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FOREWORD

THERE are, of course, many text books on electrical engineering and that branch
of it known as ‘ telecommunications ’, but up to now there has never been a
book describing the technical practice and equipment of the BBC.

This book has been written by F. C. Brooker, one of the instructors of the
BBC Engineering School. It has been edited and amplified by L. W. Hayes,
Head of Overseas and Engineering Information Department. It is not intended
to do more than serve as a training manual both for those who have little
technical knowledge, and for those who need to brush up the things that
have been forgotten. The task of writing a text book readily understandable
by those joining the BBC with more enthusiasm to do a job of war-work than
the technical knowledge of how to do it has not been easy, particularly when
it is borne in mind that many engineers will be waiting to tear to shreds any
mis-statements or false analogies | Furthermore, all explanations have been
made without the use of mathematics, covering both the latest technical practice
as well as any obsolescent equipment still in use. How well Mr. Brooker has
succeeded is best left to the judgment of the reader.

The classic definition of an engineer is someone who can make for twopence
what it would cost anyone else a shilling to produce. Another way of putting
it is someone who really can make for a shilling what everyone else thinks they
can make for twopence. This merely underlines the necessity of practical
experience and it is not suggested that those who thoroughly study this book
will automatically become fully trained radio engineers, but by doing so will
have placed themselves in a posidon to become useful members of the staff
of the Engineering Division of the BBC, and should have obtained that sound
basic understanding of the working of the equipment on which further progress
can be built up.

One of the best ways of understanding how a thing works is to formulate
your own theories on the subject and then ask others whether you are right.
Your ideas may be wrong, so may his or hers ; but it will probably lead to
a healthy argument and an appeal to somebody who really does know. It is
to prompt discussions of this sort that questions have been included at the
end of the chapters. There has been some argument among the departmental
heads of the Engineering Division concerning the strictly correct answers to
some of these questions, so no junior need feel ashamed to ask help from his
S.M.E. or E.i.c. I sincerely hope that anyone who does not understand any
part of this book or who cannot answer any of the questions will ask some other
member of the staff of his station to explain it more fully, and will go on
asking until he really does understand it. In turn, the senior staff of stations
have been asked to let us know what parts of this book have not been easily
understood, so that they can be clarified in future editions.

I trust that everyone receiving a copy of this book will make a study of
every chapter, even though some of them may not at present appear to have
a direct bearing on their present work, for in this way an interest may be
generated in the reader’s mind which almost certainly will be of practical use

sooner or later.
N. ASHBRIDGE
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FUNDAMENTAL PRINCIPLES

CHAPTER |
FUNDAMENTAL PRINCIPLES

N order to understand how broadcasting works, it is necessary to know
I the nature of the ‘ agent’ which conveys the intelligence, be it speech or

music, over wires and starts it off on its wireless journey from place to
place. This agent is ‘electricity ’ ; it will be met in many different guises—
some perhaps already well known, others not quite so familiar to the man-in-
the-street. Therefore, it is proposed to devote some considerable space to the
study of fundamental principles.

First, then, we want to know the answer to the question . . . ‘ What is
electricity ?° Now we are going to consider only the theories accepted by
modern scientists ; for to give a complete history of the progress of this science
and of the work of its pioneers would tend to confuse the reader ; besides
which, many excellent books treat the subject far more completely than can be
attempted here.

It will soon be learned that electricity, energy, and matter are intimately
bound up with each other, so let us start by considering the structure of matter.
Suppose we take any substance and divide it into extremely small particles.
If we could go on dividing it into smaller and smaller particles we should
ultimately reach a stage where we could no longer sub-divide a particle again
without its losing its resemblance to the parent piece. Such a minute particle,
a true ‘ chip of the old block’, is called a ‘ molecule’. Further division of
molecules would split them up into their component parts, known as ‘atoms ’.

ATOoMS AND ELECTRIC CURRENTS

The earlier scientists who investigated the structure of matter came to the
conclusion that the smallest particles of matter were indivisible, and that is
how the atom got the name, for the word ‘ atom ’ means ¢indivisible’. Now,
these scientists came to some very definite conclusions about atoms, including
the astounding fact that there is only a relatively small number of different
types of atoms in existence . . . about 92. These few types of atoms combine in
different ways to form the almost infinite variety of molecules, and hence of
matter. If the atoms in a particular molecule are all of the same type, then
we call that substance an ‘element’ ; if of different types, the substance is a
¢ chemical compound ’. Thus a molecule of Hydrogen, which is an element,
is made up of two atoms of Hydrogen ; but water molecules are composed of
two atoms of Hydrogen plus one atom of Oxygen ; water is therefore a
compound.

Whilst the study of atoms in combination is very fascinating, it would lead
us into the province of the chemist—whereas we are trying to follow the path
which leads to an understanding of the nature of electricity. Our very next
step, however, discloses the relationship between atoms and electricity, for
what we intend to do is to ‘ split the atom’ . . . at least, in theory. We find
that atoms, of all types, are composed of nothing more than minute charges
of electricity ! These charges are of two types, viz. ‘ positive > ones called
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FUNDAMENTAL PRINCIPLES

Protons, and ‘negative ’ ones called Electrons. Once again it is the manner
in which these two fundamental units are combined that gives us the different
types of atoms. It is not only numbers that count, but also the arrangement of
the charges in a sort of planetary system, rather like our solar system ; some
of the electrons revolve round a central nucleus composed of the protons and
the remainder of the electrons. The velocity of rotation of the  free’ electrons
is great, and it is obvious that a great amount of energy must be locked up in
each of these minute ‘ worlds’. So far as the general effect is concerned, the
positive and negative electric charges tend to cancel each other because the
atom normally contains equal numbers of electrons and protons, so that the
substance is electrically neutral. It is quite possible that in the ¢ jostling ’ that
goes on between neighbouring atoms, a certain number may lose one or more
of their free electrons ; but an atom which has lost some of its electrons (i.e.
negative charges) is positively charged and therefore tends to attract electrons,
and so to entice its wandering electron back, or else to borrow one from a
neighbouring atom. If we can forcibly remove one or more of the ‘free’
electrons from their normal orbits (we call this  applying a positive charge ’)
there will be a general tendency for © free’ electrons from neighbouring atoms
to fill the ranks in the deficient atoms. And their neighbours will also give up
electrons ; and so on, and so on, until the breach is filled—if possible. If,
instead of removing electrons from some of the atoms, we had added some
(i.e. applied a ‘negative charge’), there would have been a tendency for
electrons to drift away from the point where we applied the charge to any part
of the substance where there was a deficiency of electrons. These movements
of electrons are electric currents, and it will be observed that the electrons do
not themselves move great distances—probably not farther than from one atom
to another in ordinary substances—but there is a general ‘ drift’ of electrons
in one direction or the other. If the drift is easily set up, the substance is
called a ‘ conductor’ ; whilst if it is difficult, because the © free’ electrons are
hard to detach from their orbits, it is known as an ¢ insulator ’.

We have spoken of this electron movement in a fairly matter-of-fact way,
but it is as well to realize the enormous numbers of these tiny particles that
are agitated for even such a small operation as lighting a lamp. For when we
switch on a 100-watt lamp across the 200 volts ‘ mains’ it means that there
is a continuous ‘drift’ of approximately 3,000,000,000,000,000,000 electrons
per second through the filament. No wonder it gets hot ! Figures like this
do not really convey much to the mind, but just imagine the above mentioned
number of electrons being allowed to pass at the rate of only 1 million per
second along the wire. Then it would take 100,000 years instead of a second
for them all to get through.

It should be noted that an excess of electrons is known as a ‘negative’
charge, whilst a deficiency of electrons becomes a ‘ positive ’ charge. Modermn
electron theory neatly explains an electric current as a flow of electrons from
an overcrowded or negative point to a less dense or positive point, and as we
are only dealing with modern theories in this book we shall ignore all older
theories which may conflict. It would be difficult to understand the action
of a valve, for example, without bringing in the new conception of electrons
drifting from negative to positive.

So much for theory ; but how do we generate an electric current ? That is,
how do we bring about this drift of electrons ? In practice, there are several
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FUNDAMENTAL PRINCIPLES

ways, and we shall deal with most of them here, although some of them are
of much greater practical importance than others.

GENERATING ELECTRICITY

First comes the friction, or ¢static’ method, from which electricity got its
name. It was found that when a piece of amber (Greek : *elektron’) was
rubbed with fur, the amber exhibited certain characteristics, such as a power
to attract small pieces of paper, dust, etc. Other substances showed similar
properties when rubbed, and further experiments disclosed that two kinds of
electricity were formed, viz. one in the ‘ rubbed ’ and another in the ‘ rubber’
and that objects that were similarly charged repelled each other, whilst those
that were oppositely charged attracted one another. Although it was not
understood at the time of these pioneer observations, we can now see the reason
for this in the light of the electron theory. For all that was happening was
that electrons were being given up by one substance and held by the other.
The name ‘static’ electricity was given because these observations were
confined to insulating materials, where the deficiency (or excess) could not be
made good by a drift of electrons in the material. So the ‘ charge ’ remained
at one place, or was ‘ static’. It was not realized that a conductor was capable
of being charged, because the charge always leaked away as soon as it was
formed, unless precautions were taken to insulate it, and it was not until other
means of producing electricity were discovered that ‘current’, or flowing
electricity, came into its own.

The next method of generating electricity is the chemical one. As we might
expect from our new conception of matter, certain chemical reactions bring
about a disarrangement of electrons. Such a state of affairs is easily proved
to exist when plates of certain dissimilar metals are immersed in solutions of
acids or salts. One plate acquires an excess of electrons at the expense of the
other ; and if a conducting path is provided between the plates (external to the
‘ battery ’, or ‘cell’, as it is called) a flow of electrons will result. This flow
is an eleceric current. At this point it may be useful to know what we mean
by * voltage’, for so far we have dealt only with current. Voltage is the name
given to the electric ‘ pressure’ which exists between two points having a
difference in electric charge, such that a current would tend to flow from one
to the other if a conducting path were provided between them. Other names
are also used to denote this pressure, e.g. ¢ electromotive force’ (abbrev., e.m. f)

‘ potential ’, or potennal difference’ (abbrev., p.d.) according to the way in
which it acts—but it is always measured in volts.

There is one point about batteries which may be mentioned here : they fall
into two classes, known as ‘ primary’ and ‘ secondary ’ cells. The former are
those which produce electricity by the primary reaction of certain metals and
chemicals, and the voltage produced from individual sets of plates is usually
about 1 to 14 volts (but this can be multiplied by means to be described later).
The secondary cell, however, does not give rise to electricity straight away ;
but, when a voltage is applied to the plates, chemical changes take place which
bave the effect of ‘ storing ’ the electricity for future use. These cells are known

s ‘accumulators’ and the voltage to be expected from each pair of plates is
usually of the order of 2 volts.

Finally, there is the electromagnetic method of generating electricity, which
is very important and will be given special attention toward the end of this
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chapter. For the moment it may be said that the electrons in a conductor may
be disturbed by the proximity of a magnet. It will be learned later that it
is relative movement between the magnet and the conductor that really matters,
and this causes a voltage to be set up across the conductor.

There are other ways of producing electricity, such as the photo-electric and
thermo-electric methods, but these will not be discussed here,

EFFECTS OF A CURRENT N

A brief note on some of the effects produced by the flow of an electric
current may probably aid the better understanding of its nature. Really, the
effects are the converse phenomena to the methods of production, which is
only to be expected. Onc of the first things to be observed when a current
flows along a conductor is the production of heat. This is quite natural, for
heat is defined as being the agitation of molecules. In fact, it now becomes
necessary to add an additional definition of electricity as a ‘ form of energy’ ;
it can be converted into other forms, such as heat, light, mechanical energy,
and chemical energy.

Another effect of electricity is a chemical one ; often called the ¢ electrolytic
effect’. By applying potentials we can split up certain compounds into their
component parts. A simple example of this is to pass a current through water,
which is a chemical compound whose molecules each consist of 2 atoms of
Hydrogen and 1 atom of Oxygen (H,0). The electrolytic action is to split
up the water into Hydrogen (H,) and Oxygen (0). In commercial practice,
this electrolytic effect is put to use in such processes as electroplating and the
producton of pure metals.

Then we come to the electromagnetic effect which is so important that it
will be given full account in the latter half of this chapter. Stated as a converse
to the method of generation, it is that a conductor carrying an electric current
will itself create a magnetic field which will, in turn, react with other magnetic
fields, and by so doing, will bring about mechanical movement. This is the
principle underlying the operation of an electric motor, as well as countless
other devices.

ENERGY, VOLTAGE, CURRENT, AND RESISTANCE

It will be noticed that all these effects are examples of changes in the form
of energy ; chemical energy, heat, or mechanical energy has been changed into
electricity—or vice versa. Consequently, it falls readily under the most
fundamental law of science which states that : ‘ Energy can neither be created,
nor destroyed ; but may only be converted from one form into another ; the
total amount of energy in the Universe remaining constant’. This is known
as the ‘Principle of Conservation of Energy’ and cannot be ignored when
talking of electrical phenomena any more than in other spheres. Thus we
cannot expect to find any electrical machines or apparatus more than 100 per
cent. efficient ; the energy produced cannot be more than the energy absorbed.
This point is often overlooked when one first comes across such things as
amplifiers which have a greater ‘output’ than ‘input’. But it must be
remembered that there has to be a separate supply of energy (in, perhaps, a
different form) in order to make the amplifier work, and the total electrical
input is very much greater than the electrical output, the difference being  lost ’
in heat.
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It now becomes necessary to define more clearly what we mean by current
and voltage, as well as to fix units by which to measure these, and other
electrical quantities. To do this, it is useful to have an analogy, and the flow
of water suits our purpose very well.

Electromotive Force and Potential Difference, are two names which we
have given to voltage ; they have also been described as being the  pressure ’
which is exerted between two points, such that a flow of electrons would result
if these points were joined by a conductor. Electromotive force may be likened
to water pressure, or ‘ head ’ as it is called, which is measured in pounds per
square inch.

The rate of flow of water in a pipe connected to such a head of water would
depend on two factors, viz. (i) the pressure and (ii) the resistance (diameter)
that the pipe offered to the flow. This rate would be measured in gallons per
min. and the equivalent electrical effect is the current, whose unit is the Ampere
and which is defined as being the passage of one coulomb per sec. (the
coulomb being the practical unit ¢ quantity ’, which is more convenient to use
than the corresponding number of electro; 000,000,000,000,000,000 of
which must flow to constitute one coulomb).

)A)

The amount of work that is done in a given time by the passage of a current
is a measure of power ; in the same way that the rate of doing work in the
mechanical sense (measured in ft. Ibs. per sec.) gives a measure of horsepower.
Electrically, ¢ power’ is given by the product of current and voltage, and is
measured in watts. Thus :

1 Watt = 1 Ampere x 1 Volt
orW=1xE
(where W = power in watts ; I = current in amperes, and E = em.f. in
volts). It may be noted that the various units of power, whether referring to
electrical or mechanical energy, are interchangeable.
1 Horsepower (or 550 ft. Ibs. per sec.) = 746 watts.

We likened the passage of current in a conductor to the flow of water in a
pipe, and noted that this flow depended on the ‘resistance’ offered by
the pipe. In the same way, the resistance of the conductor will depend upon
its diameter, length, and the material from which it is made. Furthermore,
there is a definite relation between the current that will flow in a given
conductor and the voltage applied to its ends. If the voltage is doubled, the
current will be doubled, and so on. This relationship between voltage, current,
and resistance was discovered by Ohm, and his law (known as Ohm’s law)
states that ‘ the current flowing in a conductor is directly proportional to the
voltage, and inversely proportional to its resistance . The unit of resistance
is the Ohm, which is so chosen that, expressed in equation form :

(where I = current in amperes ; E = e.m.f. in volts ; R = resistance in ohms).

By simple algebraic transposition, this equation may also be written as :

E=1R. or R=%
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Similarly, the power (number of watts) dissipated in a resistance may be

expressed in terms of voltage and resistance, or current and resistance, thus :
2

W=I.E.=i—; or W=1>R

However good a conductor may be for carrying electric currents, it must
always have some resistance. Many substances, particularly the metals, have
very low resistances (and the resistance becomes less as the temperature is
lowered). Thus we have wires made of copper to carry currents where we wish
to lose as little energy as possible in the form of heat. But high resistances are
also required, and special alloys are often used to make wires with this property,
a very useful one being ‘eureka’. Carbon is another substance which can
be made up into the form of  resistances ’. Such resistances may be of a few
ohms’ value to many thousands, or even millions, of ohms. When we speak of
“ millions of ohms’, we usually abbreviate it to ‘ megohms’. But it must be
remembered that such figures attached to resistances give no indication of their
physical size.

RESISTANCES IN SERIES AND PARALLEL

Whilst it is not intended to introduce any more calculatons or mathematics
into this book than are absolutely necessary, the method of calculation for
resistances arranged in series or in parallel will probably be of assistance in
understanding later problems. We talk of resistances being in series’ when
they are connected end to end, as in Fig. 1.*

R .
et VA AVAYA A et VA A A A A s A AA A A ‘sna
R R: Rs

FIG. 1. RESISTANCES IN SERIES

Here we have resistance R,, R,, and R; connected end to end, and it is
desired to find the total resistance, R. It is not proposed to give even the
“very simple proof of the calculation, but merely to state the answer, which is
R = R, + R; + R.. In other words, the combined resistance of a number of
resistances connected together in series is given by the sum of their individual
resistances.

As an example of this, let us take the case of an ordinary P.O. telephone
line. This consists of two wires, which, if they are of any reasonable length,
are quite likely to have an appreciable resistance, maybe hundreds, or even
thousands, of ohms. It is customary to designate the resistance of such a line
by its ‘loop resistance ’, which simply means that we have looped (or joined)
the two wires at one end, leaving the other ends free on which to make our
measurements (Fig. 2a).

* A list of conventional symbols used in drawing diagrams of electrical circuits is
given in Appendix II.

12



FUNDAMENTAL PRINCIPLES
3 A 3

2 8 "4

FIG. 2a. SINGLE LINE ; LOOPED AT ONE END

1 A 35 A 7
- jLOOP
2 B 46 B 8
FIG. 2b. TWO LINES ; JOINED TOGETHER, AND LOOPED

It will be seen that the loop consists of joining points 3 and 4 of wires A and
B ; and the total, or loop resistance, is measured across points 1 and 2. In
actual practice, that is just what we do, viz. measure the loop resistance, and
from this figure we can deduce the value of each wire (because they are
supposed to be the same).

Thus, if the loop resistance were found to be 1,334 ohms, then we know—
from our formula—that this must be equal to R at R . Butif R =R

_ B A B

then RLOOp = ZRA ,or = 2R

>

4
= 667 ohms

R = 2
Carrying this example a stage further, let us suppose that we add on another
section of line, A’ B’, as in Fig. 2b, and we now wish to find the total loop
resistance. There is no need to find each separate wire resistance . . . it is
simply a matter of adding the two loop resistances. If the loop resistance of
the second section is 548 ohms, then the total loop resistance = 1,334 + 548
= 1,882 ohms.
Resistances “in parallel ’ present a slightly more difficult sum, but it is really
quite easy. When we put resistances in parallel we mean that one end of each
is connected to a common point (Fig. 3).

FIG. 3. RESISTANCES IN PARALLEL

The result found is that :

_1_=1_+1—+'1—...etc.,

R R, R, R,
which may be expressed by saying that ‘the reciprocal of the combined
resistance of a number of resistances in parallel is equal to the sum of their
individual reciprocals’. For calculating the combined resistance of only two
resistances in parallel, the answer can be expressed straight away, and the
‘ right way up’, as

13
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R — R;R;
Rx + Rz‘

Frequently, we shall be required to add two, or more, resistances in parallel
when we come to the job of connecting a number of amplifiers to the same
input. For the input and output of an amplifier may be regarded as being
a certain ‘ resistance’ (actually we use the term ‘impedance’ but it is stll
measured in ohms ; you’ll see why, later on) and the effect of putting two
amplifiers in parallel, as in Fig. 4, results in a combined impedance of value
which is less than either, as obtained from the formula

R, R,

R=R + &

o

| S AMPLIFIER _m"
i —

|

| 2 AMPLIFIER g"ow
Bwe R

FIG. 4. TWO AMPLIFIERS, WITH THEIR INPUTS CONNECTED IN PARALLEL

You will often come across amplifiers with an input ‘ impedance ’ of 600 ohms
or 300 ohms ; so if, in the above example, we make the two amplifiers of those
values respectively, we can find the resultant, or combined impedance, by the
formula thus :

R; R, 600 x 300 180,000

" R.+R, 600+300 900
— 200 ohms

Hence, putting these two amplifiers together would have exactly the same
effect, so far as ‘load ’ is concerned, as using one amplifier of 200 ohms’ input
impedance. (Note that the combined resistance of a number of resistances in
parallel is always less than the smallest of them.)

When calculating ‘ networks ’ of resistances, such as an assortment of resist-
ances in series and parallel, it is wisest to tackle the problem by first considering
those resistances, or groups of resistance, which are in parallel. Having done
this, the groups may each be regarded as single resistances and added to the
other series resistances.

When calculating the voltages of batteries or cells in series or paralle], a

HHF‘LF'F"IH +
T T

Y+
|
~
+
|

it
L]
«—M—u

-

Usual method of drawing
several cells in series

FIG. 5a. BATTERY OF CELLS FIG. Sb. CELLS
CONNECTED IN SERIES CONNECTED IN PARALLEL
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similar procedure is adopted. Cells connected in series (Fig. 5a) give a total
voltage (E) which is the sum of the total cell voltages.

Cells connected in parallel (Fig. 5b) give the same voltage as only one of the
individual cells. As it is never the practice to connect cells of differing voltages
in parallel (due to the production of circulating currents which would be
detrimental to the cells) that problem need not concern us. The reason why
batteries are connected in parallel is, of course, in order to allow a greater
current to be produced ; the extra current capacity being the product of the
number of cells and their individual capacities.

In actual practice, another factor has to be taken into consideration when
calculating currents and voltages produced by batteries, viz. that the battery
itself has an ‘internal’ resistance. If such calculations have to be made, the
main point to be remembered is that the internal resistance must be simply
regarded as having to be added to the total external resistance, in series fashion.
Thus the current will be equal to the electromotive force (e.m.f.) of the battery
divided by the total resistance in the circuit (the external resistance connected
across the terminals of the battery plus the internal resistance of the battery).
The voltage at the terminals of the battery will, however, be less than the
e.m.f. of the battery by the voltage drop in the battery (i.e. by the product
of the current multiplied by the internal resistance).

If we are dealing with large external resistances compared with that of the
battery (which may be only a few ohms, or a fraction of an ohm) then we can
afford to neglect the internal resistance in our calculations, because the terminal
voltage of the battery will be very nearly equal to its e.m.f. But let us work
out an example where we have a fairly low external resistance, say 10 ohms,
connected to a 3-volt battery whose internal resistance is 2 ohms.

Were we to ignore the 2 ohms, the current would work out to 1—::’) =3 amp.

Experiment would show that the internal resistance, through bringing up the
total circuit resistance to 10 + 2, or 12 ohms, gives the resultant current as

3
— = +25 amp.
12 P

Looking at the same example but changing the external resistance to 1,000
ohms, the answer found by neglecting the internal resistance comes out to

l—:(%) = -003 amps. whilst taking the extra 2 ohms into account gives us 1’302

= -002994 amps. which is not enough to worry us for most practical purposes.

POTENTIAL DIFFERENCE AND POTENTIAL DIVIDERS

A word on ‘potential * and ‘ potential dividers’ would not be out of place
here. The word ‘ potential’ has already been used as an alternative to the
expression ‘ potential difference’. The reason why the  difference’ part can
usually be dropped is that we assume, when speaking of a point being at a
certain potential, that what we really mean is that the point has a potential
difference between it and earth. It has been found convenient to assume that the
earth is at ‘ zero potential ’ and that it contains an infinite number of electrons.
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Therefore, it can always accept a few more, or give up some, without affecting
its general state of neutrality. So we can say that a point is at a ‘ positive
potential ’ if electrons would flow from earth to that point, and similarly we
speak of a point having a ‘negative potential’ if electrons would flow from
that point to earth.

Much use is made of this assumption that the earth is at zero potential,
for it means that we can often dispense with one wire of a circuit by providing
what is known as an ‘earth return’. As an example, instead of running two
wires to operate an electric bell (Fig. 6) :

i~ ~

FIG. 6, SIMPLE BELL CIRCUIT

we can replace the return wire from the bell to the battery by an earth return
(Fig. 7) :

="~ .
ike

= -
FIG. 7. BELL CIRCUIT, USING ¢ EARTH RETURN ’

If we imagine a resistance connected across a source of supply (say, a
battery) then we say that there is a ‘ potential drop ’ through that resistance.
For example, let us place a 10-ohm resistance across a battery of 6 volts, as in
Fig. 8 :

+
Sn
’ _L_ FIG. 8.
b= X ILLUSTRATION OF
T ‘ POTENTIAL DROP’
Y
0

Then (neglecting the internal resistance of the battery) the potential drop
through the 10-ohm resistance AB is 6 volts. If we take a point X which is
the exact centre of AB (i.e. AX = 5 ohms, and XB = 5 ohms) two facts
stand out. First, the voltage, or potential difference, between A and X equals
3 volts, and that between X and B is also 3 volts. Secondly, this result does
not depend on the total resistance of 10 ohms ; we could have made it 100
ohms, and the result would have been the same. Further, if we take a point Y,
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which is one quarter of the way up from B, the potendal difference between
Y and B is 1-5 volts ; and between A and Y- is 4-5 volts.

To generalize, we state that a ‘ potential gradient’ exists throughout the
resistance. This should be fairly obvious if the total resistance is considered as
a number of tiny resistances, or ‘elements’, all equal in value and arranged
in series. The current through all these resistances is the same (owing to their
being in series) and, by ‘Ohm’s law, the voltage across each element will be
the same. Therefore, the total potential is ¢ divided ’ into elementary potentials
and from this feature derives its name of potential divider. It will be seen
that it gives us a method of deriving any fraction of a given potential difference.
For we can arrange to have a variable sliding arrangement, as shown diagram-
matically in Fig. 9, which will give us any desired fraction of the input voltage.

FIG. 9.
VARIABLE POTENTIAL
DIVIDER

Potential dividers are not always variable, and are met in very many forms,
sometimes under names such as ‘ potentiometer’ (a misnomer derived from
the fact that one form of potential measurer used a potential divider), ‘ volume
control ’, ‘fader’, etc., depending on the particular use to which each is put.
But these will be described in detail later, it being necessary only to understand
the general principle at this stage.

MAGNETISM

At the beginning of this chapter, the electromagnetic effects and the relation
which magnetism bears to electricity were lightly touched upon, but so
important is this subject that it will be necessary to study it more closely before
we proceed any further.

‘A magnet is a piece of iron or steel which possesses certain natural pro-
perties. The first is that if such a magnet is suspended freely, so that it may
rotate in a horizontal plane, it will always come to rest in a definite direction.
One end will point towards the North magnetic pole of the earth, and is
known as the - North-seeking ’ (or, more generally, the ‘ North’) pole of the
magnet, whilst the other will be the ¢ South-seeking ’ or ¢ South’ pole. Another
feature of magnets is that two of them, when placed in proximity, will exert
forces of attraction and repulsion on each other. It is found that ‘like poles’
(e.g. two North poles) will repel each other, and ‘ unlike poles’ (e.g. a South
pole and a North pole) attract each other. The term  pole’ is used because
the magnetism is found to be concentrated at each end, which is another way
of saying that the end may be considered as having an amount of magnetism
of such-and-such ¢polarity> (i.e. North or South). Magnets also have the
power of attracting pieces of iron which are not themselves magnets ; the reason
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being that these pieces of iron become ‘ temporary’ magnets whilst under the
influence of the ¢ permanent’ one.

The region in the vicinity of the poles is called the ‘ magnetc field ’, because
it is in this region that the effects of attraction and repulsion may be observed.
Such effects are stronger the nearer one approaches the actual pole of the
magnet. In actual fact, the force between two poles is found to vary inversely
as the square of the distance between them. We are not immediately concerned
with this law except that it naturally leads us to expect that if we wish to create
a strong magnetic field, then one way is to reduce the distance (or ‘gap’)
between the two poles.

ELECTROMAGNETISM

So much for the magnet itself ; now we must consider how magnetism and
electricity are bound up with each other. Perhaps the best way is to take the
converse of the method of production of electricity and discuss that first.

If a current is passed through a conductor, a magnetic field is found to exist
surrounding that conductor. This magnetic field has the same properties as one
produced by a permanent magnet, except for its shape, which is a circular
one for a straight wire. However, if the wire be coiled on a long tube (thus
forming a helix or spiral), the resultant field produced by the individual
elements of wire becomes a concentrated ‘ field of force’ exactly similar to
that produced by a permanent magnet. This arrangement is called a * solenoid ’
and has quite a number of uses in commercial practice. However, it will not
be found much in our work, and we will pass on to a slight modification of this
arrangement. For if a bar of iron is inserted in the tube carrying the coil, the
resulting magnetic field is found to be much stronger. If the iron is of a type
known as ‘soft iron’, the magnetism induced into it will not be retained on
switching off the current. Steel, on the other hand, will usually be found to
retain at least some of the magnetdsm, and is said to be more * retentive ’ than
soft iron. It is, however, the former type of iron that interests us most, for
reasons which will be appreciated later. The arrangement of a coil surrounding
a piece of soft iron is called an  electromagnet ’ and its applications in practice
are innumerable. A few of these will be discussed towards the end of this
chapter.

It follows that if a conductor carrying an electric current creates a magnetic
field, this field will react with any other magnetic field in its neighbourhood,
whether this second field be produced by a permanent magnet or by an electro-
magnet. The attraction or repulsion will make the conductor move under the
influence of the combined fields. Such is the principle of the electric motor,
and of one particular type of loudspeaker ; in both cases we wish to turn
electrical energy into energy of movement.

ELECTROMAGNETIC GENERATOR

Now let us return to the generation of electricity by magnetic methods.
It was discovered by Michael Faraday that when a conductor ‘cuts’ the
lines of force of a magnetic field (e.g. is caused to pass between the poles of a
magpet), a voltage is set up across that conductor. The current is proportional
to the strength of the field, the length of conductor, and the velocity at which
it moves through the field. The last factor is particularly important, because
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it follows that when the conductor is stationary, with respect to the field, no
current is produced in it. There is, however, one slight variation which may
not be apparent at first sight ; the conductor may be stationary, and the field—
whilst being ‘stationary’ in the usually accepted sense—can be varied in
strength.

A simple form of generator or dynamo could be made up as shown in Fig. 10.

FIG. 10. SIMPLE A.C. GENERATOR

When the loop of wire is rotated in a clockwise direction, voltages will be set
up across each of the straight ‘active ’ portions of the coil which are at right
angles to the lines of force existing between the poles of the magnet. The
polarity of these voltages bears a definite relation to the direction of the
moving conductor with respect to the direction of the lines of force. It will
be seen that in this case they will aid each other because they are both in
the same direction round the loop. If end ‘A’ is connected to end ‘B’
externally, a current will force its way round this external circuit in the
direction ‘A’ to ‘B’. This will only be true for the half-revolution when
wire ‘ A’ is at the top half of its cycle. When this half-revolution hds finished,
the other wire (‘ B’) takes its place and current will now ‘ come out of > ‘B’
and flow back into “ A’. Thus the current is continually changing its direction
according to which side of the coil is passing a particular pole. Such a current
is called an alternating current (abbrev. A.C.) and it is extremely important
to understand its general principles, as well as some of the phenomena con-
nected with it. A current which always flows in the same direction is called a
direct current (abbrev. D.C.). The type of machine just illustrated would be
very inefficient for the production of anything like a reasonable supply of
electricity. Nevertheless, its fundamental principles are embodied in every
alternator that is used to light our cities and supply huge quantities of power.

One important feature, common to large and small machines alike, is that
the current does not suddenly reverse its direction. It gradually builds up to a
maximum value in one direction (this is when the conductors are cutting the
lines of force at right angles, and at the greatest velocity) ; then slowly decreases
to zero (when the conductors are moving parallel to the lines of force, and there-
fore not ‘cutting”’ them at all) ; finally, it repeats this build-up and decay in
the opposite direction. The complete sequence of events, viz. from zero to
maximum and back to zero, followed by maximum in reverse and again back
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to zero, is called a ‘cycle’ and will, of course, be accomplished in a definite
period of time. The number of cycles that are completed in one second is
known as the ‘frequency’ of the alternating current. Most Electric Supply
Companies supply A.C. in this country, and fix the frequency at 50 cycles per
second. In the U.S.A. the standard is 60 cycles per second. To the newcomer
to this science of electricity, this may seem quite a rapid number of changes
to occur in one second, but it is dwarfed by the frequencies which will be met
with in radio, which run into many millions per second ! Whilst it may seem
strange that A.C. is so much more favoured than D.C. it will be appreciated
later that there are many more devices that operate on A.C. than on D.C.
One of these is worthy of immediate attention and it is the ¢ transformer’.

THE TRANSFORMER

[
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FIG. 11, PRINCIPLE OF THE TRANSFORMER

Imagine a coil of wire ‘AB’ wound round a piece of soft iron, Fig. 11.
If a current is passed through the coil, a state of magnetism will be induced
into the iron. The strength of the magnetic field will depend on the value of
the current ; thus if an alternating current be fed into ‘ AB’, an alternating
magnetic field will result. Now, we have learned that Faraday, in his electro-
magnetic discoveries, stated that a conductor could be stationary and the
magnetic field variable to fulfil the conditions whereby a voltage wculd be
induced across that conductor. So that if we have another coil ¢ CD ’, wound
round the same piece of soft iron as the first coil * AB’, a voltage will be
induced across ¢ CD’ by the varying magnetic field. Put briefly, it means that
an alternating voltage applied to coil  AB’ (which we call the primary winding)
will produce an alternating voltage across ‘ CD ’ (which we call the secondary
winding). At first sight, this may not seem an outstanding discovery, especially
as the device is not 100 per cent. efficient, no matter how good the design is.
But if we consider the voltages applied and induced, the usefulness of the
transformer is at once disclosed. For it is also a fact that the voltage is
proportional to the number of turns of wire in the coil ; and if there are twice
as many turns in ‘CD’ as in ‘AB’, the voltage induced in ‘CD’ will be
twice that of the originating voltage.

Expressed generally, it may be stated that the voltage ratio ’ is the same
as the ‘turns ratio’ of primary to secondary windings. In practice, the iron
part is not a straight, open-ended bar, but is in the form of a closed loop.
Two of the most common arrangements are in Figs. 12 (a) and (b). The iron
cores are not made of solid pieces of iron, but are specially *split ’ into layers
or ‘ laminated °. The reason for this is to prevent internal circulating currents
in the iron (because iron itself is a conductor) from thereby losing some of the
power in heating up the core. Some of the smaller ‘ ring > type cores are made
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PRIMARY
PRIMARY SECONDARY
SECONDARY
| —— ©
FIG. 12a. FIG. 12b.
TRANSFORMER, USING ‘ RING ’° TYPE CORE TRANSFORMER, WITH SQUARE CORE

of particles of iron dust, moulded together by an insulating binding material.
In all cases, however, the conventional method of representation is as in Fig. 13.

FIG. 13.
CONVENTIONAL DIAGRAM
o FOR TRANSFORMER

The paralle] lines represent the iron core’, but it doesn’t always follow
that every transformer must have an iron core. A coil of wire is quite capable
of inducing a voltage across a neighbouring coil, without any iron circuit, but
the transfer of power is not so great. Such a transformer, known as * air-cored ’,
will be found in use when we come to the very high frequency alternating
currents.

Meanwhile, whilst on the subject of  efficiency’, it is well to observe that
although it is possible to produce greater voltages at the output than are put
in to the input, the amount of power transferred from primary to secondary
cannot be greater than 100 per cent. It is obvious, therefore, that the increase
in voltage is at the expense of the current ; for power (in watts) is equal to
the product of voltage and current. In practice, transformers are quite efficient
pieces of apparatus, 95 per cent. to 98 per cent. being typical figures. Later
it will be learned that transformers are put to many important uses other
than that of simple voltage changing.

SOME PRACTICAL APPLICATIONS OF ELECTROMAGNETISM

Some typical electromagnetic devices will now be investigated. They will
be described in principle only, as the detailed working of, say, a microphone
will be given in the chapter on ‘ Practical Apparatus ’.

RELAYS

One of the simplest pieces of apparatus is the ¢ relay’. It consists of a coil
of wire surrounding a piece of soft iron, and when a current is passed through
the coil, the iron becomes magnetized. The magnet attracts another, generally
smaller, piece of iron (called the ‘ armature’) towards it. In doing this, the
resultant movement can be made to operate switch contacts and so make, or
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break, circuits in which they are connected. It probably seems a lot of trouble
to make, or break, a contact in this way ; especially as there has to be a manual
switch in the operating (coil) circuit, anyway ! However, it must be
remembered that the operating switch may be any distance away from the
relay that we care to make it and that it is possible to make and break heavy
currents in one circuit by making and breaking weak ones in the operating
circuit. Futhermore, it is possible to perform switching at a distance. It is
these features that make it such a valuable device, and it has multitudinous
applications in the job of broadcasting.

MICROPHONES

Microphones are obviously of paramount importance and there are two
types in particular which embody the principles of electromagnetic induction.
They are the Moving-coil and Ribbon microphones and we will only consider
the general principle of them now. In both cases there is a magnetic system
which is arranged to produce a very strong field’ in the gap between the
poles. In this gap a conductor is suspended so that it may move to and fro
easily. When sound waves impinge on the microphone, it is arranged that
the air movement they produce causes the conductor to move, either directly
or by means of a diaphragm. This movement of a conductor in a strong
magnetic field will, of course, cause a voltage to be set up across the conductor.
The direction and strength of the resulting current will depend on the move-
ment and hence on the nature of the sound.

Because the conductor is following a ‘to and fro’ motion, the voltage will
be an alternating one ; its ¢ frequency ’ being identical with that of the sound
wave producing it. Naturally, the voltage produced across the ends of the
conductor is extremely small—perhaps less than 1 millionth of a volt—so that
it has to be magnified considerably before it can be ¢ transmitted ’ from place
to place. In one type of microphone, the ribbon microphone, the ¢ conductor’
is a corrugated metal ribbon ; in another type, the moving-coil microphone, it
is a coil of wire attached to a diaphragm.

LOUDSPEAKERS AND TELEPHONES

Devices for re-converting electrical impulses (previously produced by micro-
phones, etc.) back into sound also work on the electromagnetic principle.
One of the most obvious ways is to use a similar arrangement to the moving-
coil microphone. This is actually done in the moving-coil loudspeaker. Here
we have a coil of wire suspended in a strong magnetic field. If alternating
currents are passed through the coil, they set up varying magnetic fields which
react with the permanent field of the magnet, and movement of the coil
results ; and if the coil is connected (mechanically) to a diaphragm, the latter
will also move with it. Such movements will create sound waves in the air,
which are of the same frequency and relative strength as the alternating
currents responsible for them. Thus, speech currents are reconstituted into
sound.

Headphones, or telephones, are rather more crude arrangements for doing
the same thing as the moving-coil loudspeaker just described. In their case,
the alternating currents are applied to small electromagnets and the resultant
‘pull’ of the magnet attracts an iron diaphragm to a degree dependent upon
the frequency and strength of the current. This ’phone is held close to the
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ear and the air vibrations set up by the diaphragm are heard by the ear as
sound. Devices which rely on the movement of iron are called ‘ moving iron’
instruments. So much for a few of the practical applications of electromagnetic
properties.

SELF-INDUCTION

There is still one phase of this subject of electromagnetic phenomena that has
not been discussed, and it is a rather important one called °self-induction ’.
Let us reconsider the case of a coil of wire to which a battery is suddenly
connected. We know that a current will “ build up ’ in the wire, but investi-
gation would show that it does not reach its maximum value as quickly as it
would had the same piece of wire been pulled out straight. The reason for
this is that the current begins to create a magnetic field as soon as it begins
to flow, and this magnetic field, in turn, will create a voltage across any con-
ductor that it happens to ‘ cut ’. In the single coil we are considering there is no
‘secondary > winding, so it must be this coil across which the ‘secondary’
voltage is induced. As might be expected, the resulting current acts in opposi-
tion to the original current and so tends to reduce it. It will be observed
that it is only changing currents which are thus affected, because it is only a
changing magnetic field that will induce voltages across a fixed conductor.
Consequently, in the case of our battery and coil, it is only the initial ¢ build-up ’
period that is affected ; and once a steady value has been reached (delayed
by this self-inductance’ as it is called) no further effect is noticed until we
switch off. Then the °self-induced’ currents will again come into action,
this time opposing the fall in current, and thus delaying the decay of current
to zero.

Now let us consider an alternating voltage applied to such a coil. This will
produce a current of continually changing value and so we may expect that
the results will be rather interesting. What happens is that the current begins
to build up to its maximum in one direction, but is delayed for the reason
shown. Before it gets to the value that it would have obtained had the wire
been straight (i.e. with practically no self-inductance) the current will begin
to decrease because it is alternating. Similar ‘ opposition ’ to the continual
changes will be met at each cycle, and so the current will never reach its
normal value. A coil of wire, then, behaves in a way that suggests more
‘ resistance ’ to the passage of alternating current than it would to the passage
of direct current. Actually, we call it ‘ impedance ’,* but still measure it in
ohms, just as if it were resistance. There is one important difference, however ;
the frequency of the current will have something to do with the amount of
current that will be passed by a particular coil. The higher the frequency, the
greater will be the ¢ impedance ’ of the coil.

It should also be observed that the self-inductance (and, therefore, the
impedance at a particular frequency) of the coil could be increased by making
the resultant magnetic field greater. The obvious way to do this is to include
iron in the magnetic system, and this is what, in fact, is done. There are
limits to the number of reversals per second that magnetism in iron can be
made to undergo, and above a certain frequency the presence of iron serves

* The term ‘impedance’ has been used in preference to the more strictly accurate
word ‘ reactance ’, as it is not intended to delve deeply into the mathematics of A.C.
theory.
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no useful purpose. It is usual, but not invariable, for inductances which are
used at radio frequencies (i.e. those which are above 15,000 cycles per sec.)
to have coils which are ¢ air-cored °’.

CONDENSERS AND CAPACITY

Although the subject of capacities and condensers has nothing to do with
the electromagnetic effects, they are very much bound up with the question
of impedance, and will therefore be described in this chapter.

A condenser consists essentially of two plates of metal which are close to
each other, but separated by some insulating substance, or ‘ dielectric’ as it
is called. If a potential difference is applied to the plates (i.e. one is made
positive with respect to the other) a state of electrical ‘strain’ or ‘tension’
exists between them. If the potential is increased, this strain may become so
great that the dielectric breaks down and a spark will jump across the plates.
This is a feature which should not interest us because it is unpopular to use
condensers in that manner ! The interesting point is that when the source
of potential is removed, the ‘strain’ remains. In other words, the plates
remain ‘ charged > with their respective excess and deficit of electrons. Con-
sequently, if a conducting path is now provided in place of the source of
potential, the condenser will ¢ discharge’, i.e. electrons will flow round this
conducting path in order to attain a neutral state. They will not do this in
one simple journey, because the electrons—in their haste to regain their
positions—are inclined to ‘ overshoot the mark’. In consequence, the plates
get charged up the opposite way round but to a lesser extent. This ¢ oscillation ’
of electrons between the plates goes on, getting less and less, until equilibrium
is reached. The number of oscillations per second—the frequency—depends
on the size of the condenser. The larger the condenser, the longer it takes
to charge-up and discharge ; hence, the lower the frequency. It is evident
that there is some connection between condensers and inductances in the
matter of frequency, but this partcular feature will be reserved until the
subject of ‘ tuned circuits ’ is reached. At the moment, the relation of alternating
currents to condensers will help us to line up their behaviour as ‘ impedances ’.

It has been stated that when a potential is applied across a condenser, the
plates become charged. To do this, there must have been a flow of electrons,
and this will continue (getting smaller and smaller) until the plates are fully
charged. When this state is reached, no more current will flow. A condenser
will not, therefore, pass direct current, except for the fraction of a second
after switching on.

Now consider what happens when an alternating voltage is applied to a
condenser. What we are really doing is to apply a potential to one plate with
respect to the other, then to remove that potential and apply it to the opposite
plate. We have already seen that a current will flow during the actual period
of charge or discharge ; it is only when the potential is steady that the current
flow ceases. So with an alternating voltage, which is never steady for one
moment, there will be a continual change of current. It should also be fairly
evident that, for any given A.C. potential, the amount of current will be
greater if we make the condenser larger ; it will also be greater, the more
alternations there are in a second. This dependence of current (and therefore
‘impedance ’) on frequency in a condenser is the reason for including it in this
section. It behaves, in fact, in a somewhat similar way to an inductance, except
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that it is easier for a condenser to pass high frequencies than low frequencies,
whereas the inductance found it more difficult to pass the high frequencies.

For the moment, that is as far as we will pursue the subject of inductances
and condensers, but it does not require much imagination to foresee that a
combination of them will be capable of some quite surprising effects ; and that
is actually what we shall find later in the book.

THE USE OF GRAPHS

It is always rather difficult to describe the workings of electrical phenomena
without the use of mathematics, but as it is much easier for many to understand
them without mathematics it has been decided to attempt to do so in this book.
Nevertheless, there exists a sort of alternative method by which the behaviour
of circuits may be observed, and that is by the use of ‘graphs’. We are
probably all familiar with graphs of some sort, possibly under the title of
‘chart’, and recognize these as ‘ pictures’ of progressive events . . . whether
they show the number of Messerschmitts shot down per day, or the less
exciting record of our fluctuating temperatures when in hospital. In either
case, we could have represented the figures in question in tabular form, but
this would have meant a pretty thorough scrutiny in order to reveal any
particular changes.

Let us take the temperature chart and see how it is drawn. The essential
parts are two lines, one horizontal and one vertical, which are usually (but not
invariably) drawn along the lower and left-hand edges respectively of a piece
of ‘squared’ paper (Fig. 14). In practice, the ‘squares’ may come out as
rectangles . . . it is simply a matter of convenience to use ready-ruled paper.
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The vertical line is divided up into a ‘scale’ of markings corresponding to,
say, the range of temperatures that are likely to be encountered from the
readings of a clinical thermometer. Likewise, the horizontal line is also divided
into a scale—this time, a time-scale, probably in hours. The use of squared
paper will, of course, make this easy. Incidentally, these two lines are known
as ‘ co-ordinates ’ or ¢ axes ’, in the world of mathematics.

Now let us see how the  blank ’ squared paper is filled in. Every time the
patient’s temperature is taken, the thermometer reading and the time that it

25



FUNDAMENTAL PRINCIPLES

was taken are noted. If these are simply recorded in figure form, we get our
‘ table * which—although perfectly correct—does not give us a mental picture
of what is going on.

So instead of writing them down in two columns, we put a point (say, a
small ‘X’) on the graph to represent both temperature and time (Fig. 15) :
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Each point will be similarly marked as the day progresses, and it is usual to
join up the points by a line. The result, as seen above, is not unlike a picture
of the Alps, but from it we can immediately see the whole chain of events,
the maximum and minimum temperatures, whether the rises and falls were
acute, when such changes occurred, and how near the patient came to the
‘normal ’ temperature. The latter is shown by drawing the horizontal broken
line at 98-4° F.

There is one important difference between such a graph and the type you are
likely to meet in the study of electricity. Nurses make a habit of joining
their points by means of straight lines, which lead to a rather curious con-
clusion. This is, that the nurse appears to arrive at the scene just when a
change is about to take place ! Take the case above, at 6 p.m. on the
Wednesday. Just before the temperature was taken, it was seen to be rising
rapidly ; and immediately after this time, it fell just as rapidly. Is it likely
that this really happened ? The answer is ‘ No’, and the explanation is that
the points should not have been joined by straight lines, but by a gradual
‘curve’. Such a curve gives a much truer picture, especially if we wish to
interpolate intermediate figures other than those actually recorded.

GRAPHS IN PRACTICE

We have taken rather a long tme to get this procedure of ‘ plotting ’ graphs
made clear, because it is very important. Let us now see how these ¢ time
pictures’ are applied to electrical phenomena. It will be good practice if
some of the effects spoken of earlier are illustrated graphically. Let us plot
out what happens when we switch on a battery in series with an inductance.
We should need a device for measuring the current (called an ‘ ammeter ’) and
a timing device. A stop-watch would not be much good, because we wish to
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observe changes of current during the ‘build-up’ period which take place
in a period of, perhaps, less than a thousandth of a second ! So we will assume
that we are allowed to use one of the beautiful scientific instruments called a
¢ recording oscillograph ’, which will accomplish this feat. As a matter of fact,
such an instrument actually draws the graph for us, and the result would be
something like Fig. 16.
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The short, vertical, marks are ‘ drawn ’ by the oscillograph
itself, and represent hundredths of a second

The switch was closed at the time represented by ‘A’ and it will be seen
that the current did not immediately rise to its full value ; it took until time
‘ B’ before this was reached. Here it remains steady at the value determined
by the ohmic resistance of the circuit and the battery voltage.

At dme ‘D’, the switch was opened, and the current fell to zero ; again,
not at once, but after a lapse of time represented by ‘ DE’. All these times
may be observed accurately because the oscillograph can be made to mark
the scale of tme (possibly in hundredths of a second) on the graph itself.
These would appear as dots along the horizontal scale.

The next and very important graph is that representing what happens in an
alternating current circuit. To take our simple generator of A.C. we want
to know how the current, or voltage, obtained from the rotating coil, varies
with dme. This graph is best laid out in a slightly different way from those
previously shown, because we wish to show currents flowing in both directions.
To do this, we use the conventional ‘plus’ sign (+) for current flowing in
one direction, and the ‘ minus ’ sign (— ) when it flows in the opposite direction.
It is therefore necessary to place the horizontal line in the centre of the paper,
instead of along the bottom edge, and this cuts the vertical line at a point
which we stll call zero. The ¢+’ current will be represented in an upward
direction from O, whilst ‘—’ current will be shown as increasing in a downward
direction. The sketch (Fig. 17) should make this clear. If now we rotate the
coil and measure the current in an external resistance connected to it, we should
find the following results. For convenience, the position of the coil (in section,
through the ‘ poles’ of the magnet) at certain points has been included. The
result when plotted on the graph shows that we obtain one complete cycle of
alternating current for every complete revolution of the coil. This particular
shape of curve is known as a ‘sine wave’ (a mathematical term) and its
obvious resemblance to a ‘ wave’ gives us another expression which we must
soon commit to memory, viz. ¢ wavelength’. For the present, we need only
remember that the wavelength is the length (in feet, metres, etc.) of one
complete cycle. No doubt you will be wondering how on earth ‘distance’
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FIG. 17. GRAPH SHOWING DEVELOPMENT OF AN A.C.  SINE WAVE’

has crept into the story, when the graph clearly shows one cycle marked off
in tme (seconds). Whilst it is not intended to give details of that part of
the story at this stage, the idea that distance and time are related must, of
course, be considered wherever we have movement ; and an electric current is
movement of electrons, after all.

So far, we have dealt only with graphs in which a quantity (temperature or
current) is plotted against time, but they are not confined to this, as we shall
sece now. Consider Ohm’s law, and let us draw a graph of the behaviour of
the current flowing through a resistance of, say, 2 ohms when a voltage is
applied to it. For this, we need to mark off the voltage and current along the
horizontal and vertical ordinates respectively (Fig. 18). When the voltage is
2 volts the current is 1 ampere, when the voltage is 4 volts the current is
2 amperes, and so on. Thus, if we take current readings (I) for each new
voltage (E) applied, the resultant ‘ curve’ is found to be a straight line and
its slope depends on the resistance, To a mathematician (who, by the way,
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always considers a straight line as merely a special case of a curve) this sort
of graph would indicate ‘ linearity ’, which is only another way of saying that
one thing is ‘ directly proportional ’ to the other. This may be so obvious that
there appears little reason to have mentioned it, but our next example will
show that not all relationships between electrical ‘factors’ are so simple.
The next example, therefore, is to show the dependence of current upon
frequency, for inductances and condensers. Suppose we had two circuits
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FIG. 19. CIRCUITS FOR DETERMINING THE DEPENDENCE OF CURRENT UPON FREQUENCY

as shown in Fig. 19, whereby we may pass currents of various (known)
frequencies through either an inductance L or condenser C. It is assumed that
we have instruments for measuring the current ; also for measuring the voltage
and keeping it constant. The two experiments are quite separate ones, of
course, but we shall put the results on one graph—which we have prepared
with the axes marked off in current and frequency scales (Fig. 20). Notice
that the frequency scale is not marked off at equal frequency intervals ; instead
it goes up in ‘octaves’, a reason for which will be given in the following chapter.
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There is certainly a similarity between the curves in that they have the same
sort of shape, but one is the mirror image of the other. We could have plotted
the impedance of these two things instead of the current, simply by doing a
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small calculation, viz., dividing ‘E’ by ‘I’, and using these figures on our
vertical scale. The curves (Fig. 21) are seen to have retained their characteristic
shape, but have reversed their positions. At zero frequency (D.C.) the
impedance of the condenser is infinite, and that of the inductance is theoretically
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FIG. 21. IMPEDANCE/FREQUENCY GRAPHS

zero. In addition, a ‘curve’ for a pure resistance of 03 megohms is shown
for comparison.

If these curves had been drawn from actual practice, we should have found
some slight modificatons, owing to the fact that it is impossible to find * pure’
inductances and ‘ pure ’ condensers in practice. However, it is only the general
idea that is required ; special cases will be dealt with in their tum.

Having got some idea of the ¢ alphabet’ of electricity, together with a little
trick of illustrating ’ its effects, we can now really start to build up our story.

QUESTIONS ON CHAPTER |

(1) How many different kinds of atoms are there ? Is this the same as the
number of chemical elements ? If so, why ?

(2) If an atom has an excess of electrons, is it positively (+) or negatively
(—) charged ?

(3) What is the principle of the conservation of energy ? Define (a) energy,
(b) work, and (c) power.

(4) How was the figure 3,000,000,000,000,000,000 on page 8 derived ?

(5) State Ohm’s law. What current would flow if 200-volt mains were
connected across a 50-ohm resistance ? What power (in horse-power) would
be dissipated, and how would this power manifest itself ?
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(a) What is the total resistance measured at Ry of the four networks
shown above, assuming the wires joining the resistances have
negligible resistance ?

(b) If 100 volts were applied from a source, assumed to have no internal
resistance, what current would flow in each limb of the four net-

works shown above ?
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(a) The network shown consists of three resistances of values shown
connected up with wire which has a resistance of 2 ohms per foot
length. The dimensions of each section of the network are given in
feet. What is the resistance of the whole network measured
across R, ?

(b) If a 100-volt battery, having an internal resistance of 3 ohms, were

applied at Ry, what current would flow in each section of the
network, and what power would the battery deliver ?
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In the potentiometer circuit shown above, the slider is moved slowly from
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‘A’ to ‘B’. Draw a graph showing the current which would flow through
an ammeter, ‘A, ’, connected in series with the slider, as it is moved in 3 inch
steps from ‘A’ to ‘B’; and the corresponding voltage, ‘E. ’, across the
50-ohm resistance load. :

(9) If you suspended a bar magnet so that it were free to move about a
vertical and a horizontal axis, what would it do (a) in London, (b) at the
North Pole, and (c) at the South Pole ?

(10) Explain how a dynamo generates electricity. How does a dynamo
differ from a motor ?

(11) Explain the difference between alternating current and direct current.
If a loop of wire is rotated in a magnetic field, why does it generate A.C. ?

(12) A transformer has 150 tumns on its primary and 225 tumns on its
secondary. Its secondary is loaded with 150 ohms’ resistance, and the voltage
applied to the primary is 200 volts. If the transformer has no loss, what will
be the currents in the primary winding, and in the 150 ohms’ load ? Why is
it that a transformer can never in practice be 100 per cent. efficient (i.e. have

no loss) ?

(13) What is the resemblance in principle of operation between (a) a
moving-coil microphone and a dynamo, and (b) a loudspeaker and a motor ?

(14) What is meant by ‘impedance’ ? Explain what happens when (a)
a direct current, and (b) an alternating current, is applied to a coil. What
would be the effect of wrapping the coil round a bar of soft iron ? Can the
effective resistance of a coil ever be less to alternating current than to direct

current ?

(15) If the plates of a charged condenser are joined by a short length
of conductor it will discharge itself in an oscillatory manner at a given
frequency. Suppose the length of the conductor were increased, would the
frequency of these oscillations change ? If the conductor, without increasing
its physical length, were made into a coil instead of a large flat loop, would
the oscillation frequency remain the same ?

(16) Draw a graph showing the change in magnitude and direction of
current flowing in a loop of wire which is being rotated in a uniform magnetic

field.
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CHAPTER I

THE NATURE OF SOUND

THE SENSE OF HEARING

r I ~ HE story of sound and the sense of hearing is well worth our thought
for at least a few moments. Without some knowledge of it we cannot
appreciate many of the problems which arise at the two ends of the

broadcasting chain.

For the reader who is interested enough to delve further into the subject
than this book can go, the works of Sir James Jeans (especially Science and
Music), John Mills’s Fugue in Cycles and Bels, and R. T. Beatty’s Hearing in
Man and Animals are thoroughly recommended.

Let us think of the ear as an extremely sensitive pressure-gauge ; for it is
the minute variatons of air pressure which, as we shall see, constitute sound
waves, that impress themselves on the ear-drum and are translated into
nerve-pulses which in turn are sent to the brain for ‘ appreciation’. That this
pressure-gauge is so sensitive may be judged from the fact that it will detect

changes of pressure equivalent to less tha.nl* Ibs./sq. in., whereas

1,000,000,000
a sensitive barometer will record changes of only ZOLO Ibs./sq. in. To put it
another way, the ear would appreciate a change of pressure equivalent to that

experienced in vertical ascent of as little as inch, whilst the best

30,000
¢ altimeter > (provided it works on a barometric principle) can only register
differences of approximately 10 feet. We have to qualify this statement by
saying that the ear is most sensitive to changes of pressure occurring between
one thousand and three thousand times per second, and is relatively insensitive
to slow changes.

THE NATURE OF SOUND

So much for what the ear can do ; but why has it to be such a sensitive
pressure-gauge ? This brings us to the nature of sound,* and we find that
all sounds are transmitted by vibrations of the particles of the material sub-
stance through which the sounds pass, e.g. air, brick walls, etc. Take away
the air, and there is no sound, even if the exciting influence still carries on.
This can easily be proved by a simple experiment. An electric bell is placed
in a glass jar and set ringing. The sound can be heard outside the jar if the
jar is full of air. But now let us connect a vacuum pump to the jar and proceed
to suck the air out. The sound of the bell grows weaker and weaker until, when

*d"I’he word ¢ sound ’ is used for both the physical waves and the sensation produced
by them.
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shall find that special precautions have to be taken to prevent the spurious
transmission of sound from one studio to another through walls, floors, etc.

WAVE-MOTION

This method of transferring energy is often described as ‘ wave-motion’,
and the reason for this will now be considered.

Take the example of a tuning fork which is sounded by striking its prongs.
The prongs vibrate to and fro ; this can be proved simply by touching them
lightly with the finger. By the mechanism already described, the particles of
air near the fork prongs are first pushed away and then ‘ sucked ’ back. Con-
sidering the outward movement first, the particles start this ¢ shunting’ action
upon adjacent particles so that, after a short time, particles which are quite
a distance away are being affected. There is said to be a definite ‘ wave’ of
pressure which travels outward from the fork in all directions. This condition,
i.e. for the very first movement of the fork prong, is shown in Fig. 23. The
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speed at which this zone of compression will travel outwards is determined
by the closeness and mass of the particles it is acting upon, and is the speed
of sound. For air at normal atmospheric pressure and temperature it is found
to be approximately 1,100 ft. per sec. or roughly 750 m.p.h. If the particles,
or molecules, of the medium employed are heavier than those of air, we should
expect the sound to travel more ; and this is proved to be the case in
practice. m

WAVELENGTH AND FREQUENCY

So far we have sent out only one wave, and we must return to the fork
prongs to see what happens next. The prong will return to its mid-position
because of its natural elasticity, overshoot the mark because of its inertia, and
move to the other side. In doing this, it will create a vacuum in its ¢ wake ’ which
will suck back the particles of air in its immediate vicinity. It will be too late
to draw back the crowded particles in the compression wave which has now
reached some distance from the prongs, but this ‘ band ’ of rarefaction, as soon
as it has been released from the sucking action of the vacuum, will follow the
compression wave.

The prong then starts its ‘ pushing’ stroke all over again, sending out a
second compression wave to follow the first. Now, here is an important
question : how far are the two compression waves apart ? We know that the
waves are all travelling outward at the same speed, viz. 1,100 ft./sec. and that
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follow each other, in time, by 1 . .
they cd ! Y 2 secs. (where “f’ is the number of times

that the prongs vibrate per sec.). Therefore the distance between compression

waves, or wavelength, must be 1,100

feet. If this method of arriving at the

relation between frequency, wavelength, and velocity is thoroughly mastered,
then there should be no difficulty in following later the similar relationship
which exists in electrical phenomena. The next diagram (Fig. 24) will perhaps
make it even clearer.
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FIG. 25. GRAPH SHOWING PRESSURES OF AIR DISTURBED BY A TUNING FORK

Suppose we now draw a graph of this relationship, indicating the variations
in pressure in, say, pounds per square inch on the vertical scale and the distance
from the prongs on the horizontal scale. 'Of course, the pressure variation will
be very small, and not actually measurable by direct physical methods, but
it can be done quite easily in a roundabout way. Let us trust our physicists
to do the job for us : their results would be something like the graph in Fig. 25.
You will probably recognize the shape as a sine wave—which is perfectly
correct. It is, but do not mix up the two meanings of the word ‘ wave’. The
actual physical wave is nearly always a series of variations in stress or strain,
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difficult to imagine because it spreads out in three dimensions, but the wave
of the mathematician is such an easy, obvious thing to visualize, that we nearly
all make the mistake of thinking it is a true picture instead of a graph.
Before proceeding any further, let us revise the relationship we found
between wavelength, frequency, and speed (i.e. velocity). It was :
Wavelength (in feet) x Frequency (vibrations per sec.)
= Velocity of sound (ft./sec.)

If, therefore, we consider a tuning fork vibrating at 2616 times per sec.
1,10
2616

(which is the note of ‘middle C’), the equivalent wavelength would be

or just about 4 ft. 24 ins.

Now it should be fairly common knowledge that ‘ high’ and ‘low’ notes
are really nothing more than high or low frequencies. The lowest note of a
piano causes the air to be vibrated at 27-5 cycles per second whilst the highest
note on a 74 octave piano has a frequency of approximately 5,600 cycles per
second. There is one interesting point about the way in which the ear
¢ appreciates ’ increases in frequency, and it is that ‘octaves’ constitute a
doubling of the frequency. For example, note ‘A’ (below middle C) has a
frequency of 220 cycles/sec. ; the octave above this (‘ A’’) is 440 cycles/sec.,
‘A”’ is 880 cycles/sec., ‘A’’’ is 1,760 cycles/sec., and so on. In a similar
way, smaller ‘intervals’ than the octave are always obtained by multiplying
the lower frequency by a given factor. For example, the interval known in
music as the * fifth ’ (“ fifth’, because it is the interval between any two notes

in the scale which are five notes apart) is simply a ratio of7 on the diatonic
scale. Thus, the two musical notes ¢ A.’ and ¢ E’, which constitute an interval

of a ‘fifth’, no matter in which octave they occur, have this —;- frequency

relationship, so that if ‘A’ = 220, ‘E’ will be 330 ; or, because A’ = 440,
then E’ must be 660. In practice, a ‘keyed ’ instrument, such as a piano or
organ, cannot be tuned to a true ‘diatonic’ scale, and the ‘ equal-tempered ’
scale is used. This is a compromise in which the exact frequency ratio is not
accomplished.

COMPLEX WAVES AND HARMONICS

So far, only simple vibraticas, like those of a tuning fork, have been con-
sidered ; but it is obvious that there must be something more going on than a
simple vibration when we strike the same note C on a piano, or ‘bow’ it on a
violin. What makes the difference in quality ?

The answer is that musical instruments do not give simple, or pure’,
vibrations. If the note from a violin is analysed, it is found to contain not
only the fundamental frequency, but a number of other frequencies also.
These frequencies have a striking characteristic about them, for they are all
multiples of the fundamental. Thus, the note corresponding to a frequency
of 250 cycles, will also contain frequencies of 500, 750, 1,000, 1,250, 1,500
cycles, etc. These multiples are called ‘ harmonics’, or ¢ overtones’, and it
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is the proportion which each bears to the fundamental that decides the quality,
or ‘ dmbre ’, of the instrument producing it.

The reason why we are so interested in this discovery is because it means
that we shall have to cater for these higher frequencies when the job of trans-
mitting them comes along. It means, for instance, that if the fifth harmonic
is really essential for the appreciation of the true timbre of the violin, then
we must be able to transmit faithfully frequencies as high as 10,000 cycles/sec.
in order to hear the note of 2,000 cycles (which is about three octaves above
middle C) properly. If we don’t reproduce these harmonics, then the timbre
of the note, whilst not perhaps destroyed, is certainly altered so as to sound
differently.

An examination of the graphical waveform of such a complex note shows
something quite unlike our smooth sine wave.
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FIG, 26, PRESSURE GRAPH OF A COMPLEX WAVE

Fig. 26 is a waveform which contains severa] ‘ additions ’ to the fundamental
pure sine wave (shown dotted for comparison).

It was found by a mathematician named Fourier, that any complex wave-
form may be analysed into a series of simple sine waves which are each exact
multiples of the fundamental. So we should not be surprised to find that the
waveforms of the complicated sounds given by the various musical instruments,
and, indeed, even speech, are really only a number of simple sine waves all
acting together. Neither should it surprise us to hear that the converse is true,
e.g. that we can take a series of pure tones and, by judicious combination,
produce an ¢ artificial * quality of tone. This latter possibility has been exploited
in such instruments as the ‘ Hammond’ and  Novachord’ organs. In both
these instruments, pure tones are produced by electrical means and ° blended ’
whilst still in their alternating current form. Means are provided for altering
the proportions of the overtones or harmonics, and, when the final mixture
is heard on the loudspeaker, a wide range of tone colour results !
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THE STUDY OF ACOUSTICS

We now know a little about music ; at least, we have seen how sound
waves are produced, and we know the connection between tones, timbre, and
frequencies. We also know how music travels from the source to the ear,
or microphone. Or are we going just a little too fast ? Can anything happen
to the music between the time it leaves the instrument and the time it arrives
at the ear ? An experiment will help to answer that question—an experiment
which you may well perform each day in your bath. Why do you break
into song ? . . . it’s quite likely that you will. It is because your voice will
sound rich and ‘full’, and quite different from the most disappointing noise
you may well make if you sing the same song in your bedroom. It is
disappointing, isn’t it ? No matter how hard you try, it just won’t give you
the same satisfying result.

Clearly then, it must be the surroundings that have caused the difference,
for it is the same voice in both cases. Lest you should think it could have
been a psychological effect, try the experiment again with a portable gramo-
phone or wireless. Yes, there is a difference, and it needs an inquiry to discover
the reason.

The solution seems to rest in the definition we gave to the bathroom tenor,
viz. that his voice was ‘ rich and full >, compared with the same effort in the
bedroom. In other words, it had something extra ; and if we get to know
what that extra quality is, and where it came from, then the gquestion is answered.

Let us go back to the source of sound and trace its path, through the
atmosphere, to the ear. It is fairly obvious that not all the sound from the
source goes to the ear; otherwise, only one person could hear the sound !
Indeed, it must be realized that usually it is only an extremely small portion
of the originating energy that could possibly arrive at the eardrum, in the same
way that a small receptacle would catch only a small proportion of the total
water given off by a fountain. Unlike the fountain, however, we have got
to consider what happens to the sound which does not hit the ear directly.
These waves travel on until they meet the walls, ceiling or floor of the room
in question. Here, two things can happen. In common with other types of
waves, they will either be reflected or absorbed, probably a bit of each. The
energy which is absorbed will not, of course, be ¢ heard > any more ; but the
reflected sound will bounce off at the same angle that it hit the wall ; it will
again travel through the air until it encounters a second obstacle. Again it will
suffer part absorption and part reflection, the reflected portion continuing
on its journey until, perhaps after several such reflections, it will have become
so weak that it is inaudible. (The question of when a sound is loud enough
to be audible will be considered later in this chapter.)

What effect have all these reflections on the listener ? One effect is that
more energy is received by the ear because it is in the path of some of the
reflected waves as well as the direct waves. Hence the explanation of greater
‘fullness’. Secondly, owing to the greater distance the reflected waves have
to travel, the sound will be prolonged. We call this effect ‘ reverberation’,
and if the room is so constructed that there are many reflections, the time
of reverberation will be quite appreciable, sometimes several seconds. Whether
reverberation is always desirable we shall see in a minute. Meanwhile, it is well
to see how the reflecting properties of the surfaces of various materials differ.
Considerable study and research has been made on the types of material that
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would be suitable for either building or treating the surface of buildings,
particularly by Professor W. C. Sabine.

It is found, for example, that tles absorb about 2 per cent. of sound at each
reflection, whereas a wood panelled wall absorbs 15 per cent. In an all-tiled
bathroom, the sound would be reflected over 100 times before even 80 per cent.
had been absorbed, whilst in a panelled dining room 80 per cent. would be
absorbed in about 10 reflections.

Immediately we can see the difference in that extra ‘fullness’ that the
bathroom gives, but the figures given above are true for only one simple
note, of pitch about middle C, and they are not the same for other notes.
It so happens that it is nearly always the high notes that are absorbed more
than the low notes for any given substance. Hence, tiles will absorb nearly
6 per cent. at each absorption for a note which is four octaves higher than
middle C, but only 2 per cent. at middle C. An exception to this is the case
of wood panelling where, owing to the ‘ resonance ’ effect, the low frequencies
are absorbed more than the high frequencies.

The size of the room must also play its part, because the larger it is the
longer will be the path of sound and the longer the period of reverberation
for any given absorption quality of the walls. If the room is made very
reverberant, then speech is masked by the ‘echo’ of preceding words, and
music becomes blurred, the notes losing their clarity by running into each
other. However, a certain amount of reverberation is desirable ; and it is
the job of the musician and engineer to get together and design a room which
is suitable for the particular purpose to which it has to be put. The science
of such design is called that of ‘ acoustics ’ and is obviously of prime importance
in broadcasting.

Measurements have been made of the absorbent qualities of various materials
to determine which are suitable for the treatment of the walls, ceiling, and
floors (as well as the furniture) of a broadcasting studio, which is to be used
for any particular purpose. If the studios are new, then all this can be done
at the outset in collaboration with the architect. If existing rooms or halls
have to be used for broadcasting, alterations have often to be made to make
them acoustically suitable. It must not be thought that this is just a question of
hanging up draperies which will absorb sound just to cut down the overall
reverberation. We must always remember the high notes, which seem to have a
penchant for getting lost ; without them, the music would be robbed of its
brilliance. It is usually a question of compromise, and rarely can we obtain a
perfect room. Plate I shows a view of a typical studio which has been specially
built and acoustically treated for use by fairly large orchestras.

Some of the materials which have been found suitable for temporary treat-
ment are : rock wool (a sort of glass wool) packed into frames which are
placed against the walls ; Cabot Quilting (a special type of dried seaweed sewn
between canvas) ; wood panelled screens ; etc.

An ideal studio would be one that absorbed all frequencies equally, and of
a size to give just the amount of reverberation time which has been found,
by experience, to be best for a particular type of music. Apart from needing
a large number of studios, the fact remains that the performers themselves
are not always agreed upon whether they can play with satisfaction in a
particular room which may be  ideal ’ for broadcasting.
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So far, we have not even got our music out of the room ; and we cannot
place our microphone in position until we know a bit more about sound. The
thing we have not yet considered fully is ‘ loudness ’. We know, or should now
know, something about the frequency of the vibrations which we call ‘ sound ’ ;
but what about the intensity of these vibrations ?

THE LOUDNESS OF SOUND

Suppose we listen to a continuous sound, say, a tuning fork, and the vibra-
tions are allowed to get weaker and weaker until the sound  dies away’. Does
it mean that because we cannot hear it, there is no sound, i.e. the fork has
ceased vibrating? A very convincing proof that it has not, may be made
by holding the fork in the hand until the sound can just not be heard : then
place the handle on a ‘sounding board ’, when the remaining weak vibrations
will be reinforced sufficiently to make the sound heard again.

Clearly, then, there must be a certain degree of ¢ loudness ’, above which the
ear can hear a sound, and below which it cannot. This degree of intensity is
called the ‘threshold of hearing’, and we must now consider just how much
energy is necessary to produce this faint impression. Again we must rely on
our scientists to obtain the answer, for the rather crude experiment of the
tuning fork does not give us exact measurements. They would provide us
with a loudspeaker* which had measuring devices to say just how much power
(in watts) was being given off, a source of supply to give any desired frequency
on the loudspeaker, and—what is most important—an absolutely quiet room
for you, the observer, to listen in.

Such a room would have to be built in the heart of the country, away from
all external noises, and would probably consist of one room within another,
each solidly built. Now keep quiet. What can you hear ? Why—those bangs
are none other than the beating of your heart, so that won’t do. You must leave
your heart outside if it is going to interfere with scientific research ; and this is
what you would have to do. Build another room inside the one you’re in
and stick only your head in this time. Now we can proceed.

A note of 1,000 cycles is put on to the loudspeaker at a very low volume
and gradually increased until it can just be heard. This, then, is our threshold
of hearing, and the power which produced it can be calculated from the
scientific instruments used ; always taking into account the fact that the unit
we are really interested in is one of pressure. When this has been done, it
would be shown that the pressure variaton, at which the 1,000 cycles note
1

10,000
a new unit to most of you, but as we are not going to use it for long, it is not
worth going into precise details of definition. What we are more interested
in is comparative values, so let us proceed with our listening tests, and resign
ourselves to the fact that ‘ dynes per sq. cm.’ is simply a unit of atmospheric
pressure, in the same way that ‘ pounds per sq. in.’ is, only that it is very
much smaller.

could first be heard, would be about

dynes per sq. cm. This is probably

* The scientists’ ‘ loudspeaker * is an extremely delicate instrument called a ¢ thermo-
phone ’, which consists of a gold wire of known characteristics, and through which an
accurately measured alternating current is passed. The alternate heating and cooling
of the wire causes the surrounding air particles to suffer increases and decreases of
pressure, so creating sound waves, whose actual pressure is calculated and known.
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The next question is, does the threshold of hearing have the same value
(in pressure) for all frequencies ? Or, to put it another way, are our ears
equally sensitive to all pitches ? ‘Our instruments will tell us that they are not ;
that they are most sensitive at a frequency of approximately 2,750 cycles per

second, where a variation of pressure of only l_dynes per sq. cm. can
bl
be detected. Also, that for frequencies on either side of this, there is a decline

of sensitivity which is not exactly uniform, but which drops as low as
dynes per sq. cm. for notes of 12,000 and 180 cycles; and even lower
(1 dyne/sq. cm.) for the bottom note of the piano, 27 cycles.

The threshold of hearing having been determined, what happens next? Surely
it is to determine the loudest sound we can hear. To find this, we can use
similar apparatus again, increasing the loudness until . . . until what ? It is
not quite the same as the first experiment where we either did, or did not,
hear the sound. Perhaps we had better do the experiment first and see what
happens ; then we shall know what to look for the next time. When the sound
gets very loud—about as loud as a nearby pneumatic drill—the ears begin
to feel uncomfortable, and may be said to ‘feel’ the noise rather than hear
it pleasurably. If the sound is increased still further, the uncomfortable
feeling gives way to acute pain, and eventually, actual damage to the ear-drum.

The border line of hearing and discomfort is known as the  threshold of
pain’ or, more usually, the ‘ threshold of feeling’. It is also found to vary
with pitch, but not so much as the threshold of hearing. It is dpproximately
300 dynes per sq. cm., except near the top octave of the piano, where it falls
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