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FOREWORD

When the Nuffield Advanced Science series first appeared on the
market in 1970, they were rapidly accepted as a notable contribution to
the choices for the sixth-form science curriculum. These courses were
devised by experienced teachers working in consultation with the
universities and examination boards, and subjected to extensive trials in
schools before publication and they introduced a new element of
intellectual excitement into the work of A-level students. Though the
period since publication has seen many debates on the sixth-form
curriculum, it is now clear that the Advanced Level framework of edu-
cation will be with us for some years in its established form. That period
saw various proposals for change in structure which were not accepted
but the debate to which we contributed encouraged us to start looking
at the scope and aims of our A-level courses and at the ways they were
being used in schools. Much of value was learned during those
investigations and has been extremely useful in the planning of the
present revision.

The revision of the physics course under the general editorship of
John Harris has been conducted with the help of a committee under the
chairmanship of K. F. Smith, Professor of Physics, University of Sussex.
We are grateful to him and to the committee, whose other members were
W. F. Archenhold, J. Bausor, Professor P. J. Black, Professor R.
Chambers, A. E. De Barr, Roger Hackett, John Harris, Wilf Mace,
Robert Northage, Professor Jon Ogborn, A. J. Parker, and Maurice
Tebbutt. We also owe a considerable debt to the Oxford and Cambridge
Schools Examination Board which for many years has been responsible
for the special Nuffield examinations in physics and to the Assistant
Secretary of the Board, Mrs B. G. Fraser, who has been an invaluable
adviser.

The Nuffield—Chelsea Curriculum Trust is also grateful for the advice
and recommendations received from its Advisory Committee, a body
containing representatives from the teaching profession, the Associ-
ation for Science Education, Her Majesty’s Inspectorate, universities,
and local authority advisers; the committee is under the chairmanship
of Professor P. J. Black, educational consultant to the Trust.

Our appreciation also goes to the editors and authors of the first
edition of Nuffield Advanced Physics, who worked with Jon Ogborn
and P. J. Black, the project organizers. Their team of editors and writers
included: W. Bolton, R. W. Fairbrother, G. E. Foxcroft, Martin Harrap,
John Harris, A. L. Mansell, and A. W. Trotter. Much of their original
work has been preserved in the new edition.

I particularly wish to record our gratitude to the General Editor of
the revision, John Harris, Lecturer at the Centre for Science and
Mathematics Education, Chelsea College, and a member of the team
responsible for the first edition. To him, to E. J. Wenham, Consultant
Editor of the revision, and to the editors of the Units in the revised
course — all teachers with a wide experience of the needs of students and
of the current state of physics education — Roger Hackett, Nigel Wallis,
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David Grace, Mark Ellse, Charles Milward, Trevor Sandford, Paul
Jordan, Peter Harvey, Maurice Tebbutt, David Chaundy, Wilf Mace,
Stephen Borthwick, Peter Bullett, and Jon Ogborn, we offer our most
sincere thanks.

I would also like to acknowledge the work of William Anderson,
publications manager to the Trust, his colleagues, and our publishers,
the Longman Group, for their assistance in the publication of these
books. The editorial and publishing skills they contribute are essential
to effective curriculum development.

K. W. Keohane,
Chairman, Nuffield—Chelsea Curriculum Trust
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INTRODUCTION

This is the Students’ guide for the second year of the Revised Nuffield
A-level physics course. It covers Units H, I, J, K, and L. An introduction
to the whole course, and an explanation of the way in which the Students’
guides are organized is given under the heading ‘About the course and
about this book’, in Students’ guide 1.
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Section H1

DEMONSTRATION H1
Forces on currents;
forces between currents

OPTIONAL DEMONSTRATION H2
The catapult field

SUMMARY OF THE UNIT

INTRODUCTION

Magnetic fields are more complex than either electric or gravitational
fields. The strength of a magnetic field when iron is present is difficult to
calculate. This is why the treatment here is largely practical rather than
theoretical, and why it is aimed at showing how to make magnetic fields
and how to apply them effectively.

Perhaps the most important applications are to be found in the
generation of alternating current supplies for the mains distribution
system and, at much higher frequencies, for use in radio communication
and television. The Unit is also concerned with some applications of a.c.
which are not possible with d.c.

MAGNETIC FIELDS

Dry cells, solar cells, and fuel cells do not depend on magnetic fields.
However, they are incapable of providing the amounts of energy upon
which our industry, commerce, agriculture, transport, and our homes
depend. For this we need electrical generators capable of transforming
vast amounts of energy derived from the combustion of fossil or nuclear
fuels. All such generators depend on electromagnetic induction in
strong magnetic fields. This Section will show how electric currents
produce magnetic fields, how these fields are measured, and how they
are used to handle atomic particles.

Forces on currents

Two long flexible conductors attract one another if they carry currents
in the same direction (as if they were trying to become one wire). They
repel each other if the currents are in opposite directions (figure H1).
These forces are very small compared, for example, with those needed
to drive an electric train.

Figure H1 Figure H2
Forces on currents. The catapult field.

A wire carrying a current is pushed aside when there is a magnetic
field at right angles to the wire. The ‘catapult field” demonstration

2  Unit H Magnetic fields and a.c.



DEMONSTRATION H3
Forces on induced currents

Figure H3
The jumping ring.

DEMONSTRATION H4
Directions of forces in magnetic fields;
measuring magnetic fields

shows how the magnetic field due to the current in the wire and the
external field combine (figure H2).

An explanation of the ‘jumping ring’ demonstration (figure H3) also
involves the magnetic forces between currents.

Gravitational field strength is given by
g=F/m

and the force acts in the direction of the field.
Electric field strength is given by

E=F/Q

and the force acts in the direction of the field.
The strength of a magnetic field is given by

B=F/Il

and the force acts in a direction perpendicular to both the current and
the field, given by the left hand rule. See figure H4.

g is measured in Nkg ™ !; E is measured in NC ™ %; B is measured in
NA ‘m ! or tesla (T).

field
Tmotion //2

Figure H4
Force—direction rule.

Section H1 Magnetic fields 3



QUESTIONS 1 to 5

QUESTION 7

Figure HS
F = BQu.

QUESTIONS 8 to 10
READING

Electromagnetic flowmeters
The ‘Hall-effect” flowmeter (page 18)

DEMONSTRATION H5
Hall effect; Hall probe

QUESTIONS 6, 11

DEMONSTRATION H6
Measuring the specific charge
for electrons

Figure H6
Measuring the specific charge of an electron.

The strength of a magnetic field may be measured by putting a wire
of length [ in the field, sending a current I through it, and measuring the
force, F, on the wire. B is also called the flux density of a magnetic field.
Like g and E, B is a vector quantity.

The force on a moving charge

From F = BII it can be shown that the force on an individual particle
carrying charge Q, moving with velocity v at right angles to a magnetic
field of strength B, is

F = BQv

<

|
|
|
|
l

In a demonstration of the Hall effect in a semiconductor the
magnetic force on a moving charge is balanced by the electric force on
it. The electric field is V/d and so the electric force is QV/d.

Thus BQu = QV/d, giving the Hall voltage V' = Bvd.

A Hall probe can therefore be used to compare magnetic fields by
comparing voltages provided that the speed of the charge carriers, v, is
kept constant. This means that the current in the Hall probe must be
kept constant.

Measurement of e/m

A beam of electrons can be bent into a circular path by a uniform
magnetic field at right angles to the electrons’ direction of motion. A
fine-beam tube contains gas at low pressure which is ionized by the
electrons. The ionized gas glows, enabling us to see where the electron
beam is. Combining the formulae for centripetal force (mv?/r), magnetic

4 Unit H Magnetic fields and a.c.



QUESTIONS 12 to 16

EXPERIMENT H7
Fields near electric currents

QUESTIONS 17 to 22

QUESTION 19

force on an electron (Bev), and for energy of an electron accelerated
through a p.d. ¥V (dmv? =eV) leads to an expression for the specific
charge (that is, charge per unit mass) for the electron:

e 2V

m  B%r?

For an electron, e/m=1.76 x 101 Ckg™!. The charge on the
electron is known to be 1.60 x 107 ' C (from Millikan’s experiment),
giving a value of 9.1 x 103! kg for the electron’s mass.

Magnetic fields are used in many devices and experiments involving
atomic and sub-atomic particles. They are used to separate particles
according to their charge-to-mass ratio, as in the mass spectrometer,
and so to identify isotopes, and to identify particles from their curved
tracks in cloud and bubble chambers. They are used to deflect electrons
in the cathode-ray tube of a monitor or television set, and to control
the motion of sub-atomic particles as they are accelerated to very
high energies, as in the cyclotron and synchrotron.

Fields near currents

The field strength near a long straight wire can be shown to be inversely
proportional to the distance from the wire and proportional to the
current flowing in it.

Thus

IBYccl]lr

The ampere is defined as that current which, if maintained in two
infinitely long conductors of negligible diameter, placed 1 metre apart
in a vacuum, would give a force between the conductors of 2 x 1077 N
per metre length. The ampere is the basic unit from which all other
electrical and magnetic units (coulomb, volt, tesla, etc.) are derived.

The constant of proportionality is written as /27, so

Kol

B="—
2nr

and it follows from the definition of the ampere that
Uo=4m x 107" NA 2

The constant g, is called the permeability of free space.
The formula for the field of an infinitely long solenoid (N turns in
length [) is

Bi= ,uo—]\il
[

The formal definition of the ampere does not provide a practical
way of making a measurement: a force of 2 x 107 N is much too small
to measure accurately in this situation. Instead, the larger forces
between solenoids are measured using instruments for calibrating
ammeters, like that shown in figure H7.

Section H1 Magnetic fields 5



Section H2

DEMONSTRATION H8
The e.m.f. induced in a moving wire

QUESTIONS 23 to 25

Figure H7
National Physical Laboratory current balance.
National Physical Laboratory, Crown Copyright.

ELECTROMAGNETIC INDUCTION

About 150 years ago Michael Faraday found that there were many
ways in which an em.f. could be induced in a circuit without any
electrical contact with the circuit. All that was needed was some
movement or some change of a magnetic field.

One very important use of electromagnetic induction is in gen-
erators, which move coils or magnets to produce electricity. It is also
used in transformers, where nothing can be seen moving, and in
induction motors, which have no electrical connection to the rotor.
Another example is an inductor, where the e.m.f. is induced in the circuit
which is itself producing the magnetic field.

The force which acts on a charged particle moving in a magnetic
field leads to an induced em.f in a conductor moving through a
magnetic field. If a length of wire [ is perpendicular to a magnetic field B
and moves at right angles to both its length and the field at a speed v,
the magnetic force on each electron is Bev (figure H8). Electrons begin
to move along the wire and there is a separation of charge leading to a
potential difference between the ends of the wire. This p.d. is called the
induced e.m.f ., &. If the length of the wire is [, the electric field in it is &/1
and the electric force on each electron is e&’/l. When the electrons are in
equilibrium the electric and magnetic forces balance:

e&/l = Bev
é = Bvl

6 Unit H Magnetic fields and a.c.



DEMONSTRATION H9
Inducing e.m.f.s in a motor/dynamo

QUESTIONS 26, 27

DEMONSTRATION H10;
OPTIONAL EXPERIMENT H11
Behaviour and efficiency of motors

“« ———

Figure H8
Conductor moving across a magnetic field.

Direct current generators and motors

When the rotor of a generator is turned, the rotor coils move through a
magnetic field. An e.m.f. proportional to the rate of rotation is induced.
If an external circuit is connected a current will flow.

The torque of a motor is the couple produced by the rotor. From
F = BIl it follows that, for a given motor, the torque is proportional to
I, the rotor current. Small motors use permanent magnets so the field,
B, is fixed. Larger motors use iron-cored coils to produce the field, so B
and hence the torque increase with the current in these field coils.

In a motor, the turning rotor is a conductor moving in a magnetic
field. So when it rotates an e.m.f. is induced in it which is proportional
to the field, B, and to the rate of rotation. The current in the circuit is
driven by the applied p.d., ¥, and opposed by the e.m.f,, &, induced in
the rotor. The rotor current is therefore given by

V—&=1IR

where R is the resistance of the rotor coils.

If R is small, & is almost as big as V. If the load on the motor is
increased more torque is needed and the rotor current I must increase.
The rotor slows down, & is reduced, and I grows.

The equation V' — & = IR leads to

VI=1?R+ &1

V1 is the total power taken from the supply. I?R is the power which
heats the rotor and it is wasted. &1 is the power transferred to the load,
used to overcome mechanical losses (for example in the bearings), etc.

Section H2 Electromagnetic induction 7
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QUESTIONS 28, 29

DEMONSTRATION H12
Moving wires and changing flux

DEMONSTRATION H13
A continually changing field

STUDENT DEMONSTRATION H14
Induction using a.c.

Lenz’s rule
READING

Electromagnetic flowmeters
The turbine flowmeter (page 16)

The mechanical power delivered by a motor to a band brake of
radius r is 2mrn(F, — F;). F, and F, are the tensions on the two sides of
the band (figure H9) and n is the rate of rotation of the rotor (in
revolutions per second). Power can also be found from the rate at which
the motor raises a load.

Figure H9
Band brake on pulley.
Flux

The flux, @, through any circuit is the product of B and the area 4 of the
circuit. If the flux links with N turns of wire the total flux linkages are
NBA. The unit of flux is the weber (Wb). Since B = $/4 the magnetic
field strength is also the flux per unit area or flux density.

Faraday’s Law of electromagnetic induction
It is useful to know Faraday’s Law in two slightly different forms:

When a conductor cuts magnetic flux, the em.f. induced is equal to the
rate at which flux is cut.

When the flux linked with a circuit changes the e.m.f. induced is equal to
the rate of change of flux linkages.

The magnitude of the induced e.m.f, &, is given by & = Nd&/dt.

The direction of the induced e.m.f. is such that it tends to oppose the
motion or change causing it. This must follow from the conservation
of energy.

The effect of iron

Inside a toroid (figure H10) the flux density is the same as in an infinitely
long cylinder with the same number of turns per unit length

N
B = /,10 oy I
l
If the toroid has a cross-sectional area A, the flux inside it is

N
P =BA= o 14

8 UnitH Magnetic fields and a.c.



Figure H10
A toroid.

DEMONSTRATION H15
The effect of iron in a solenoid

QUESTIONS 31 to 35

EXPERIMENT H16
Increasing the iron in a
magnetic circuit

DEMONSTRATION H17
Mutual inductance of two coils

QUESTION 36

current, I

When the toroid is filled with iron the flux is increased by a factor y,,
the relative permeability of the iron, giving

N
¢=ﬂour71A

u, may be as high as 1000 for soft iron; it varies greatly as the flux in
the iron changes. The equation can be rearranged to give

i NI
Yuou.A)

The product NI is often referred to as ‘current turns’, and the
quantity l/puou, A is known as the reluctance. The equation

flux = current turns/reluctance
can be compared with
current = potential difference/resistance.

When a solenoid has an iron core with an air gap, the two
reluctances (iron and air) are first added like resistances in series, and
then the flux can be calculated using the formula above. High flux
densities (@/A4 = B) are needed if an electromagnetic machine (motor,
generator, or transformer) is to be efficient, which is why they contain a
lot of iron with only small air gaps.

Inductance

A varying current in one coil sets up a varying magnetic field which can
induce an e.m.f. in a second coil nearby (figure H11). This induced e.m.f.
depends on the rate of change of current in the first coil.

& oc dI/dt
The constant of proportionality is called the mutual inductance, M,
dI

&=M—
dt

Section H2 Electromagnetic induction 9



Figure H11
Mutual inductance.

DEMONSTRATION H18

Self induction
DEMONSTRATION H19
Measurement of self inductance

I

Figure H12
LR circuit.

QUESTIONS 37 to 41

Figure H13
Growth of current in LR circuit.

Section H3

changing
current, I

9q 4 induced
E ¥ = em.f., &
4 b

M depends on the geometry of the coils and any iron present.

A varying current in a single coil causes changes of flux which
induce an e.m.f. in the coil itself, so every coil has a self inductance, L.
The e.m.f. induced in a coil by a changing current in the coil is given by

dr
é&=L—
dt

When a steady p.d. is connected to a circuit with resistance and
inductance (figure H12),

dI "
VA=FIREE LE (compare the equation for a motor)

When I is very small, dI/dt ~ V/L, and the initial rate of rise of
current depends only on V and L. A steady applied p.d. produces a
current which initially grows at a uniform rate.

When the current has stopped rising, dI/dt is zero and so I = V/R:
the final current depends only on V and R. See figure H13.

If the current is switched off suddenly, dI/dt is very large and a very
big em.f. is induced.

alfdt = VL

ALTERNATING CURRENT

An alternating current will do things which a direct current will not do.
If a steady p.d. is applied to a circuit containing a capacitor there may
be a short-lived pulse of current — but no steady current is possible.
However, if an alternating p.d. is applied to such a circuit, an
alternating current will be maintained as long as the p.d. is applied. And
since the flux due to an alternating current is constantly changing, an
a.c. will induce e.m.f.s continually in an inductor, whereas with steady
d.c. the induced e.m.f.s occur only when the current is switched on or off.

10  Unit H Magnetic fields and a.c.



READING

The generation and transmission of
electric power (page 20)

QUESTION 48

EXPERIMENT H20
Investigation of transformer action

QUESTIONS 42 to 47

DEMONSTRATION H21
Eddy currents

Figure H14
Laminated transformer core.

DEMONSTRATION H22
Power in a resistive circuit

steady p.d.

Large commercial generators are a.c. machines. The economical
distribution of electric power at high voltage on the National Grid
depends on step-up and step-down transformers.

Transformers

In a perfect transformer, with N, turns on the primary winding and N
turns on the secondary, the e.m.f. induced in the secondary (&) is
related to the p.d. across the primary (V,) and the primary and
secondary currents (I, I) by

Gy Ny ds

p N R

In practice there are losses of energy both in the windings (due to the
resistance of the wire) and in the iron core, so that these equations do
not hold exactly. In a real transformer the primary current is a little
greater, and the number of turns on the secondary needs to be higher.

Eddy currents

When the flux in a solid piece of iron changes, an e.m.f. is induced in the
iron, causing large eddy currents and loss of energy. To reduce such
eddy currents the iron core of a transformer is made of laminations
which are insulated from each other (figure H14). Eddy currents can
also occur in direct current machines, such as motors, if the flux in the
iron is changing, and so their iron cores are laminated too.

Alternating current in a resistor

When a direct current is adjusted to make a lamp glow at the same
brightness as with a sinusoidal a.c., the steady p.d. across the lamp is
rather more than half the peak value of the alternating p.d.

maximum

/'\ A _____ positive p.d.

(same brightness)
————————————————————————————————— zero

Figure H15
Steady and alternating p.d.s
acrossiallamp litfequally’byibe this s SEE s s e e s seaiee Bt

maximum
negative p.d.

Section H3 Alternating current 11



Figure H16
Comparing the brightness of a
lamp lit from a.c. and d.c.

QUESTION 49

VO
Vems, = 7 ~0.707 ¥,
2

Figure H17
Variation of (a) V and (b) V?* with time.

DEMONSTRATION H23
Slow a.c. in a circuit containing
a capacitor

Figure H18
Current, p.d., and charge for a capacitor.

e
PR e
S L D t)

:

When current flows through a resistance R and the p.d. across the
resistor is V, the power dissipated at any moment is V?/R. For an a.c.
with a sinusoidal waveform, V2 will vary with time as shown in figure
H17: V2 varies with twice the frequency of V. Because power oc V2 the
total energy is proportional to the area under the graph of ¥? against
time. Since this graph is symmetrical about $V,?, the meah power is

1 .1 S
1V,?/R. Hence the effective voltage is —2 V,, which is called the root

mean square (r.m.s.) voltage. This is the value shown by the line labelled
‘steady p.d.’ in figure H15.

v V2
Yol N\ (7| e e S oy SN e
0 = 1/2V02* i
0
0 t
(a) (b)

Capacitors in a.c. circuits

Positive current in the circuit of figure H18(a) charges the capacitor
positively, as shown in the graph — figure H18(b). When the current falls
to zero the capacitor has its maximum positive charge and the p.d.
across it has reached its maximum positive value. The negative current
first discharges the capacitor and then charges it negatively and so,
when the current has risen to zero again, the p.d. across the capacitor
has its maximum negative value. The current through the capacitor
thus leads the voltage by one-quarter of a cycle (90° or nt/2). See figure
H18(b).

e ’

(a) (b)

12 UnitH Magnetic fields and a.c.



QUESTION 50

DEMONSTRATION H24
Power in a capacitor

QUESTIONS 51, 52

To reach the same maximum p.d. at a higher frequency, the same
charge must flow in a shorter time, and so the current is greater.

With a larger capacitance at a given frequency, more charge is
needed in the same time and so more current flows, for the same p.d.

This means that I oc fC.

Power in a capacitor

The power at any instant is given by VI and is alternately positive
and negative (see figure H19). When a circuit containing capacitance
only is connected to an a.c. supply, no net energy is taken from the
supply: energy which is taken from the supply while the capacitor is
charging up (either positively or negatively) is returned when the charge

drops to zero.

lpower =VxI

current, I

Figure H19
Variation with time of current, p.d.,
and power in a capacitor circuit.

Alternating current in an inductor

An applied p.d., ¥, equal to LdI/dt is needed to maintain an alternating
current in an inductor. Figure H20 shows that V reaches its extreme
values when I is changing most rapidly. The current in an inductor lags
the applied p.d. by a quarter of a cycle. In practice an inductor always
has some resistance and so V is greater than LdI/dt, and the phase lag is

less than m/2.

Section H3 Alternating current



QUESTIONS 53 to 55

DEMONSTRATION H25
Alternating currents in a circuit
containing capacitance and inductance

EXPERIMENT H26
Oscillations in a parallel LC circuit

DEMONSTRATION H27
A simple radio

(a)

Figure H20
Current and p.d. for an inductor.

At a higher frequency a smaller current can give the same rate of
change of current and so, for the same p.d., less current flows in an
inductor as the frequency is raised.

With more inductance at a fixed frequency a smaller current can
produce the same flux and so less current flows for the same applied p.d.

These results show that [ oc—l——'.
L
No energy is taken from an a.c. supply by a pure inductance with no
resistance. The energy which is taken from the supply while the flux is
building up is returned when the flux returns to zero.

Capacitor and inductor in parallel

In a parallel circuit (figure H21) the current in the capacitor leads the
applied p.d. by 7t/2 and the current in the inductor lags the applied p.d.
by ®/2. At the resonant frequency these two currents have the same
magnitude and so the current in one is just right for supplying the
current in the other and no current is taken from the supply. In practice
there is always some resistance in the circuit, especially in the inductor,
and a small current is taken from the supply.

o d.
~~

i r i
Figure H21

Alternating current in a paralle] LC circuit.

The resonant frequency of such circuits depends on the values of L
and C. They can be used as oscillators and as filters to select one
particular frequency, as in the tuning circuit of a radio. The lower the
resistance of the circuit, the sharper its resonance.

14 Unit H Magnetic fields and a.c.



QUESTIONS 56 to 59

‘Electromechanical similarities’ in the
Reader Physics in engineering
and technology

Section D4, Forced vibrations
and resonance

Mechanical analogue of an LC circuit

Electrical oscillations in an LC circuit can be compared with the
mechanical oscillations of a mass-and-spring system. Inductance, L,
is analogous to mass, m; and 1/C (C is capacitance) to the spring con-
stant, k. The formulae for frequency of natural oscillations of the two
systems are:

mechanical electrical
1 k 1 1
f nat — % E f nat — EE ZE

Resistance in an electrical oscillator corresponds to friction in a
mechanical oscillator: both cause the oscillations to die away; both
cause broadening of the resonance curve. The Q factor is a measure of
the width of the resonance peak (figure H22).

A

Amplitude

0 Frequency of driver

Figure H22
Resonance curves.
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Figure H23
Principle of turbine flowmeter.

Figure H24
Detail of turbine.

READINGS

ELECTROMAGNETIC FLOWMETERS

This reading passage, which is based on articles in Physics at work and
Physics principles at work (both published by BP Educational Service,
copyright BP International Limited, and reproduced with their kind
permission), describes how the principles of electromagnetism are used
in two types of flowmeter which are in day-to-day use at oil refineries
and chemical manufacturing plant.

The turbine flowmeter

Twenty-five million tonnes of crude oil entered BP’s Grangemouth
Refinery in 1979 and accurate measurement is needed for costing and
for payment of taxes to the Government (£478 000000 in 1979).

A totally enclosed method of measurement is needed since fire and
explosion risks in a refinery demand strict safety precautions. The oil
flow through the pipe drives a turbine fan which has small magnets
embedded in the turbine rotor. As the turbine rotates the moving
magnetic fields cut the turns of a detector coil inducing an e.m.f. in the
coil (see figure H23).

p
<r_,__f-—«4 detector

‘r____,__,-e coil -
oil flow
S T
L_I turbine rotor L—-‘

One type of flowmeter has a rotor with 8 blades and has 27 magnets
embedded in the stainless steel rim (figure H24). The diameter is
203 mm (8 inches).
leads to

counting
evice

as oil flows rotation
the turbine
turns

—magnet

oil flow

v

stainless steel rim
(b) {non-magnetic)

oil flow
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As the rotor turns the magnets are swept past the detector coil
(resistance 1850 Q). The induced e.m.f. is shown in figure H25.

Induced e.m.f.

o

Time

Figure H2S
Variation of induced e.m.f. with time.

More magnets produce more pulses per revolution and help to
improve the accuracy of the measurements (an important consideration
in fiscal/customs measurements).

The signal output is converted into square pulses which are then
counted (figure H26).

E

AN TR

Time

Time

Figure H26

From the number of pulses counted in a given time, the volume flow
rate can be obtained (figure H27). Rates of flow between 120 and 1130
cubic metres per hour (about 0.03 and 0.3 m>®s™!) can be measured in

this way.
1S
H
S e O o BB B i B e
> |
= |
|
|
|
|
|
Figure H27 [
Calibration curve for turbine flowmeter. 0

Volume flow rate
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magnetic field 8

Figure H29

The ‘Hall-effect” flowmeter

A conducting fluid flowing along a pipe with velocity v, through a
magnetic field of strength B and pipe of diameter d, will produce a
voltage of value

V = Bdv

This voltage can be used to measure the volume flow rate.

current transformer

non-magnetic
stainless steel
pipe section

terminal box

insulating

measuring ¢
electrode copper coil
iron collar
mild steel measuring
(b) flange electrode
Figure H28

‘Hall-effect’ flowmeter: (a) principle and (b) design.

The magnetic field is provided by field coils which operate using
stepped-down mains a.c. The voltage V is thus alternating. The field
coils are not simple coils as they are designed to fit the cylindrical pipe
as shown in figure H28. (They are similar in shape to the coils
controlling the electron beam in a household television tube.) The
effectiveness of the field is enhanced by the use of an iron collar as
shown in figure H28(b).

Another system uses shaped iron pole-pieces which are magnetically
energized using a field coil (figure H29).

| —O
.—-/-
C’__________-E
q
output electrodes ~—— d_'__‘_____-;'——“ field coil
pipe carrying fluid—— E___,,_——'_,__-o
= — ironoriother
magnetic
material
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In either system, the pipe close to the measuring device must be non-
magnetic and the shape of the electrodes and coil design are very
important. The use of a.c. avoids the presence of thermoelectric and
electrochemical voltages which affect the measurement. This is import-
ant as the size of the voltage between the measuring electrodes is small
(about 1 mV), particularly when the conducting fluid is flowing slowly.
The percentage accuracy of recorded rates increases with the speed of
flow (figure H30).

R
s
2 g
4
s
3 =
2 =
1 o
0 1 1 1 I} 1 I 1
0 3 6 9 Converter full scale
1+ ~ & -8  yelocity setting/
ms™!
2r cumulative worst case
3l errors for supply voltage
. variation and
4 frequency variation + 1 Hz
5
Figure H30

Accuracy curve.

Because the detectors have to be set up with great care, it is
recommended that 24 hours be taken to achieve a particular perfor-
mance. This is no hardship in an industry which operates round the
clock.

Magnetic fields of approximately 1 x 1072 T are produced using
currents of about 1A in the 1000 or so turns of the coils. The
conductivities of the liquids are typically about 50 x 1074 Q"' m™!
(engineers sometimes refer to this unit of conductivity as mhos per
metre). The liquid has to be sufficiently conducting to allow enough
current to operate the voltage detectors.

The above method of measurement has been successfully applied to
the measurement of flow in the human body where blood acts as the
conducting fluid.

Questions

Suggest one way of producing the square pulses shown in figure H26
from the smoothly varying induced e.m.f. Why is it necessary to
produce square pulses?

‘More magnets produce more pulses per revolution.” What other
effect on the induced e.m.f. would you expect more magnets
imbedded in the rim of the turbine to have?
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¢ Explain why the field coils are wound on iron (figures H28(b) and

H29).

Suggest advantages and disadvantages of the two types of flowmeter
described.

THE GENERATION AND TRANSMISSION OF ELECTRIC POWER

In industrial communities, it is no longer dark at night. The great
majority of people in Britain can sit and read, work, or play games as
late as they please, using electricity costing only a few pence. The
change from the time when a dim candle or rush light was the only
available illumination has occupied several generations, and it is hard
to know how to estimate its effect on the quality of life, especially as
other changes have at the same time made at least as large an impact.

We can, if we wish, spend perhaps 10 to 20 per cent longer in good
light than could our ancestors, and so have an ‘extra’ ten or so years of
productive life. At home we also use electricity in all kinds of appliances
for preparing and cooking food, washing clothes, and so on — not to
mention entertainment. Electrical machinery is essential to the manu-
facture of many of the goods we buy.

The way we live, and perhaps the kind of people we are, are
influenced for good or ill by science and the technologies that grow out
of it. The nationwide supply of electricity is a good example of such an
influence.

Demand versus amenities

Most of us depend on electricity. The Central Electricity Generating
Board (CEGB) now sells about 200 GW h every year in England and
Wales, where the population is about 50 million. But few want a power
station in the view from their windows, and many are concerned at the
effect on the countryside of pylons carrying the overhead lines that
bring electricity to their houses. Are underground cables the answer?
Could electrical power not be produced by many small, independent
generators, with a dynamo in every house? Why do we have large
power stations, some producing over 1000 MW each, linked by miles of
transmission lines using voltages up to 400kV?

Why have large power stations?

At first sight, a million one-kilowatt generators would seem to be as
good as a single one thousand million watt station. But the effect of
making things smaller or larger is not negligible. A large turbine
(660 MW is now quite common) turns out to have a smaller capital cost
per unit of power produced than the equivalent number of small ones.
Table H1 illustrates the trend towards larger generating sets in
Britain. Table H2 gives comparative data for an old and a relatively
new power station. Notice that as well as larger generating sets, the
newer station operates at higher steam temperatures and pressures.
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Table H1

Age and power of steam-driven generating
sets.

Data from Central Electricity Generating
Board Statistical yearbook 1982-83.

Table H2

Comparison of two coal-fired power
stations. (Note that Battersea power.
station is no longer in use.)

Data from Central Electricity Generating
Board Statistical yearbook 1982-83.

Figure H31

Efficiency and steam temperature for
power stations in the North-West Region.
Data from Central Electricity Generating
Board Statistical yearbook 1983-84.

Number of sets

Age (years) Below 100 MW up S00MW
100MW  to SO0MW and over
0-4 - - 9
5-9 - il 11
10-14 1 8 33
15-19 9 25 3
20-24 31 54 =
Station Date Generator Steam Steam Efficiency
sets temperature/°C  pressure/Pa
Battersea ‘A" 1933 1 x 100MW 427 42 x 10° 16 %
2 x 69 MW
Drax 1974-76 3 x 660MW 565 160 x 10° 37%

Large turbines and generators are more efficient for several reasons.
It would be very difficult to design a one kilowatt turbine with as high
an efficiency as can be achieved for a one million kilowatt machine, if
only because the smaller machine would have a larger surface area in
proportion to its volume, so that heat losses (although smaller) would
be a greater proportion of the energy transformed in the boiler and

turbine.

Steam at high pressures and temperatures can be used in large
turbines. The greater the temperature difference between the inlet and
outlet temperatures, the higher the efficiency of the machine. Figure
H31 illustrates the association between inlet steam temperature and
efficiency for power stations in one of the CEGB’s regions.
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Figure H32

Typical daily demand curve at time of
winter maximum demand.

Data from Central Electricity Generating
Board Report and accounts for the year
ended 31 March 1984.

Electricity cannot be stored up

Unlike fuels, or water stored behind a dam, electrical energy cannot be
stored in quantity. It must be produced on demand. This is another
reason why a small domestic plant is not viable: the demand fluctuates
widely, and to cope with the occasional use of a cooker, a capacity of
ten or a hundred times the capacity needed at other times would have to
be installed.

When aggregated, many small fluctuating demands become a total
demand of relatively smooth daily profile which can be connected to
geographically distributed power stations by a grid of transmission
lines. Even so the task is not easy, as the daily demand curve (figure
H32) shows.
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The nationwide demand is quite noticeably affected by popular
television programmes, especially in breaks between programmes when
large numbers of people boil kettles for tea.

As well as allowing the fluctuating demand to be shared among
many power stations, the National Grid of transmission lines makes it
possible to site power stations near the sources of the fuels they use, or
near available cooling water from a river or the sea, rather than having
to build them near the centres of population which use the electricity
they generate. Nuclear power plants can be built away from densely
populated areas if this is felt to be important.

By sharing out fluctuating demand the system can be run using only
half of its full capacity on average. The power stations we actually have
differ widely in efficiency, so that it is more economical to run the most
efficient stations twenty-four hours a day, transmitting their power over
large distances, than it is to run all stations part of the time. This is
another reason for having the National Grid linking stations together.

At 31 March 1984 the 90 power stations in England and Wales had
a total net capability of 51028 MW. The maximum demand met in the
winter of 1982/83 was 43 802 MW, the average load through the year
being 45 % of the average total net capability. As table H3 shows, most
of the stations were steam operated. The majority of these, 52 out of 63,
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used coal as their primary fuel; there were 11 oil-burning stations.
Nuclear stations, although shown separately, are also in a sense steam
operated since the energy from the nuclear disintegrations in the
reactors is used to generate steam to drive turbines, just as the energy
from burning a conventional fuel is.

Type Number of stations  Electricity
Table H3 supplied/GW h
Types of power station and energy  Steam 63 182000
supplied.  Nuclear 9 31000
Data from Central Electricity Generating ~ Gas turbine 9 52
Board Statistical yearbook 1983-84.  Hydro 7/ 202

One interesting recent development is pumped storage. The same
piece of electrical machinery can be used either as a generator or as a
motor. When demand is low and there is power to spare it can be used
to pump water up to a high-level reservoir. When demand is high the
water is allowed to fall down again, driving the machine as a generator
and recovering some of the energy used to pump it up.

The National Grid

A generator usually operates at 10 to 20 kV, while users are supplied at
240 V. Power is transmitted at much higher voltages, of 275kV or
400kV on the Supergrid, or 132kV on the old grid system.

KEY
to South of Scotland Lines of Operating
Electricity Board cables voltage

275kV a.c.
400 kV a.c.

A

"o,

Channel link
(under construction)

Figure H33

Supergrid system as at 31 March 1984,
From Central Electricity Generating
Board Statistical yearbook 1983-84.
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The reason for using high voltages is simple: the power losses are
smaller, as is shown below.

Two of the 400kV Supergrid conductors, capable of handling
1000 MW, have a combined resistance of 0.034 ohm per kilometre.
(They are made of aluminium on a steel core, cross-sectional area
2.6cm?)

To make a simple calculation, we treat them as d.c. lines carrying
1000 MW at 400kV. The current is 2500 A, and a power of 210kW is
dissipated in each kilometre of cable, a loss of 2.1% in a hundred
kilometres.

Had the voltage been ten times lower (40 kV), the current would be
ten times higher (25000 A) and the power loss (proportional to the
square of the current) a hundred times greater, amounting to 21 MW in
each kilometre.

In this much simplified calculation, the lower-voltage lines would be
dissipating 21 kW per metre, and would be as hot as electric fire
elenients. (The resistance of the hot line would have risen, invalidating
the calculation as it stands.)

In general, for a given power, energy losses for a given cable cross-
section, or cross-section for a given loss, vary inversely as the square of
the transmission voltage.

It is cheaper to pay for the cost of nearly a thousand transformer
substations, connected to 16 000 kilometres of high-voltage cables, than
to transmit the power through thicker cables at lower voltages.

High-voltage transmission also allows a significant reduction in the
number of circuits required, and therefore of supporting towers.
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Figure H34

Bishops Wood 132/275kV substation near Stourport-on-Severn, Worcestershire.
Central Electricity Generating Board.
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Figure H35

A 400 kV tower, part of the CEGB’s

400k V Sizewell-Sundon transmission line,
Central Electricity Generating Board.

Overhead lines versus underground cables

The National Supergrid 400 and 275kV transmission system has more
than 13000 circuit km of overhead lines. About 70 % of the overhead
lines operate at 400kV. There are also about 900km of underground
cables, mostly in the cities.

Many people would prefer to see fewer pylons straddled across open
country. Ultimately, the choice depends on how much one is prepared
to pay not to see the overhead lines, assuming that one wants the
electrical power delivered.

The CEGB estimates that at 132 kV, underground cables are more
than ten times as expensive to install as an equivalent overhead line.
They put the capital cost of a double circuit 400 kV underground cable
at between £6m and £7m per kilometre, compared with the cost of the
equivalent overhead line at some £500 000, a factor of fourteen against
the use of cable.

The high cost of underground cables is mainly a consequence of the
fact that soil is not a good thermal conductor. Overhead cables are
cooled by the air, but buried cables can easily overheat. To avoid this
they need to be made thicker and to be cooled, so therefore they are
more expensive. A 400kV cable of 2250 mm? cross-section can, when
water-cooled, provide a continuous rating approximately equal to that
of two 400mm? overhead lines operating at 65°C. The electrical
insulation round the cable, which also costs money, adds to the cooling
problem.

Choice between a.c. and d.c.

Alternating power supplies are convenient because the voltage can
easily and efficiently be changed with transformers.

A cable has some electrical capacitance to earth or other cables
nearby, and if the supply alternates at 50 Hz, this capacitance is charged
and discharged a hundred times a second. For a 400 kV overhead cable,
this requires a charging—discharging current of the order of one ampere,
but for a similar buried cable, the current may be nearer 40 A,
depending on the construction and length of line or cable concerned.
For considerations of this kind, direct currents have advantages at high
voltages, especially for underground cables.

An interesting example is the link between the British and French
systems. The first link was in use for some 20 years. The first stage of a
new 2000 MW d.c. link was commissioned in 1985. The link enables the
two systems, which have peak demands at different times of day, to feed
each other spare power. This use of d.c. also means that the two sets of
generators do not have to be synchronized, as do all the generators in
an a.c. linked system.

Electricity and choice

The general availability of electric power means that everyone can do
more and for longer than would be possible without it. Choices have to
be made, however, about the cost of supplying this power in terms of
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money and damage to the environment. If we choose to pay the cost of
putting cables underground, we must also be prepared to choose from
what other desirable things we divert resources.

There has long been concern over the pollution of the atmosphere
by flue gases from fuel-burning power stations, although domestic coal
fires can be worse offenders in this respect. Our cities are much cleaner
now than they were 50 or even 25 years ago thanks to various ‘clean air’
measures which restrict or control the burning of fuel. On the other
hand the problem of ‘acid rain’ is one that has only been brought to our
attention in the last few years.

The large amounts of carbon dioxide produced by burning fuel may
slightly raise the average temperature of the Earth by making the
atmosphere more like a greenhouse. On the other hand, smoke and dust
may reduce the temperature by producing clouds which reflect radi-
ation from the Sun before it reaches the Earth. Quite small temperature
changes would have a significant effect: a rise of a few degrees would
melt the polar icecaps and raise the sea level by tens of metres, flooding
most of the World’s large cities.

Clearly, choices will have to be made. They will be better choices if
they are made in the light of an understanding of the issues involved.
We may have to balance the advantages of having larger-scale energy
resources for each person against the consequences of providing them.

Questions

The 50 million people in England and Wales ‘use’ about 2200 GW h
of electrical energy every year.

i How much is this, per capita?

ii Estimate how much electrical energy you use in an average day,
and hence your yearly consumption.

iii A healthy person can work steadily at a rate of about 50 W. For
how many hours would you have to work to generate as much
electrical energy as you use in a day?

iv Account for any difference between your answers to i and ii.

i Show that for two objects of the same shape (e.g. spheres, or cubes)
the ratio of surface area to volume is greater for a small object than
for a large one.

ii What shape should an object have to minimize this ratio?

iii Give another example of the importance of size in reducing the
(relative) rate at which energy is transferred thermally.

iv Suggest another reason — not concerned with energy transfer —
why a large electromagnetic machine may be more efficient than a
small one.

‘Electrical energy cannot be stored up in quantity.’

i Name two systems which can be used to store electrical energy,
and, for one of them, make an estimate of the energy that could be
stored in an installation of reasonable size. Apart from limited
capacity, what other disadvantages do such systems have? Where, on
the other hand, do they find application?
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ii List the factors which determine the capacity of a pumped storage
system. Estimate values for them and hence estimate the capacity of
such a system.

Show, algebraically, that for a given power, energy loss for a given
cable cross-section, or cross-section for a given loss, vary inversely as
the square of the transmission voltage.’

i Why should the charging and discharging current for an
underground cable be so much greater than that for the equivalent
overhead line? (Think about the factors that determine capacitance.)
ii Estimate the capacitance of the cable for which the
charging—discharging current at 400kV, 50 Hz is 40 A.

Why do all generators in an a.c. linked system have to be
synchronized?
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LABORATORY NOTES

DEMONSTRATION
Forces on currents; forces hetween currents

Lt. variable voltage supply

2 Magnadur magnets

mild steel yoke

aluminium cooking foil, 1 cm wide and [ m long
2 clip component holders

retort stand base and rod

2 bosses

demonstration meter, 10A d.c.

SCissors

leads

Forces on currents

Pass a current of about 2 A through the strip of foil. Where must the
magnet be placed to lift the strip of foil off the bench?
Reverse the direction of the current. What happens to the force
on it? What other change can you make to lift the foil off the bench?
Draw a diagram showing the relative directions of the current, I, the
force, F, and the magnetic field, B (i.e. the direction of the force on the
North pole of a plotting compass).

Forces between currents

Hang two strips of foil vertically between a pair of clip component
holders. The strips should be about 50 cm long and 1cm apart.

Pass a high current (5-8 A) through the strips. What is the direction
of the force between the strips when the currents are in opposite
directions? When the currents are in the same direction?

What is the direction of the magnetic field near a long, straight,
current-carrying conductor? How is the direction of the force on one
conductor related to the direction of the current in that conductor and
the magnetic field due to the current in the other conductor?

OPTIONAL DEMONSTRATION
The catapult field

1.t. variable voltage supply

retort stand base

3 retort stand rods

7 bosses

4 nails, 15cm long

piece of card with hole (see figure H36)
2 Magnadur magnets

iron filings

0.45mm PVC-covered copper wire
demonstration meter, SA d.c.
leads
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Figure H37

The large coil of wire in figure H36 is about 20 cm square. It should
have at least ten turns of PVC-covered wire. The magnets are set up
with unlike poles facing to produce a uniform field between them.

Use the iron filings to show the field due to the magnets alone.
Remove the magnets and the iron filings. Pass a current of about 3 A
through the coil, and sprinkle iron filings again to show the field due to
the current alone.

If both current and magnets are present, what shape would you
expect the field to have? Where will the two fields combine to produce a
stronger field? Where they are in opposition the combined effect will be
a weaker field.

1!
© d.c.
supply

Figure H36
Demonstration of the ‘catapult field’.

Now use iron filings to test your prediction for the shape of the field
due to both current and magnets together.

Of course there are no invisible stretched elastic bands in the
magnetic field, but its ‘catapult’ shape may help you remember that
there is a sideways force on the wire. (You can work out the direction of
the force by sketching the two independent fields, and then combining
them.) The magnets give a nearly uniform field from N to S. Use the
right hand fingers and thumb rule* to find the direction of the circular
field around the wire (figure H37). On one side of the wire the two fields
are in opposite directions. At one point the combined field will be zero.
The magnetic force on the wire pushes it towards this point.

If the thumb points in the direction of the current, then the curled fingers of the right
hand show the direction of the magnetic field.
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H3

H4a

knife edge

(a)

DEMONSTRATION
Forces on induced currents

L.t. variable voltage supply

coil with 120 + 120 turns

retort stand base and rod (mild steel)
aluminium ring

split aluminium ring

leads

The coil is placed over the retort stand rod. An alternating current of up
to SA from a 12V a.c. supply can be passed through the coil for short
periods without overheating it.

What happens when the aluminium ring is placed over the coil (with
the retort stand rod passing through both coil and ring) and the current
is switched on? Does the split ring behave in the same way? Feel both
rings.

Try to suggest explanations.

DEMONSTRATION
The directions of forces in magnetic fields

current balance

flat solenoid

4 Magnadur magnets
plotting compass

2 mild steel yokes

bare copper wire, 2mm diameter, 1 m long
1100-turn coil

2 batteries, 12V
demonstration meter, 1 A d.c.
demonstration meter, 5A d.c.
rheostat, 10-15Q, 5A

roll of tickertape

scissors

leads

insulating material
with pin as marker

—Pn

hardboard stop
in a slotted base |
(b)

Figure H38
Current balances.
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A current balance can be used to detect magnetic fields, and to measure
them.

Various designs of current balance are available. Figure H38(a)
shows a wire rectangle pivoted on razor blades or brass strips. A current
of about 3 A is fed to the wire through the razor blades. Current only
passes between the pivots along one side of the rectangle — there is a
small gap in the wire on the other side. In figure H38(b) the wire is not
pivoted, but any vertical force on it causes it to bend. In figure H38(c)
any force on the magnets due to a current in the wire can be calculated
from the change in reading of the balance.

In which of the situations depicted in figure H39 is there a vertical
force on the wire? Use these observations, and what you know (or can
find out using a plotting compass) about the directions of the magnetic
fields produced by a pair of magnets, by current in a coil, and by a
straight wire, to try to formulate a rule relating the relative directions of
current, field, and force (or, if you already know such a rule, to test it).

(a) (b)

(d) (e) ()

S

w

(g)

Figure H39
Forces on currents.
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DEMONSTRATION
Measuring a magnetic field

The force on the wire in the current balances shown in figures H38(a)
and (b) is measured by adding small pieces of paper or wire to the
deflected current balance and adjusting the current until the balance
returns to its original position. The magnetic force on the current-
carrying wire is then equal to the weight of the paper added to it.

In figure H38(c) the force on the magnets, which (by Newton’s Third
Law) is equal in magnitude to the force on the wire, is measured directly
from the change in reading of the balance. (But remember that balances
are used to measure mass: the force needed in this experiment is the
weight of that mass.)

With the current balance and the pairs of magnets it should be
possible to test how, for a given magnetic field, the force on a current-
carrying wire depends on I, the current in the wire, and [, the length of
the field.

The current balance can also be used to measure the strength of the
magnetic field inside a flat solenoid, using the definition of magnetic
field strength

B=F/ll

If the strength of a magnetic field is defined in this way, what units
should it be measured in?

DEMONSTRATION
The Hall effect in a semiconductor

semiconductor Hall effect demonstration
milliammeter, 100 mA d.c.

cell holder with four cells

sensitive galvanometer

2 Magnadur magnets

rheostat, 10-15Q

leads

The sideways force on a current-carrying conductor in a magnetic field
is the sum of the forces on all the individual charged particles moving in
the magnetic field. These charge carriers are pushed towards one side of
the conductor — figure H40(b); this separation of charge leads to an
electric field from the back to the front edge of the conductor — figure
H40(c). There will be a p.d. between the back and the front of the
specimen which can be detected with the galvanometer in the arrange-
ment in figure H41. Suppose the charge carriers in figure H40 were
negatively charged. What would be the direction of the electric field?
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Figure H40
Forces on positive charges moving in a conductor with a transverse magnetic field.

zeroing potential divider

—

Hallslice | Q>

i

Figure H41
Measurement of Hall voltage in a semiconductor.

You should be able to combine the relevant equations

magnetic force F = BQu
electric force F = EQ
electric field E=V/d
current I =nAQu

to obtain an expression for the Hall voltage, V4, in terms of the
dimensions of the specimen (width d, cross-sectional area for current
flow A), the magnetic field B, the current I, the density and charge of the
carriers n, Q. ‘

Use this expression for V; to explain why the effect is much smaller.
in good conductors (e.g. aluminium, n= 10>°m~3) than in semi-
conductors (e.g. germanium, n = 102°m~3); and why for a large Hall
voltage, the specimen should be thin.

Thin slices of semiconductor material are used in Hall probes, which
are much more convenient devices than the current balances for
comparing magnetic field strengths.
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DEMONSTRATION
Calibrating a Hall probe

Hall probe and circuit box (with suitable meter)
flat solenoid

L.t. variable voltage supply

1.t. smoothing unit

rheostat, 10-15Q

ammeter, 5A d.c.

leads

The Hall probe is calibrated by measuring the voltage produced when it
is in a magnetic field of known strength.

The field strength inside a flat solenoid carrying a current of, say,
1 A d.c. is known from measurements of the force on a current balance
in demonstration H4.

DEMONSTRATION
Measuring the specific charge for electrons

Safety note: An h.t. supply may be used in this demonstration. It must
be used with great care since it is potentially dangerous. Always switch
it off before making or altering connections to it. It is advisable to use
leads having shrouded 4 mm plugs.

Specific means ‘per unit mass’; so the specific charge for electrons is the
charge of a kilogram of electrons. '

The fine-beam tube contains gas at low pressure. Electrons, ac-
celerated from the cathode, C, pass through a hole in the anode, A. The
electrons ionize the gas atoms, which then emit light, so making the
path of the electron beam visible.

Figure H42
Electron beam bent into circular path in fine-beam tube.

In a uniform magnetic field, perpendicular to their direction of
motion, the electrons move in a circle. The experiment consists of
measuring the diameter of this circle, and the magnetic field strength, B.
The size of the circle also depends on the electrons’ speed, v, which can
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be calculated from the accelerating p.d., V (measured with the voltmeter

in figure H42).

The physics involved in this experiment is as follows:

Motion in a circle: centripetal force = mv?/r.

This force is provided by the magnetic force on the electron, Bew.
Energy of an electron accelerated through a p.d. of V volts:

Im? =eV.

It is now simply a matter of algebra to combine these to give an

expression for e/m in terms of the measured quantities, B, r, and V.

Which of the measurements (B, r, V) is subject to the greatest
uncertainty? Estimate the percentage uncertainty in each of these
measurements, and hence calculate the uncertainty in the value for e/m.

EXPERIMENT

Fields near electric currents

A variety of conductors, field-measuring devices, and sources of current
can be used for these investigations. See figure H43.

Conductors
either

large Slinky
2 slotted bases

2 wooden strips (e.g. rulers) to support Slinky

2 crocodile clips

or

set of solenoids

or

magnetic field board

reel of 0.45 mm PVC-covered wire

or

coil with 120 + 120 turns

Field-measuring devices
either

Hall probe and circuit box

sensitive galvanometer
or

axial search coil
lateral search coil
oscilloscope

Sources of current
either

12V battery
rheostat, 10-15Q, 5A
ammeter, 10A d.c.

or

transformer
rheostat, 10-15Q, 5A
ammeter, 10A a.c.

or

signal generator
ammeter, 1 A a.c.

leads
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The Hall probe or a search coil can be used to explore magnetic fields
due to currents in straight wires, in coils, in solenoids, and so on. If you
use the search coil which responds to a changing magnetic field, then
the current in the wire, coil, etc., must be a.c.

(a)

(b)

(d)

Figure H43

Measuring magnetic fields near currents. (a) Field in a Slinky solenoid. (b) Field in a
solenoid. (c) Field near a long, straight wire. (d) Field of a coil.
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Straight wire
The magnetic field near a single straight wire is rather weak, so it is
necessary to use as large a current as possible, without overheating
(turn off the current whenever you can). Several parallel wires, close
together and each carrying a large current, will also increase the field
strength. Use the rheostat to control current in the wire.

What orientation of the probe gives a maximum reading for a fixed
distance from the wire?

Theory says that B oc I/r. Do tests of this relationship, and suggest
reasons for any departure from it.

Solenoids
A current of 1 to 2 A will be needed.

What orientation of the probe gives the maximum reading? Always
use the probe in this orientation.

You should be able to answer the following questions:

Is the field strength constant across the width of the solenoid?

How does it vary along the length of the solenoid?

How does the field strength inside the small solenoid compare with
that inside the large one?

How does the field strength depend on current?

How does it depend on the spacing of the turns? (Use the solenoid
with closely wound turns and the one with spaced turns, or use the
Slinky stretched to different extents.)

Coils
You can make flat coils of various shapes and sizes on the magnetic field
board. To get sizeable fields, each coil should have about 10 turns. Use
a current of about 5 A.

Some things you can test:

How does the field at the centre of the coil depend on the radius? On
the number of turns?

What is the direction of the field at points on the axis of the coil?

For which position on the axis of the coil is the field strength a
maximum? You may be able to look up and test a formula for the
variation of field strength with distance from the coil, for points on the
axis.

How does the field strength vary with position for points in the
plane of the coil? How does its value at the centre compare with its
value nearby?

¥
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DEMONSTRATION
The e.m.f. induced in a moving wire

sensitive galvanometer

2 dynamics trolleys

10 Magnadur magnets

S5 mild steel yokes

bare copper wire, 2mm diameter

reel of 0.45 mm PVC-covered copper wire
clip component holder

adhesive tape

leads

Figure H44
Moving wire or moving magnet.

Magnadur magnets with opposite poles facing (figure H44) are used to
produce a region of about 15 cm length in which there is a nearly uniform
magnetic field.

It is possible to move the magnet past the copper wire, or the copper
wire past the magnet. Explore whether either movement produces an
e.m.f.

How does the direction of any e.m.f. that is induced depend on the
motion of magnet or wire? What factors determine its magnitude?

Is it a magnetic or an electric field that causes a force on an electron
in the wire as it moves through the magnetic field? When the magnet
moves past the wire we would say that any force on the electrons in the
stationary wire must be due to an electric field acting on them. But the
demonstration shows that the result is the same whether magnet or wire
moves. It is only the relative movement of the magnet and the wire that
matters.

Einstein was able to link magnetic and electric effects. Coulomb’s
Law (which applies to charges at rest) and the ideas of relativity theory
show that what we call magnetic effects are to be expected from charges
in motion, that is, from currents.
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DEMONSTRATION
Inducing e.m.f.s in a motor/dynamo

fractional horsepower motor

battery, 12V

demonstration meter, 1 A d.c.
demonstration meter, 5V d.c.

2 rheostats, 10-15Q, 5A

geared hand drill

rubber pressure tubing to fit 5Smm shaft, about 10 cm long
steel rod, Smm diameter, about 10 cm long
lamp, 12V, 6 W

lampholder, s.b.c., on base

leads

sleeve of tubing

from field supply g@

Figure H45
Fractional horsepower motor as a dynamo.

steel rod

The magnetic field of the motor (figure H45) is provided by a current of
about 0.5 A to the field coils. The hand drill is connected to the shaft of
the motor by a short piece of rubber tubing. Turning the hand drill
makes the rotor rotate.

As the rotor turns, its coils sweep through a strong magnetic field
and an e.m.f. is induced.

It should be possible to demonstrate how the induced e.m.f. depends
on the rate of rotation, and by varying the current in the field coils, that
the em.f. depends on the strength of the magnetic field.

When the output of the rotor is connected to a (high-resistance)
voltmeter, very little current flows, and so very little energy is transform-
ed. But if a lamp is connected across the rotor terminals it will light,
and the rotor is now harder to turn. You should be able to explain this
effect firstly in terms of energy (why do you have to work harder to turn
the rotor now?); and secondly by considering the fact that there is now a
current in the rotor. (Which way will the force on this current in a
magnetic field tend to turn the rotor? Why must it be in this rather than
the opposite sense?)
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DEMONSTRATION
H10 Behaviour of a fractional horsepower motor

Not all the electrical energy supplied to a motor is transferred to the
load. There are losses due to heating the rotor windings, magnetic losses
in the iron core of the motor, and mechanical losses, for example due to
friction in the bearings.

10A 1A

G —®
s

n .
12\ o o gfield coils :12V
I

—ir
ﬁk

Figure H46
Behaviour of fractional horsepower motor:

(a) circuit (b) measurement of torque. (b) ‘\_/

It is easy to measure the resistance of the rotor coils when they are
stationary. (Use R = V'/I.) The resistance will probably be quite low:
thick copper wires are used.

With a p.d. of about 2.5 V across the rotor terminals the field current
(about 1 A) is turned on. What happens to the current in the rotor as it
begins to turn and speeds up? What might cause the rotor current to
vary in this way? (Remember that we now have a conductor moving in a
magnetic field, and think about the effects observed when the rotor was
turned by the hand drill in demonstration H9.)

By Lenz’s rule (i.e. conservation of energy), the induced em.f, &,
must act in the opposite direction to the p.d. applied to the rotor
terminals, V. We can use Kirchhoff’s Second Law to describe the circuit:
V— & = IR, and from measurement of I, & can be calculated.

Torque

The torque produced by the motor is proportional to BIl. B is constant,
as long as the current to the field coils is held steady. If the load on the
motor is increased (the p.d. applied to the rotor being kept the same),
the motor slows down. How will & change as the motor slows down?
Use V' — & = IR to predict how I will change, and hence how the torque
will change.
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Figure H47
Energy input to a d.c. motor.

H11

Power
The total power transformed by the motor is of course VI. The power
which heats the rotor wires is I?R. The remainder provides the useful
mechanical output power and unavoidable magnetic and mechanical
losses.

The mechanical output power can be measured using a band brake
— figure H46(b). It is

2nrn(F, — F;)

F, and F, are the tensions on either side of the band, r the radius of the
wheel which the brake rubs on, and n the number of rotations per
second.

OPTIONAL EXPERIMENT
The efficiency of a small d.c. motor

small d.c. motor with pulley wheel
battery, 12V

ammeter, 1 A d.c.

voltmeter, 10V d.c.

rheostat, 10-15Q, 5A

either

2 retort stand bases, rods, bosses, and clamps

2 newton spring balances, 10N

string

means of measuring rotational frequency, e.g.,
photodiode assembly with light source and oscilloscope
(hand stroboscope and stopwatch would do)

or

hanger and slotted masses, 10g
string

stopwatch

metre rule

leads

In a small d.c. motor the magnetic field is supplied by permanent
magnets; the only current supplied to the motor is to the rotor.

To calculate the useful power output of the motor you can measure
the steady rate at which the motor raises a load; or you can use a band
brake, as in demonstration H10.

Calculate the electrical power supplied to the motor; and compare
this with the useful power output. Calculate the efficiency of the motor.
You can also calculate the power which goes to heating up the rotor coil
(I*R).

Do not expect to account for all losses. Such small motors are
usually quite inefficient. Suggest where some of the other losses might
be.

If you have time it is instructive to plot graphs of rate of rotation
against load, and of current against load.
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DEMONSTRATION
Moving wires and changing flux

Moving wires

demountable transformer kit (use 300-turn coil)
1.t. variable voltage supply

low-voltage smoothing unit

rheostat, 10-15Q, SA

demonstration meter, SA d.c.

sensitive galvanometer

stopclock

to smoothed d.c. supply,
rheostat, and ammeter

Figure H48
Moving a wire and changing a field.

The 300-turn coil supplied with 3 A produces a magnetic field between
the pole pieces.

Record the time taken to move the wire down between the pole
pieces of the magnet and into the ‘U’ of the electromagnet without
exceeding a certain reading on the galvanometer. Can the wire be
brought back up out of the ‘U in less time, without exceeding the same
reading (in the opposite sense)?

Now, with the wire in the ‘U’, record the time it takes to increase the
current in the coil from 0 to 3 A, again without exceeding the previous
galvanometer reading. Repeat the time measurement as the current is
decreased from 3 A to 0.

It is instructive to repeat these tests with two or three turns of wire,
and with a folded piece of wire.

Changing flux

Apparatus as for demonstration Hi2a plus:
set of solenoids
(demountable transformer kit not needed)

This version of the demonstration uses two close-wound solenoids. The
outer one carries 3 A d.c; the inner one is connected to a sensitive
galvanometer. The minimum time in which the current in the outer coil
can be reduced from 3 A to zero without exceeding a certain galvano-
meter reading is recorded. It is compared with the least time taken to
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