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1 Openingitems

1.1 Moduleintroduction

Since the mid-19th century our lives have been revolutionized by the application of electrical and magnetic
principles. In this module, we consider how energy is stored in electric and magnetic fields.

For example, you may have wondered how an electronic flash gun in a camera stores its energy and is able to
release it all amost immediately. In Section 2 you will see that we can explain thisin terms of capacitance and
energy stored by the charge in the electric field of a capacitor. We will consider how the shapes and sizes of
capacitors, as well as the materials from which they are made, affect the amount of charge which can be stored,
and also how combining capacitorsin series and in parallel allows us to vary the charge stored and the potential
difference across them.

Many electrical devices rely on energy being stored and released over a long period. Section 3 is about these
energy stores— electric cells and batteries. Y ou will see that the position of metalsin the electrochemical series
determines their behaviour in a cell, and that there are limitations including internal resistance and polarization
that affect the design of cells and batteries.
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Section 4 is about the magnetic fiel ds associated with electric currents, and the energy stored in magnetic fields.
We explain this in terms of inductance and it is the energy stored in the magnetic field due to a current in an

inductor that is responsible for generating the high voltages required for the spark plugsin a car or the starter in
a fluorescent tube.

Capacitors produce transient currents which change exponentially when a d.c. supply is suddenly switched on or
off. Similarly, there is a short-lived induced voltage while the current in an inductor is changing. These transient
phenomena are characterized by the capacitive or inductive time constant of the circuit. As you will see in
Sections 2 and 4, the mathematical analysis of these effects can prove challenging but gives an insight into the
behaviour of changing electric and magnetic fields. It is very satisfying that situations such as this can be
modelled mathematically and give excellent agreement with the observed phenomena.

Study comment  Having read the introduction you may feel that you are already familiar with the material covered by this
module and that you do not need to study it. If so, try the Fast track questions given in Subsection 1.2. If not, proceed
directly to Ready to study? in Subsection 1.3.
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1.2 Fast track questions

Study comment  Can you answer the following Fast track questions?. If you answer the questions successfully you need
only glance through the module before looking at the Module summary (Subsection 5.1) and the Achievements listed in
Subsection 5.2. If you are sure that you can meet each of these achievements, try the Exit test in Subsection 5.3. If you have
difficulty with only one or two of the questions you should follow the guidance given in the answers and read the relevant
parts of the module. However, if you have difficulty with more than two of the Exit questions you are strongly advised to
study the whole module.

Question F1

Calculate the self inductance of an air-cored coil of length 5 cm and diameter 1.5cm wound with 1000 turns. o
This coil is found to have a resistance of 20 Q. It is then connected to a 12V d.c. supply. Calculate the energy
stored in the magnetic field when it is fully established.
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Question F2

A 200 uF capacitor is charged by connecting it to a 100V d.c. supply, and then discharged through a 500 Q
resistor. Draw an annotated sketch graph to show how the charge on the capacitor changes with time during the
discharge. Make your sketch graph as quantitative as possible.

Study comment

Having seen the Fast track questions you may feel that it would be wiser to follow the normal route through the module and
to proceed directly to Ready to study? in Subsection 1.3.

Alternatively, you may still be sufficiently comfortable with the material covered by the module to proceed directly to the
Closing items.
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1.3 Ready to study?
Study comment

To begin the study of this module you will need to be familiar with the following terms: atom, charge, current, electric field,
electromagnetic induction, energy, ion, induced voltage, magnetic field, potential difference, resistance, voltage, work.
If you are uncertain about any of these terms you can review them now by reference to the Glossary, which will also indicate
where in FLAP they are developed. Y ou will also need to have some understanding of self induction, athough this topic is
reviewed briefly in the course of the module. In addition, you will need to be able to sketch and interpret graphs, rearrange
equations, use calculus notation for rates of change, recognize and interpret expressions for exponential change, differentiate

simple exponential functions and evaluate definite integrals of the type I:x dx. The following Ready to study questions will
allow you to establish whether you need to review some of the topics before embarking on the module.
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Question R1

Calculate the current in a 150 Q resistor when there is a potential difference of 24V across it. Hence calcul ate
the power dissipated as heat in the resistor.

Question R2

A potential difference of 3000V is applied to two paralel plates that are held 15mm apart. () What is the
strength of the electric field between the plates? (b) How much work is done by the field if a charge of +2.0uC
moves from the positive to the negative plate? (c) What is the magnitude of the electrostatic force on this charge

between the plates?

Question R3

Explain the total voltage which results when three cells, each of voltage 1.5V, are connected first of all in series
and then in parallel.
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Question R4

Calculate the magnetic field strength at the centre of an air-cored solenoid of length 20 cm and diameter 2.0cm if
it has 600 turns and carries a direct current of 4A. [

Question R5

The expression dA/dt = —kA describes how a quantity A varies with time, where k is a constant.
(@ Show that A= Ay ekt, where A, is a constant, is a solution to this equation.
(b) Write down expressions for the value of A whent =0 and when t = 1/k.

Question R6

Xo
Write down an expression for the value of J' xdx.
0
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2 Capacitors

The first device we look at for storing energy is the capacitor. [

2.1 Capacitorsand charge storage

A capacitor isadevice for storing electrical charge. It isin essence a combination of two parallel metal plates
separated by an insulating material — the dielectric.

Capacitors come in avariety of shapes and sizes. If you look inside any piece of electronic equipment you will
see a range of capacitors. These will vary from small button-shaped devices to colourful metal cylinders.
Inside atelevision or radio you may aso find variable capacitors or tunable capacitors which may include alarge
collection of dliding plates with variable area of overlap. The terminals of some capacitors are labelled + and —,
and it is important to connect these electrolytic capacitor s the right way round in a d.c. circuit, i.e. with the
terminal marked + at the more positive potential.
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Figure 1 shows the circuit symbols for
capacitors and Figure 2 shows a circuit
containing an electrolytic capacitor.

Note If an electrolytic capacitor is

@)

connected the wrong way round in a circuit, CD CD +
chemical reactions take place within it that lead

to heating and may even cause the capacitor to

explode. .\ )

Despite the variety of designs we will try I H

to keep things simple by describing |

capacitors as two parallel metal plateson _ _ ‘

which charge may be stored. The simplest  F19ure2 A capacitor being charged /
way we can look at charge storage is to  through light bulbs. ‘
connect a capacitor in a circuit as shown in Figure 2. LI When the switch is ©

closed a current flows for a short time, lighting both bulbs, then the current o
rapidly falls to zero and so the bulbs dim and go out. This shows ustwo things; ~ Figurel Circuit symbolsfor

o whilethe capacitor is charging, there is a current in the circuit;

capacitors. (a) Any type of
capacitor except electrolytic,

o when the capacitor is fully charged there is no current. (b) electrolytic capacitor, (c)

variable capacitor.
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Remember that current is the rate at which charge flows in a circuit. In most electrical circuits the charge which
flows is in the form of negatively charged electrons. These are attracted from one plate towards the positive
terminal of the supply giving that plate a net positive charge, this attracts an equal number of electrons to the
other plate giving it an equal and opposite negative charge.

When we talk of the amount of charge, g, stored in a capacitor, we are really talking about a separation of
charge, i.e. acharge +q on one plate and —q on the other. (R

If you charge a capacitor through a bulb the variation in brightness of the bulb tells us that there is a high current
soon after the connection is made but that this current dies away as it becomes progressively more difficult to
add more charge to the plates. Eventually no more charge can be added and the capacitor is ‘fully charged’. [
When the two charged plates are connected together electrons will flow to reduce the stored charge to zero and
so the capacitor discharges. This means that if the capacitor is discharged through a bulb, then the bulb will be
seen to glow briefly and then dim once the charge flow ceases. Alternatively, if the terminals of a charged
capacitor are connected directly (without the bulb) then a spark may be seen.
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Question T1

An amateur electrician decides to repair a faulty old television. Being cautious he switches it off and disconnects
it from the socket. However, after a few moments of probing around with a screwdriver he is surprised to find
that there is a blue flash and he burns his fingers. Suggest an explanation. [
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A ‘fully charged’ capacitor is not ‘full’ in the same sense that a beaker can be full of liquid. If you increase the
voltage across a ‘fully charged’ capacitor, more charge can be added to the plates. L] The amount of charge q
which gathers on the capacitor plates is proportional to the potential difference V across the plates: q 0 V so we
can write

q=CV D

where the constant C is the capacitance. If q is measured in coulomb and the potential difference V isin
volts, then the capacitanceis measured in farad (F), the SI unit of capacitance.

The capacitance tells us how much charge can be stored per volt. 1F = 1CV~1. Capacitors used in electronic
equipment typically have capacitances expressed in microfarads (UF), nanofarads (nF) or picofarads (pF). (R

The capacitance of aparallel plate capacitor depends upon three things:
o theareaof overlap of the plates A;

o thedistance separating the plates d;

o thedielectric materia (insulator) between them.
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If we measure charge stored in a capacitor as A and d are changed, for a particular
value of voltage, the results are as shown in Figure 3.

We find that

o chargeisdirectly proportional to the area of overlap q O A;

o chargeisinversely proportional to the plate separation q O 1/d;

and since C [ g, we deduce that C O A/d.

We can include the effect of the dielectric by introducing a constant of

proportionality &, L] known as the per mittivity of the material and hence write the
capacitance as

c=£2 @ O
For a vacuum ¢ is equal to &, the permittivity of free space. [

When other materials are used, &, is multiplied by the material’s dielectric constant
or relative permittivity & to give £= & &.

q
@ A
q
©) d

Figure3 Graphs showing
@qgOA((b)g O vd.
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Table 1 shows that there is quite a large variation in value of relative permittivity but that in general the values
of & for gases are approximately equal to 1.

Tablel Relative permittivities
(dielectric constants) for a variety of

In general, the expression for capacitance can be written: materials.

Materia Relative permittivity

EEQA
C= fdo (3) & (at 25°C)
air 1.000536
Question T2 carbon dioxide 1.000 922
Two square metal plates, each of side 0.15m, are placed on top of each helium 1.000 0650
other and separated by alayer of polyethylene 5.0 mm thick. What is the
capacitance of the arrangement? Express your answer inpF. [ polyethylene 2.35
PvC 4.55
- glass 35t010
ethanol 24.30
water 80.37
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2.2 Capacitorsin seriesand parallel

Capacitors are mass-produced with a range of fixed capacitance values.
In many practical circuits, capacitors are connected together in series or in
paralel to produce values that are not available ‘off the shelf’. Figure 4
shows three capacitors connected in parallel so that each has the same
potential difference V acrossits plates. The total charge stored, g, will be:

=01 +Qx+ Q3
SO CV=CV+CN+CyV
ie. CV= (Cl+ C2 + C3)V

hence for capacitors in parallel, the total capacitance is the sum of
the individual capacitances:

C= Cl+ C2 + C3 (4)

Figure4 Capacitors connected in parallel.

a2

ds
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For the three capacitors connected in series (Figure 5) the total potential differenceis
given by the sum of the potential differences across each and, since charge can only be
redistributed within the conducting parts of the arrangement, each capacitor stores the +q
same charge g. Vi q

V=V;+V,+V;

Now, we can say V = ¢/Cin each case, so we can write;

g = i + i + i
cC G G G v, ——*a
2 T
So, for capacitors in series, the reciprocal of the total capacitance is equal to
the sum of the reciprocals of the capacitances:
l = i + i + i (5)
c G G
v, —
R

Figure5 Capacitors connected in series.
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Question T3 12V

For the arrangement of capacitors in Figure 6 calculate the total 4{ poeoeeee- + -
capacitance and the potential differencesV; andV,. [ 3yF
‘ 3
b—{ : 3uF ;
o aF 1
il Vi < Vs, i
< v !

Figure6 SeeQuestion T3.
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2.3 Energy stored in capacitorsand in electric fields

In a photographer’ s flash gun, energy isfirst stored by charging a capacitor and then delivered to a bulb. Suppose
a 10 000 uF capacitor is charged by connecting it to a3V battery. Equation 1

q=CV (Ean1)

shows that the charge stored is 3 x 102C, but how can we calculate the energy delivered during the discharge?
When the discharge begins, charge moves through a potential difference of 3V —the capacitor is behaving,
temporarily, like a 3V battery. If a small amount of charge Aq moves through a potential difference V, the
electrical energy transferred AE is given by

AEy = VAq (6)

For a battery of steady voltage V, the total energy transferred by charge g would be E4 = Vq, but as the capacitor
discharges its potential difference fals, so the last few electrons to flow around the circuit move through a
voltage that is virtually zero. Since the voltage fals linearly as the charge falls it is the average voltage (Vy/2)
which should be used in this calculation. We could make a reasonable guess and say that the energy delivered
would be the same as if all the charge moved through half the initial voltage V,, i.e. Eq = qVy/2. Using calculus
techniques we can reach the same conclusion more rigorously, as shown below.
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If we deal with small amounts of charge Ag moving through a voltage V, the total energy transferred is the sum
of al these small transfers of energy:

Ey=YVAq 7 L

Since g = CV, removing Aq from the capacitor leads to adrop in voltage AV = Ag/C, so Ag = CAV and hence
Eqy=>CVAV (8)

If we make the changes infinitesimally small, and call the initial voltage V,, then we can replace the summation

by an integral and the change in stored energy is

CVZ

0
Eq =C[VdV =~ ©)
Vo

The minus sign indicates that this amount of energy is lost by the capacitor.
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Using Equations 1 and 9

0 2
Eq :CIVdV:—% (Egn9)
Vo

we obtain three useful expressions for the energy E, delivered during a capacitor discharge:

108 _1 1
Eq ==—2 ==QoVo = =CVZ 10 [
475 2%0 5 =Va (10) |

Alternatively, we could use a similar argument to find the work done when a capacitor is charged. As the
capacitor becomes progressively charged the rising potential difference means that more and more energy is
needed to transfer a given amount of additional charge. If a small amount of charge Aq is moved through a
potential V then the energy transferred in moving this chargeis AE4 = VAQ As charge builds up, V increases, and
it becomes harder to move more charge into the capacitor. As before, the total energy transferred is the sum of
all these small transfers, and the total energy transfer in charging is the same as the energy delivered during the
discharge as described by Equation 10. The principle of energy conservation demands that these two energy
transfers are the same.
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Question T4

Cadlculate the energy stored when a 10 000 uF capacitor is connected across a 3V battery. If the capacitor takes
1 msto discharge fully through a bulb, estimate the average electrical power during thedischarge. O LI

We can look at energy storage in a capacitor from another viewpoint. If a capacitor consists of two plates with
area of overlap A, separated by a distance d, then Equations 2 and 10

C= % (Eqn 2)
195 _1 1
Ba ==—2==qyVo ==CV¢ Egn 10
45T QoVo 5 Vo (Egn 10)
show that the energy stored is
Eq = AeV?/(2d) (11
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Applying a potential difference V between two parallel plates gives rise to an electric field between the plates.
We can relate the energy stored to the electric field strength. If there is a potential difference V between two
plates separated by adistance d, but with no dielectric present, then between the plates thereis a uniform electric
field E of magnitude

E=Vvid 12 LI
Thisisthe electric field in which the dielectric is placed.
We can write this as V = Ed and hence substituting V2= E2d2 in Equation 11

Ey = AcV2/(2d) (Eqn 11)
gives
Ey = AdeE2/2 @3 L)

Study comment  We must be rather careful in the wording here. We are on the edge of a topic which lies beyond FLAP.
The pointisthat if adielectricis placed in an electric field E the electric field within the dielectric is reduced by the factor &,
the relative permittivity or dielectric constant. This arises because of electric polarization in the dielectric, which in turn
arises because of the electric dipole moments within the material which are induced by the applied field E. The topic of
electric polarization lies beyond FLAP. Nevertheless, our expression (Equation 13) remains valid within the dielectric
providing E isinterpreted as the magnitude of the electric field in the region before the dielectric isinserted.
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This may not look particularly interesting until we notice that Ad is the volume enclosed by the plates.
The energy per unit volume is called the ener gy density, so

an electric field of magnitude E in which there is placed a diel ectric material of permittivity € has an energy
density of £ E2/2 within the di€lectric.

This statement applies to any electric field— it need not be between capacitor plates, nor need it be uniform.
In anon-uniform field, the local energy density varies with position just as the field strength varies.
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24 Transient currentsin
capacitive cir cuits

We have seen that when a
capacitor is connected in a d.c.
circuit there will be a current
while the capacitor is charging or
discharging. The fading brightness
of the bulbs in Figure 2 suggests
that the current does not remain
steady during this time. In this
subsection, we will derive
mathematical expressions for this

5
|
'

short-lived current known as a Figure2 A capacitor being charged Figure7 Circuit for charging and

discharging a capacitor through aresistor.
Switch at A: capacitor charges. Switch at

transient current.

through light bulbs.

B: capacitor discharges.

Suppose a capacitor is charged by being connected to a battery through a circuit of resistance R so that initially
the charge is gy = CV,. Suppose it is then discharged through a resistor R. Figure 7 shows a suitable circuit for

both the charging and discharging.
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During the discharge, q decreases and hence V also decreases— as discussed in Subsection 2.3, the capacitor
behaves like a battery whose voltage is rapidly falling. We can write down two expressions for the current, I, in
the circuit. The current | is equal to the rate of flow of charge so, in calculus notation

-9
=% 4 L

We also know that when there is a potential difference V across aresistor R, | = V/R. Substituting V = g/C
(from Equation 1) [

g=CVv (Egn 1)
we can write
_ g
| = 2L 15
— (15)

Comparing Equations 14 and 15 we can write

dg__9 __1 (16)

& RrC  rc
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O If g decreases such that its rate of change is proportional to the remaining charge (i.e. dg/dt O q), what law
of changeisinvolved?

Since the proportionality constant is negative, i.e. q is decreasing with time, we have an example of exponential
decay. In this particular case, the decay constant is —1/RC so we can write down an expression for g at any
timet:

q(t) = go et/RC an L
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q(t) = go e*/RC

(Eqn 17014

Equation 17 gives the exponential decay
curve shown in Figure 8a. The early
steep L] gradient shows that the early
current is large, then it dies away, rather

as we might expect from observing (D
circuitslike Figure 2.

Figure2 A capacitor being charged
through light bulbs.

o

@

Figure8a Discharge curve

for a capacitor.
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Figure 8b shows how the charge builds up
when the capacitor is being charged through

a resistor—it is the curve in Figure 8a
flipped over. Again, the early current islarge,
then it dies away.

@

Figure8a Discharge curvefor
acapacitor.

©

Figure8b Charging curvefor a

capacitor.
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The discharging current is shown in Figure 8c
and the charging current in Figure 8d. These two
curves are given by the negative of the gradients
of Figures 8a and 8b, respectively, from
Equation14.

|:—%
dt

Notice the charging current is in the opposite
direction to the discharge current.

(Egn 14)

©

Figure8 (c) Discharge current. (d) Charging current.

_|0,
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While the capacitor is charging, the net potential difference across the resistor is V, — V, where V; is the battery
voltage and V the voltage due to the partially-charged capacitor. The current is therefore given by | = (Vy — V)/R
and hence

% — Go —d (18)
dt RC
In Question T5 you can confirm that the corresponding expression for the charge at timet is:
q=0o(1-€"'RO) (19
Question T5

According to Equation 19, what is the charge when t = 0? What is g when t is very large? Are these values what
you would expect? By differentiating and rearranging Equation 19, show that it isa solution of Equation 18. [
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The product RC has the dimensions of time. Y ou can see this by comparing the dimensions of the right- and | eft-

hand sides of Equation 16,

dq o} 1
i R Eqgn 16
dt RC RCq (Eqn 16)

or by noting that the exponent t/RC in Equations 17 and 19 must be dimensionless.
qt) =g eV/RC (Eqn 17)

q=0o(1-€"'RO) (Eqn 19)
From Equation 17, when t = RC, then q = gy/e and hence we define

value L] :
Tc=RC (20)

the caEacitive time constant 1. for the discharge is the time taken for the charge to fall to 1/e of itsinitial

O What arethe Sl units of 1:?
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The time constant is a useful quantity. From Figure 8a you can see that it is  q/
much easier to define and measure the time for the charge to fall to gy/e than it
is to define the exact moment when the charge falls to zero. Oo]
t
@

Figure8a Discharge curvefor
a capacitor.

FLAP P45 Energy in electric and magnetic fields O 0 ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



Equations 16-20 illustrate several important features of the charge and discharge:

dq o} 1
“a__ 49 .__ Eqgn 16
dt RC RC (Ean 16)
q(t) = go et/RC (Ean 17)
dg _ g9 —q
e e Eqgn 18
at RC (Ean 18)
q=0o(1 - et/RC) (Ean 19)
c=RC (Egn 20)

o Tc doesnot depend on qq. Thisis afeature of any exponential change: the time for g to change by any given
factor isindependent of the actual value of g chosen or the starting time.

o Thelarger the resistance, the greater the time constant, and so the longer the capacitor takes to charge and
discharge. This makes sense: alarge resistance reduces the current, i.e. reduces the rate of flow of charge.
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Tc =RC (Egn 20)

The larger the capacitance, the greater the time constant. This, too, makes sense: a large capacitor stores a
lot of charge at a given V. The rate of flow of charge (i.e. the current) depends only on V and R, so a
capacitor that stores alot of charge will take along time for its charge to fall by a given factor.

dq o} 1

“Q__4a.__ 1 Eqn 16
dt RC rcl (Ean 16)
q(t) = go et/RC (Ean 17)

Putting V = ¢/C and then | = V/R into Equations 16 and 17 shows that the voltage and current also change
exponentially during the charge and discharge with atime constant 7 = RC.
(In practice, it is easier to measure V or | than it isto measure q.)
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Question T6

Figure 9 shows the voltage across a capacitor discharging through a
2kQ resistor. Use the graph to find the time constant for the
discharge and hence deduce the value of C. What are the initial
charge and current g, and 15? Sketch graphs to show how g and | vary
during the first 50 ms of the discharge. O .
f?

Question T7

How would Figure 9 and your answers to Question T6 be changed if
(a) the same capacitor were discharged through a 4kQ resistor
(b) a capacitor of twice the capacitance were charged from the same
battery and discharged through the 2kQ resistor? [ .
D

Vivolt
6
4 N
2 \
\\
0 10 20 30 40 50

t/ms

Figure9 Discharge curve for acapacitor.
See Question T6.
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3 Batteries

We have seen how a charged capacitor acts as a short-lived source of potential difference and produces a
transient current while discharging. Now we turn our attention to sources of steady direct current.

3.1 Cdls, batteriesand voltage

We will draw a distinction between a single cell and a collection of cells which makes up a battery.
This probably seems rather pedantic but you will see later that it is a useful idea. So we will start with a simple
cell.

The simplest cells are produced when two different metals are dipped into an electrolyte which is a conducting
ionic solution such as a dilute acid. You may have seen electronic clocks which are powered by having two
metal rods stuck into alemon or even a potato where the juice forms the electrolyte. Y ou may even have noticed
a rather strange taste in your mouth if you have inadvertently chewed aluminium foil and it has come into
contact with the fillings in your teeth. Both of these are forms of simple cell in which a chemical reaction takes
place to produce aflow of charged particles which isthe current.
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For the simple cell in Figure 10 we obtain a change in energy from chemical
potential energy to electrical energy. We would normally expect a metal
placed into an acid to react to produce hydrogen gas but, in this case, when
the two electrodes are joined together in a circuit a difference in the electric
potentials of the two metals causes charge to flow between them.

conventional
current

zinc[ | - +[ ] copper
N e
flow of
negative
ions
M M
-~ (9]
o]
OO
H, o
o]
flow of 2| |
positive o
ions 3
—_— ©
- J

sulphuric acid

Figurel0 A simplecell.
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In the simple cell in Figure 10 hydrogen is produced at the surface of the
copper plate coming off as bubbles (which can cling to the surface and
reduce the areain contact with the electrolyte). While this is happening, zinc
is being dissolved from the other plate so that zinc ions (Zn?*) pass into
solution leaving the zinc rod negatively charged. The copper rod becomes
positively charged and so is able to accept electrons flowing through the wire
from the zinc plate. The following reactions take place:

At the negative terminal (zinc): Zn — Zn2* + 2e-
(one zinc atom produces one zinc ion and two electrons)

In the eectrolyte: H,SO, + 2H,0O - 2H;0% + SO42- [
(sulphuric acid in water produces hydronium ions and sulphate ions)

At the positive terminal (copper): 2H;0* + 2e~ - 2H,0 + H, o

(two hydronium ions plus two electrons produce two water molecules plus
one hydrogen molecule.)
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Figurel0 A simplecell.
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In the metal wire there is a flow of electrons and in the electrolyte a flow of
ions—positive ions move towards the copper and negative ions flow towards
the zinc— in other words, there is a direct current throughout the circuit. We
say that the conventional current direction is that of the (real or apparent)
movement of positive charge, i.e. in the wire the current flows from the
positive terminal to the negative terminal. This means that electrons
(negatively char%ed) flow in the opposite direction to the conventional
current. |y

The cell can drive current for as long as the chemical reactions take place.
When they stop (for example, because one of the electrodes has entirely
dissolved into the electrolyte) we would probably say colloquially that it had
‘goneflat’ or that it had ‘discharged’.

Thecell in Figure 10 isjust one example of ageneral rule:

any two different metals dipping into an electrolyte produce an electric
cell.
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Figure10 A simplecell.
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The voltage of the cell depends on the metals used, as doesthe cell’s Table2 Part of the electrochemical series.

polarity (i.e. which metal forms the positive terminal and which the Element Chemica  Electrode
negative). Table 2 shows part of the electrochemical series symbol potential/V
—alisting of elements according to their behaviour in cells. ||

If you make a cell with any two metals you find that potassium K —2.93
: . sodium Na 271
o theelement nearer the top of Table 2 forms the negative terminal
of the cell; magnesium Mg -2.37
o the further apart the metals are in the series, the greater the cell  guminium Al ~1.66
voltage; . '
zinc Zn -0.76
o the cell voltage depends only on the metals used, and not on the .
electrolyte. iron Fe -0.45
Note Thisisfor anideal cell. In practice, the cell voltage may be affected tin Sn -0.14
by avariety of other factors as discussed in Subsection 3.2. lead Pb ~0.12
Notice that zinc is above copper in Table 2 so, as in Figure 10, it hydrogen H 0.00
forms the negative terminal in a cell made with copper and zinc. copper cu 1034
silver Ag +0.80
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Figure 11 shows two cells joined in series, with a hydrogen electrode hydrogen
making the positive terminal of one cell and the negative terminal of the gas

other. Thisarrangement is equivalent to asingle cell with zinc and copper \rzinc COppe{/
electrodes. The net voltage of the two cellsin series is the sum of the two

separate voltages, so the voltage of the equivalent Zn—Cu cell isthesum g N e
of the Zn-H and the H—Cu voltages. A hydrogen—zinc cell has a voltage

of 0.76 V (with H being the positive terminal) and a hydrogen—copper J { =

cell has 0.34V (with H being the negative terminal) so a zinc—copper cell
will have avoltage of 0.76 V + 0.34V = 1.10V. There is nothing special
about zinc, copper and hydrogen— a similar argument applies to any two
cells with a common electrode.

The electrode potential of a metal is defined as the cell voltage obtained
when you pair the metal with hydrogen, and it allows you to calculatethe  Figure1l Two cellsin series, witha
voltage of a cell made with any two metals. The sign of the electrode  common hydrogen electrode. (The
potential takes account of the fact that hydrogen will sometimes be the  hydrogen gasis at a pressure of 1 atm.)
positive electrode and sometimes the negative. To find the cell voltage, A wire connects the two cdlls.

you therefore have to subtract one electrode potential from the other, e.g.

for zinc—copper the voltage is0.34V — (-0.76 V) = 1.10V.

Note Hydrogen isused asthe ‘standard’ electrode because it gives reliable experimental results. The same argument would
apply if any metal were used in place of hydrogen, but the values tabulated in Table 2 would be different.

N A

FLAP P45 Energy in electric and magnetic fields O 0 ‘ .
COPYRIGHT © 1998 THE OPEN UNIVERSITY S570 V1.1



Question T8

If a cell is made using iron and copper for the electrodes, which metal will form the positive terminal?
What will be the cell voltage? What would be the voltage of an iron—zinc cell, and which metal would be the
positiveterminal? [

3.2 Factorsaffecting the performance of cells

In Subsection 3.1 we talked rather loosely of ‘the voltage' of acell. In practice, the potential difference between
the terminals of a cell depends on the external circuit, and is a maximum when there is no current.
This maximum voltage is the open cir cuit voltage of the cell, and this is what you calculate when you use the
electrode potentials in Table 2. The cell open circuit voltage can be measured with an oscilloscope or with a
digital voltmeter because these devices have very high resistance (effectively infinite for most practical
purposes), and so avery small current flows (effectively zero).
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When a cell drives a current, the potential difference between its 7" Vopen_r
terminals drops, due to the cell having an internal resistance which is 1 H—F———
essentially the resistance of the electrolyte and the electrodes. Figure 12 N
shows a cell with internal resistance r connected to an external resistor R. |

The internal resistance is drawn separately, but remember that it is an
integral part of the cell, so cannot be removed. The open circuit voltage of :l

the cell Ve, drives the current through the two resistors r and R, and so

the current in the circuit is

| = Vopen (21) Figure12 A battery of open circuit
R+r voltage Vopen and internal resistance r
The potential difference V between the terminals X and Y isthe same as  connected to aresistance R.
that across the external resistor, i.e. IR. Rearranging Equation 21 therefore

shows that the voltage between the cell terminalsis given by

V = Vopen = I (22)

So, if acell has alarge internal resistance, there can be quite a drop in terminal potential difference when it is
connected in acircuit.
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Apart from internal resistance, there are other factors affecting the
performance of cells. In the zinc—copper cell of Figure 10, the zinc plate is
eaten away (as the zinc ions go into solution), and the hydrogen produced at
the copper electrode sticks to that electrode, reducing its effective area
This]ocal action resultsin aloss of efficiency of the cell. More significant is
the effect of (electrical) polarization. Like internal resistance, this is
apparent as soon as there is a current. It causes the concentration of ions
around both electrodes to change and acts to reduce the open circuit voltage
of the cell which may even fal to half its unpolarized value.

Question T9

A cell is connected to a voltmeter of very high resistance, and produces a
reading of 1.5V. When aresistance of 2.5 Q is connected in parallel with the
meter, the reading fallsto 1.25V. Calculate the current in the external resistor
and the internal resistance of thecell. [ .
fP
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3.eil’>| The lead—acid accumulator and the Leclanché dry
C

So far, we have dealt with simple cells of two metals in a solution.
We end this section with alook at two slightly more complicated types
of cell which you may well have seen: the lead—acid accumulator
which isfound in most cars and the L eclanché dry cell which is the sort
you put in a torch or portable radio. There is an obvious difference
between these: an accumulator can be charged and discharged many
times but the dry cell can only be used once and is then disposed of.
The accumulator is an example of a storage cell because the chemical
reaction which takes place inside it istruly reversible.

Figure13 A lead—acid accumulator.

Thelead—acid accumulator

Figure 13 illustrates a battery made from several lead—acid accumulator cells. The electrodes are made from a
lead compound pressed into agrid made from an aloy of lead and antimony. The electrodes are manufactured in
this way in order to increase their surface area so that they work more effectively. The electrolyte is a strong
sulphuric acid solution.

The cells can be ‘charged’ by connecting them to a d.c. supply. As aresult, one plate becomes covered in lead
oxide (PbO,) whilst the other remains as lead.
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Theinitial voltage of each cell isalittle above 2.0V but thisfallsto 2.0V and stays there until the cell is amost
fully discharged. A lead—acid accumulator cell has alow internal resistance (about 0.1 Q). A 12V car battery has
six of these cells connected together in series. While discharging, the negative plate (the lead) and the positive
plate (the lead oxide) are both converted into lead sulphate (PbSO,) as the sulphate (SO,27) ions are removed
from the solution.

In order to ensure that a car battery is fully charged at all times, it is constantly charged by the alternator while
the engine is running. However, once the engine is switched off, it will soon discharge if current is allowed to
flow. Thisis obvious to anyone who has |eft their car lights on. Some cars will detect this and limit the current to
the head lamps.

Even though it can be recharged, a car battery will eventually deteriorate. Each time the battery is charged,
oxygen and hydrogen are produced at the electrodes— you can sometimes hear a battery fizzing gently if it has
been left to charge overnight —this means that as time goes by water is lost from the electrolyte. This loss of
water and the removal of sulphate ions from solution means that the relative density of the electrolyte will
change. A useful way of checking the state of a battery is to use a special bulb hydrometer to measure the
density of the electrolyte which should be about 1.21 times the density of water. The life of a car battery can be
prolonged by adding distilled water at regular intervals. Ultimately the plates will begin to fail mechanically and
it isthis which spells the end of most car batteries.
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The Leclanchédry cdl

Figure 14 shows a Leclanché dry cell, commonly used in torches. L]

The positive terminal is carbon, and the outer zinc casing formsthe  .,hon zinc

negative electrode. The cell voltageiscloseto 1.5 V. The ammonium  rod | case

chloride electrolyte is absorbed in a moist jelly or paste— so the cell owdered rotective

i i CAry’ i i i iAaui - iv

is not strictly “dry’, but it does avoid the spillage problems of liquid ~ PORCCret J Blastic

electrolytes. g]an%anese tube
loxide

When the cell is working, Zn2* ions are produced at the negative fabric

terminal, releasing electrons that flow around the external circuit. Jcec')'r)]’t aining bag

At the positive terminal, electrons neutralize H;O* ions to produce  ammonium

hydrogen gas and water. The manganese dioxide (MnO,) around the  chloride

carbon removes the hydrogen gas:

2M no2 + H2 R Mn203 + Hzo Figure 14 A LeC'anChédry cell.

The cell goes ‘flat’ when either the electrolyte dries out or the manganese dioxide is al used up. Thereactionis
not reversible so the cell cannot be recharged.
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A Leclanché dry cell has an internal resistance of typically around 1 Q. In practice the high internal resistanceis
not necessarily a disadvantage: since it can only produce currents up to about 1.5A, a Leclanché dry cell can
produce little damage.

Question T10

What would be the disadvantages of using (a) Leclanché dry cells to make a car battery, (b) a lead—acid
accumulator in aportableradio? [
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4 Coailsin circuits

In this section, you will see that the mathematical description of coilsin
circuits is in some ways similar to that used in Section 2 for capacitors,
even though coils and capacitors are quite unlike each other. We begin
with abrief review of some magnetic effects of a current in a coil.

4.1 Current and magnetism

A current in a coil of wire produces a magnetic field o along the axis
of the coil, as shown in Figure 15. If the coil is closely wound, and long
compared to its width, the field is more-or-less uniform within the cail.
(Such acoil is known as a solenoid.)

Figure15 Themagneticfield duetoa
current in a solenoid.

The strength of the magnetic field depends upon the current, the number of turns per unit length of the solenoid
and the magnetic properties of the material in the core of the solenoid. For along solenoid having N turnsin a
length |, carrying a current | and wound on a core of relative permeability p,, the magnetic field strength B is
given by

B = .UTHONI (23) |:|
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B = HMrHoNI (Eqn 23) Table3 Relative permeabilities of air
| and some magnetic materials.

B is also known as the magnetic flux density. Its S| units are tesla, T, or Material Relative
webers per square metre, Wbm2. || Table 3 shows a few typical ”
- e . . e permeability
relative permeabilities for materials. The magnetic flux ¢ within each turn -
of the coil is a measure of the ‘amount of field within the coil. ar 1.0005
For each turn of the coil of cross-sectional area A: transformer steel 5500
magnetic flux per turn ~ @= BA (24) high purity iron 12600
standard sheet steel 2000
) specialized dloys:
0 What are the Sl units of ¢? mu-metal 100000
5 supermalloy 800 000

When the magnetic flux within a coil changes— either because of changes in an external magnetic field, or
because of changes in the magnetic field produced by the current in the coil itself — electromagnetic induction
L] takes place, i.e. there is an induced voltage produced in the coil.
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Faraday's law of electromagnetic induction states that the magnitude of the induced voltage depends on the rate
at which the magnetic flux changes, and the number of turns in the coil. The total magnetic flux linkage @ is
defined as

total magnetic flux linkage ®=Ng (25) o

The magnitude of the induced voltage Vi, is related to the rate of change of this flux linkage according to
Faraday's law:

Faraday’'s law

magnitude of induced voltage Vg = ‘%_ctp (26)

In addition the polarity of thisinduced voltage is always such as to oppose the changes causing it.
Thisisknown asLenz s law.
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When there is a steady direct current in a coil, the flux linkage is not changing so there is no induced voltage.
However, when the current is switched on or off, there is arapid change in flux which induces a voltage between
the ends of the coil. The direction of this self induced voltage is such asto ‘try’ to maintain the current in the coil
after it is switched off, or to prevent the build up of current when it is switched on, so it is sometimes known asa
back voltage.

Equations 23 to 26
B= M (Eqn 23)
magnetic flux per turn @=BA (Egn 24)
total magnetic flux linkage ®=Ng (Egn 25)
magnitude of induced voltage Vg = ‘dd—ﬂ (Egn 26)
can be combined to show that the magnitude of the self induced voltage is given by
_ HeHoANZ [d ‘
Vig = ———-|— 27
ind | dt ( )
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A cail that is designed to produce a large self induced voltage is often known as an induction coil or an
inductor.

0 How would you design acoil to produce alarge self induced voltage?

Equation 27
2
Vind = M ﬂ‘ (Eqn 27)
I dt
can be written more compactly as
dl
Vind = L‘E (28)

where L isthe coefficient of self inductance (often just called the inductance) and is therefore given by

L - :UTHOANZ

| (29)
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The Sl unit of self inductance isthe henry, H.

Question T11
Satisfy yourself that 1H = 1V s A1 and that the units (V sA~1) and (Wb A1) and are equivalent. [
Question T12

A coil of self inductance 6 H carries a current growing at arate of 0.2 A s1. Calculate the voltage induced in the

coil. Q O

Question T13

An air-cored solenoid has 500 turns. It has a length of 10cm and a diameter of 1.5cm. Calculate its self
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4.2 Transients in inductive
circuits

Figure 16 shows an inductor in series
with a resistor and a d.c. power
supply. With the switch at A, thereis
a direct current in the resistor and
inductor. When the switch is first
closed and the current begins to rise
there is a voltage induced in the

Figure16 Aninductor in serieswith a
resistor and ad.c. power supply. [

inductor that tries to prevent the magnetic flux building up. In other words,
the induced voltage tries to prevent the current building up, so thereis a
delay in the current reaching its final steady value as shown in Figure 17a.
L] 1f the power supply has voltage V,, then the steady current isly = Vo/R.
Once the current reaches a steady value, there is no induced voltage, so
there is effectively just a d.c. supply and a resistor in the circuit.
This is another example of a transient current, such as we met in

Subsection 2.4.

Y

(b) t

Figure17 Currentinthe circuit of
Figure 16 when (@) the switch is
moved to A, and (b) the switchis
moved to B.
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When the switch in Figure 16 is
moved to B and the current begins to
fall thereis again an induced voltage
in the coil which now tries to
maintain the magnetic flux within the
coil by maintaining the previous
current. As shown in Figure 17b,
there is now a delay in the current
falling to zero. Thistransient current
can be described in a very similar

Figure16 Aninductor in serieswith a
resistor and ad.c. power supply.

way to that in a capacitor circuit discussed in Subsection 2.4, even though

the two arisein quite different ways.

When the steady current is switched off by moving the switch to B, the
voltage V;,q induced in the coil provides a potential difference across the
resistor such that Vg = IR. If we remember Lenz's law the change in the
current produces an induced voltage which opposes this change.

Y

(b) t

Figure17 Currentinthe circuit of
Figure 16 when (@) the switch is
moved to A, and (b) the switchis
moved to B.
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We can incorporate this polarity into Equation 28

dl
Vind = L‘E (Eqn 28)
to find
di
IR=-L— 30
m (30)

0 Equation 30 describes an exponential decay. Write down an equation that describes how | changes with
time after the switch ismoved to B. (Hint: Look back at Equations 16 and 17.)

dq q 1

“@__4a__*1 Eqn 16
dt RC RrRc (Ean 16)
q(t) = g eV/RC (Ean 17)
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As was the case in the capacitive circuit, this transient current

approaches zero gradually, so it is useful to define

to fal to 1/e of itsinitial value:

—
TR

the inductive time constant 1, is the time taken for the current |

(32)

Notice that L/R has appropriate units. Its Sl units are HQ™.
1H =1V sA™(seeQuestion T11) and, sinceR=V/I,1Q =1V Al s0

1HQ1=1s

Figure16 Aninductor in serieswith a
resistor and ad.c. power supply.

When the switch is at position A, the induced voltage opposes the battery and so the net potential difference
across the resistor is Vy— Ldl/dt. It is this potential difference that drives the current in the resistor, so we can

therefore say that
dl
IR=Vy—-L— 33
o~ Ly (33
Thisleads to an expression for the growing current:
I =lo(1-e™m) @9 L
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Question T14

Which of the following quantities decay exponentialy when the power supply in an inductive circuit is
disconnected?

Magnetic field strength B in the coail;;

magnetic flux @in the coil;

self inductance L;

power supply voltage Vo;

potential difference V across the resistor.

For those that do decay exponentially, what is the time constant for each of their decays? Sketch graphs to show
theinduced voltagein a coil as the current changes as shown in Figure17. O

Question T15

Explain physically why the inductive time constant is (a) directly proportional to L, and (b) inversely
proportional toR. [
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4.3 Stored magnetic energy

When the current in an inductor grows and decays, energy is being stored in the coil as the field is established
and then used to drive current after the power supply has been disconnected. It is this stored energy which we
will now look at.

Therate at which the battery supplies energy to the circuit is given by V. If we rearrange Equation 33
IR=V0—Lﬂ (Egn 33)
dt
to make V, the subject, and multiply throughout by |, we obtain an expression that describes what happens to
this energy when the power supply is connected:

d
Vol = LI—+1?R 35
0 o (35

Theterm 12R describes the rate at which energy is being dissipated as heat in the resistor, and so the term LIdI/dt
must describe the rate at which magnetic energy E is being stored as the magnetic field is set up, i.e.
dE
meg _ (36)
dt dt
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The energy AE stored duri ng ashort timeinterval At is given by

dE
AEpmag @ﬂgm_ LI—At 37)

So, the total energy stored is the sum of all these small energies,

Ereg = 3 AEreg = zuﬂm

If Atisvery smaII we can then replace the summation by an integral, and so

lo
Emag = f"' = J’LI dl (39)
1,
and hence Emag = E LI§ (39)

Where | isthe final value of the current that flowsin the circuit.
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Compare Equation 39

1
Ermeg = 5 LIg (Eqn 39)
with Equation 10,
102 1 1
Eqy ==-2==0qVo ==CV¢ Egn 10
475 ZQO 0=5%V0 (Egn 10)

and notice that we again have a similarity between the descriptions of an inductive and a capacitive circuit.
In Subsection 2.3 we attributed the stored energy to an electric field and found an expression for the energy
density in the field. Here, the energy is due to the magnetic field, and it can be shown that (see Question T17)

amagnetic field of magnitude B in a medium of relative permeability i, has an energy density of BZ/(21; Lip)-

Notice the similarity between this expression and that for the energy density in an electric field. The only
difference is that permittivity appears on the top line in the equation for electric field energy density and
permeability appears on the bottom line in the equation for magnetic field energy density. Indeed, one of the
main messages of Sections 2 and 4 of this module is that there are many similarities between the mathematical
descriptions of capacitors and electric fields, and of inductors and magnetic fields.
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Question T16

A coil of self inductance 5mH and resistance 10Q is connected to a 6V supply. Calculate the energy stored
when the magnetic field isfully established. O

Question T17

A current | in a solenoid of length | and area A, and self inductance L, produces a uniform magnetic field of
strength B throughout the space enclosed by the coil. Show that the energy density in the magnetic field is

B?/(2p; o). O
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5 Closingitems

5.1 Module summary
1 A capacitor is adevice for storing charge. If acharge +q is stored on one plate of a capacitor, there is a

charge —q on the other plate.

2 Thecharge stored isrelated to the potential difference across the capacitor
gq=CVvV (Eagn )
where C is the capacitance. The Sl unit of capacitanceisthe farad (F). LF=1CV™,
3 For two parallel plates separated by a distance d and with an area of overlap A,
C=Ae/d (Ean 2)
where g isthe permittivity of the material between the plates.
4  When capacitors are connected in parallel
C=C+C, +C5 (Egn 4)
When capacitors are connected in series
i:i+i+i (Eqn5)
cC G G G
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10

11

An inductor isacoil designed to produced alarge self induced voltage when the current in it changes.
The magnitude of the induced voltage V;,q is related to the rate of change of current
di
dt
L isthe coefficient of self inductance. The Sl unit of self inductance isthehenry (H), 1H =1V sA™L
For a solenoid of cross-sectional area A, with N turns in a length I, wound on a material of relative
permesability 1,

L= uruolAN2
A charged capacitor stores electrical energy

Eq = 3CV2 (Eqn 10)

The energy density in an electric field of magnitude E (such as that between the plates of a charged
capacitor) is 4 eE?, where £ = &-¢,.

Ving = L (Ean 28)

(Egn 29)

An inductor in which there is a steady current stores magnetic energy
Emeg =3 LIE (Egn 39)
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13

14

15

16

17

The energy density in a magnetic field of magnitude B (such as that within a current-carrying solenoid) is
3B%/u, where = pop,.

Inad.c. circuit with a capacitor and a resistor, charge flows for a short time while the capacitor is charging

and discharging, producing a transient current.

In ad.c. circuit consisting of a capacitor C in series with a resistor R, the current changes exponentially

while the capacitor is discharging and charging, as does the potential difference across the capacitor and the

charge stored on it. For example, during discharge

q(t) = go e/RC (Ean 17)
When a capacitor discharges through a resistor, the capacitive time constant 7 = RC is the time for the
current, voltage and stored charge to fall by afactor e.
In ad.c. circuit consisting of an inductor L in series with a resistor R, the current changes exponentially
when the power supply is disconnected or connected, as does the induced voltage across the inductor and
the magnetic flux within it. For example, when the power supply is disconnected

I(t) =1geRUL (Egn 31)

When the current falls after the power supply is disconnected from an inductor, the inductive time constant
1, = L/Risthetime for the current, induced voltage and magnetic flux to fall by afactor e.
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A simple electric cell consists of any two different metal electrodes dipping into an electrolyte. Chemical
reactions between the electrodes and the electrolyte give rise to a potential difference between the

electrodes, and the electrode made of whichever metal has the higher electrode potential forms the positive
terminal.

The open circuit voltage of an ideal cell is found by subtracting the electrode potentials of the electrodes

one from another. The further apart the metals are in the electrochemical series, the greater the open circuit
voltage.

Lead—acid accumulators are widely used because they are rechargeable and have low internal resistance.
Leclanché dry cells have a higher internal resistance and are a safe transportable power source.

The internal resistance of any electric cell or battery is due to the electrical resistance of the materials from
which it is made. When a cell is connected in acircuit of finite resistance, its internal resistance causes the
potential difference between its terminalsto fall.

Polarization and |ocal action around the electrodes also cause a drop in the voltage between the terminal s of
acell and may limit its usefulness.
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5.2 Achievements

Having completed this module, you should be able to:

A1l Define the terms that are emboldened and flagged in the margins of the module.
A2 Describe the structure of simple capacitors and relate this to their capacitance.
A3 Calculate values of capacitance for series and parallel combinations.

A4 Sketch and interpret graphs showing the growth and decay of transient currents and related quantities in
capacitive and inductive circuits.

A5 Establish and use the mathematical description of transient currents and voltages in capacitors and
inductors.

A6 Calculate the capacitive time constant and the inductive time constant of simple circuits.
A7 Calculate the energy stored in the electric and magnetic fields within capacitors and inductors.

A8 Describe and explain the structure of simple electric cells and the Leclanché dry cell and the lead—acid
accumulator.

A9 Usethe electrochemical series and electrode potential s to determine the polarity and open circuit voltage of
asimplecell.

A10 Describe the origin of internal resistance and other factors that affect the performance of cells and batteries.
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Study comment You may now wish to take the Exit test for this module which tests these Achievements.
If you prefer to study the module further before taking this test then return to the Module contents to review some of the
topics.
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5.3 Exit test

Study comment  Having completed this module, you should be able to answer the following questions each of which tests
one or more of the Achievements.

Question E1

(A2) Describe briefly the structure of a parallel-plate capacitor and explain how the capacitance depends upon
its dimensions and the materials from which it is made.
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Question E2

(A3) Two capacitors of value 20 uF are connected to a 12V d.c. supply. Calculate the charge stored when
these capacitors are connected, (@) in series, and (b) in parallél. .

Question E3

(A4 and AB) On one set of labelled axes, sketch graphs which show the variation in current when the capacitor
arrangements described in Question E2 (@) and (b) are discharged through a 1 kQ resistor. .

Question E4
(A7) A 200 pF capacitor is connected across a6 V beattery. Calculate the energy stored in the capacitor when it

isfully charged.
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Question E5
(A5) Theexpression | = V—|§(1— e"tR/L) describes the behaviour of the current | in a circuit.

What is the physical meaning of the symbolsV,, Rand L in this expression?
What isthe significance of thetimet = L/R?
What are the values of | whent =0, whentisvery large, and whent = L/R?

Question E6

(A8 and A9) Describe the construction of a simple electric cell. How would you use the electrochemical series
and tabulated values of electrode potential to predict the polarity and open circuit voltage of such a cell?
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Question E7

(A8 and A10) A 1.5V Leclanché dry cell is connected to a digital voltmeter in open circuit so that a value of
1.5V isread on the meter. However, when the dry cell is connected across aresistor of value 100Q, the reading
on the voltmeter fallsto 1.25V. Using this information calculate the internal resistance of the cell and explain
how thisinternal resistance arises. .
VP

Study comment  Thisisthe fina Exit test question. When you have completed the Exit test go back to Subsection 1.2 and
try the Fast track questionsif you have not already done so.

If you have completed both the Fast track questions and the Exit test, then you have finished the module and may leave it
here.

(- ~
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