the current through the device when the voltage 

drop across it is 0.5 V?
(c) What is the resistance of the device when the voltage drop 

across it is 0.5 V?
(d) Estimate the voltage drop across the device, and its 

resistance, when it draws a current of 20 mA.
38. At what rate is thermal energy being transferred to a wire if it 

has a resistance of 5.0 Ω  and carries a current of 0.30 A?
39. Calculate the resistance of the following globes if their ratings are:

(a) 240 V, 60 W
(b) 6.0 V, 6.3 W
(c) 12 V, 40 W.

40. What is the power rating of an electric jug if it has a resistance of 48 Ω  
when hot and is connected to a 240 V supply?

41. The voltage-versus-current characteristic graph for a non-ohmic device 
is shown in the figure at right.
(a) What is the device’s current when the voltage drop across it is 100 V?
(b) What is the voltage drop across the device when the current through 

it is 16 mA?
(c) What is the resistance of the device when it carries a current of 

16 mA?
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42. Two students are discussing how to produce more power in a circuit.
 ‘P = VI,’ says Tom. ‘Since V = IR, P = I2R. This shows that power is proportional to resistance.

Therefore, if I want more power from a supply I should use a bigger resistance.’

‘I don’t agree’, says Henrietta. ‘It is true that P = VI, but Ohm’s Law gives I = V
R

. This means that

P = V2

R
, in which case power is proportional to the inverse of resistance. If I want to draw more power 

from a supply, I would use a smaller resistance.’
 Which student is correct, and under what circumstances is he/she correct?

43. What happens to the voltage drop across a variable resistor in a 
two-element voltage divider when its resistance decreases and the other resistance is unchanged?

44. Find the value of the unknown resistor in the voltage dividers shown.

45. (a)   Given four 10 Ω  resistors, how many different total resistances can be obtained by placing them in 
varying combinations?

(b) What will be the highest resistance possible?
(c) What will be the lowest?

46. Determine the value on the ammeter in the following circuit.

240 V

12 Ω
3 Ω

10 Ω

2 Ω

4 Ω

4 Ω

8 Ω

I

A

FIGURE 13.71

3.0 kΩ
6.0 V

4.0 V

(a)

R

(b)
660 Ω

12 V

6.0 VR

10 kΩ
10 V

2.5 V

(c)

R

(d)

5.0 kΩ

9.0 V

6.0 V

R

FIGURE 13.70
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PRACTICAL INVESTIGATIONS

Note on practical activities
Instructions for activities involving electric currents:

• To measure the current through a component, connect an ammeter in 
series with the component.

• To measure the voltage across a component, connect a voltmeter in 
parallel with the component.

• Ammeters and voltmeters should be connected so that the connec-
tion from the positive terminal of the power supply goes to the 
positive terminal of the ammeter or voltmeter (see figure 13.72).

• If there is more than one range on a meter, start with the largest range 
(for example, if there is a 0–1 A range and a 0–5 A range on an 
ammeter, start with the 0–5 A range).

• Start with the lowest voltage setting on the power supply.
• If using a variable resistor to vary the current, start with its highest 

resistance.
• Tap the switch closed to check that the ammeters and voltmeters are 

correctly connected.
• When making a measurement, close the switch just long enough to make the measurement.
• Ask your teacher to check your circuit before switching on the power supply.
• Your teacher will advise you about what maximum current or maximum voltage you should use in a 

particular experiment.

13.1 Potential difference in a simple circuit
Aim
To investigate the potential difference between different points around a simple circuit

Apparatus
power supply
voltmeter
two resistors, R1 and R2, of different resistance
switch
connecting wires

Theory
Potential difference is the change in electric potential energy per coulomb of charge. When a current flows 
through a circuit, several changes in potential occur. In the power supply there is an increase in electric potential 
energy and therefore, a potential rise. In a resistor, there is a decrease of electric potential energy and therefore, 
a potential drop. In a connecting wire, there is no change of electric potential energy and therefore, no potential 
difference.

Method
1. Connect the apparatus as shown in figure 13.73. 

Use R1.
2. Set the voltage of the power supply to a low 

voltage.
3. Connect the voltmeter, in turn, across each of the 

following components shown in figure 13.73:
• power supply
• resistor
• connecting wire 1
• connecting wire 2
• connecting wire 3 (including switch).

4. For each component, measure the voltage with 
the switch closed.

5. Repeat 3 using a higher voltage power supply.
6. Repeat 2, 3, and 4 using R2.

+

+

+

+

+

–

–

–

–

–

A A

V

V

FIGURE 13.72 Connecting 
ammeters and voltmeters to a 
power supply

Connecting
wire 2

Connecting
wire 3

Connecting
wire 1

FIGURE 13.73
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Results
Record the results in a table as shown below.
R1, low power supply voltage

Component Potential difference ( V )

Power supply

Resistor

Connecting wire 1

Connecting wire 2

Connecting wire 3

Make similar tables for:
(i) R1, high power supply voltage
(ii) R2, low power supply voltage
(iii) R2, high power supply voltage.

Analysis
1. What are the voltages across the connecting wires?
2. What is the relation between the voltage across the power supply and the voltage across the resistor?

Question
Explain, in terms of energy, why the potential rise across the power supply equals the potential drop across the resistor.

13.2 Measuring reistance
Aim
To show the relationship between voltage and current, and measure the resistance of a resistor

Apparatus
power supply 
ammeter 
voltmeter 
variable resistor 
two resistors, R1 and R2, of different resistance 
connecting wires 
switch

Theory
The voltage drop, V, across a resistor is proportional to the current, I, through the resistor. The graph of V 
against I will be a straight line. The slope of the line will equal the resistance.

Method
1. Connect the apparatus as in the circuit diagram in figure 13.74, 

using R1.
2. Pass at least five different currents through the resistor by 

varying both the voltage of the power supply and the resistance 
of the variable resistor.

3. For each value of the current, record the current through R1 and 
the voltage across R1.

4. Repeat steps 1, 2 and 3 using resistor R2.

Results
Record your results in a table as shown below.
Measurements for R1

v(v) I(A)

V

A

Variable resistor

FIGURE 13.74

UNCORRECTED P
AGE P

ROOFS

diacriTech
Highlight



TOPIC 13 Electric circuits 41

c13ElectricCircuits.indd Page 41 01/08/17  3:15 PM

Analysis
1. For each resistor, draw a graph of V against I using the same sheet of graph paper.
2. Measure the slope of each graph.
3. Use the slopes of the graphs to find the values of the resistance. 

Questions
1. What are the shapes of the graphs?
2. Which graph has the steeper slope?
3. How do the values you found for the resistances compare with the values marked on the resistors?
4. Why would you expect your graphs to pass through the origin?
5. If your graphs do not pass through the origin suggest a reason.

13.3 Dependence of resistance on length of resistance wire
Aim
To investigate how the resistance of a resistance wire varies with length

Apparatus
power supply 
voltmeter 
ammeter 
variable resistor 
switch 
two different lengths of resistance wire, l1 and l2  
gas jar 
metre rule

Theory
The resistance of a conductor of constant thickness increases as its length 

increases. Resistance can be calculated by the formula: R = V
I
.

Figure 13.75 Setup for resistance wire

Method
As the resistance of a wire varies with temperature, it is necessary to keep the 
resistance wire at constant temperature. This is done by immersing the resistance 
wire in water as shown in figure 13.75.
1. Measure the lengths of resistance wire.
2. Connect the apparatus as shown in figure 13.76 using one of the resistance 

wires.
3. Vary the voltage of the power supply and the resistance of the variable resistor 

until the current has the maximum value given by your teacher.
4. Measure the voltage and the current with the switch closed.
5. Repeat using the other length of resistance wire.

Results
Record your results in a table as shown below and calculate the resistances.

Length of wire 
(cm)

Current (A) Voltage (V) Resistance (Ω) 

R = V
I

Analysis
1. What is the ratio of the lengths of the wires?
2. What is the ratio of the resistances of the wires?
3. What conclusion can you draw from these values?

Questions
1. What would be the resistance of a 30 cm length of this wire?
2. What would be the resistance of a 2 cm length of this wire?
3. What is the resistance per unit length of this wire?

Glass 
rod

Resistance 
wire

Gas jar

Water

FIGURE 13.75

V

A

Resistance wire

FIGURE 13.76
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13.4 (a) Current in a series circuit
Aim
To investigate current in a series circuit

Apparatus
power supply 
ammeter 
two resistors, R1 and R2, with different resistances 
switch 
connecting wires

Theory
In a series circuit the same current flows through each resistor.

Method
1. Connect the apparatus as shown in figure 13.77.
2. Connect the ammeter in turn to measure the current at each of the points X, Y and Z, when the switch is 

closed.

Results
Record the current measurements as in the table below.

Current at X

Current at Y

Current at Z

Analysis
1. What is the current passing through the power supply?
2. What is the current passing through R1?
3. What is the current passing through R2?
4. Write a sentence to sum up what you have observed about the current in a series circuit.

Questions
1. Does current decrease as it passes through a resistor?
2. What does decrease as a current passes through a resistor?
3. Does current increase as it passes through a power supply?
4. What does increase as a current passes through a power supply?

13.4 (b) Current in a parallel circuit
Aim
To investigate current in a parallel circuit

Apparatus
power supply
ammeter 
two resistors, R1 and R2, with different resistances 
switch 
connecting wires

Theory
When current passes through resistors in parallel, the current 
passes partly through each of the resistors. The current 
through the power supply is equal to the sum of the currents 
through the resistors.

Method
1. Connect the apparatus as shown in figure 13.78.
2. Connect an ammeter in turn to measure the current at 

each of the points X, Y, and Z, when the switch is closed.

R1 R2Y

X Z

FIGURE 13.77

X

Y

Z

R2

R1

FIGURE 13.78
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Results
Record your results as in the table below.

Current at X

Current at Y

Current at Z

Analysis
1. What is the sum of the currents through the two resistors in parallel?
2. Compare this with the current through the power supply.
3. Write a sentence to sum up what you have observed about currents in a parallel circuit.

Questions
1. Which resistor had the higher current passing through it?
2. What is the ratio of current through R1 to the current through R2?
3. What is the ratio of R1 to R2?
4. Comment on your answers to questions 2 and 3.

13.4 (c) Voltage in a series circuit
Aim
To investigate voltage in a series circuit

Apparatus
power supply 
voltmeter 
two resistors, R1 and R2, with different resistances 
switch 
connecting wires

Theory
In a series circuit, the voltage rise across the power supply equals the sum of 
the voltage drops across the resistors.

Method
1. Connect the circuit as in figure 13.79.
2. Connect the voltmeter in turn across the power supply and each of the 

resistors and record the readings when the switch is closed.

Results
Record the measurements as in the table below.

V across power supply

V across R1

V across R2

Analysis
1. What is the sum of the voltage drops across the resistors?
2. Compare this with the voltage gain across the power supply.
3. Write a sentence to state the relationship between the voltage across the power supply and the voltage 

drops across the resistors.

Questions
1. Which resistor had the higher voltage drop across it? 
2. What is the ratio of the voltage drop across R1 to the voltage drop across R2?
3. What is the ratio of R1 to R2?
4. Compare your answers to questions 2 and 3 and make a comment.

R2R1

FIGURE 13.79
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13.4 (d) Voltage in a parallel circuit
Aim
To investigate the voltage in a parallel circuit

Apparatus
power supply 
voltmeter 
two resistors, R1 and R2, with different resistances 
switch 
connecting wires

Theory
In a parallel circuit, the voltage drop across each resistor is equal to the voltage gain across the power supply.

Method
1. Connect the apparatus according to the circuit diagram in  

figure 13.80.
2. Connect the voltmeter in turn to measure the voltage (with the 

switch closed) across the power supply and across each 
resistor.

Results
Record your results as in the table below.

V across power supply

V across R1

V across R2

Analysis
Write a sentence to sum up these results.

Questions
1. Does any current pass through both R1 and R2?
2. Consider only that part of the current that passes through R1.

(a) What is its voltage gain in the power supply?
(b) What is its voltage loss in R1?

3. Consider only that part of the current that passes through R2.
(a) What is its voltage gain in the power supply?
(b) What is its voltage loss in R2?

4. Consider the total current in the circuit.
(a) What is its voltage gain in the power supply?
(b) What is its voltage loss in the resistors?

13.5 Addition of resistance
Aim
To use the laws of addition of resistances to predict the resistance of two resistors connected (a) in series and 
(b) in parallel and to test the predictions experimentally

Apparatus
power supply
variable resistor
ammeter
voltmeter
two resistors, R1 and R2, with different resistances
switch
connecting wires

Theory
The total resistance, Rseries, of two resistors, R1 and R2, connected in series, is given by the rule:

Rseries = R1 + R2

The total resistance, Rparallel, of two resistors, R1 and R2, connected in parallel, is given by the rule:
1

Rparallel
= 1

R1
+ 1

R2
.

R1

R2

FIGURE 13.80
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To measure the total resistance of a combination of resistors, 
measure the voltage drop, V, across the combination, and the 
current, I, passing through the combination. The total resistance is 

given by the formula: R = V
I
.

Method
1. Connect the circuit as shown in figure 13.81. Between the points 

X and Y, connect in turn:
(a) R1

(b) R2

(c) R1 and R2 in series
(d) R1 and R2 in parallel.

2. In each case adjust the voltage of the power supply and the 
resistance of the variable resistor so that the current has the 
value suggested by your teacher.

3. With the switch closed, measure the total current passing from X 
to Y and the voltage across XY.

Results
Record your results as in the table below.

V(V) I(A) R = V
I
(Ω)

R1

R2

R1 and R2 in series

R1 and R2 in parallel

The third column is calculated from the measurements of voltage and current. This column gives the 
experimental values of the resistances and their series and parallel combinations.

Analysis
1. Using the laws of addition of resistances, calculate the theoretical values Rseries and Rparallel. (Use the values 

of R1 and R2 found experimentally, not the nominal values written on the resistors.)
2. Compare the theoretical and experimental values by completing the following table.

Experimental value of 
resistance (Ω)

Theoretical value of 
resistance (Ω)

R1 and R2 in series

R1 and R2 in parallel

3. Comment on any differences between the experimental and theoretical values.

A
X Y

V

FIGURE 13.81
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